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ABSTRACl' 

. ( 
Itrne role of beta spectroscopy in nuclear physics arxl fundamental 

interaction studies has been thoroughly reviewed. The various methods and 

techniques of beta spectroscopy have been comprehensi vely studied. 

A new, high precision, beta spectrometer suitable for the study·of_ 

nuclei far from ~~abili ty has been co~structed. ~he spectrometer conSistf 

of a superconductUlg transport solenold and a s€lnlconductor beta detector. . 
, t , 

The superconducting solenoid has a ~axbnum magnetic field of 4.4 tesla, 
" '~ 

and a room temperature bore wi th a diameter of 7.3 cm. The beta detector 

is a windowless high puri ty germanium d10de wi·th dimensions of 15 mm x 500 

rmr 
The cryogenie performance of the ma;JJlet· s liquid helium cryostat 

has been thoroughly tested and analyzed. ' , Il 

The trajectories of the beta particles in the magnetic field of the 

soleno,id were studied uSl.ng a computer simulation. 

The performance of the spectrometer was tested under different 

experimental conditions and measurements of the beta spectra of stan:::lard 

sources' were used to evaluate its overall effectiveness. 

A réipid source introduction mechanism has been used ln conjunction 

wi th the spectrometer and isotopes wi th half lives as short as 10 sec have 

been stuJied. 

The performance parameters of the spectrometer: 25% transmission, 

0.45% resolution at l MeV, 1.8~10-a aif luminosity, 6 MeV maximum beta ray 

energy, and a gamma ray suppression ratio of 250, compare quite favourably 

to those achieved wi th previous spectrometer designs. 

A beta-ganuna coincidence system has also bien tested for use with 

the superconducting transport solenoid. 

/ 
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RESUME 

Le rôle de la spectroscop~e bêta en physique nucléaire et lors 

d'étooes d • interactions fondamentales a été entièrement revu. Les 

différentes méthodes et techniques propres à la spectroscop~e bêta ont 

été étudiées avec soin. 

, Un nouveau spectromètre bêta de haute précis~on, spécl.alement 

adapté à l'étude des' noyaux loin de la s tabil1 té, a été construit. Ce 

spectromètre conSl.ste en un solénoïde de transport supraconducteur et 

d'un détecteur bêta semi-conducteur. Le solénoïde supraconducteur 

développe un champ magnétlque maximum de 4.4 tesla ,l~t est doté d'une 

ouverture de 7.3 cm de diamètrè qui deme.ure à la tèmpérature de la 
'V ' 

pièce. Le détecteur bêta consiste en une diode au germanium de haute 
> ' 

pureté, sans fenêtre. Ses dimensions sont de 15 mm x 500 _ • 

Les performances cryogén.l.ques du cryostat cl' Hélium liquide, destiné 

à refroidir l' aimpnt, ont é~é éprouv~eso et analysées en profondeur. 

Les trajectoires des partl.cules bêta soumises au champ magnétique 

ont été étudiées ~ simulation sur ordinateur. 

Les performances du spectromètre ont été étud~ées sous différentes 

conditions ex~rimentales et son efficacité globale a été évaluée à 

l'aide de mesure de spectres bêta de sources standards. 

Un mécanisme rapide, pour l "introduction des sources, a été utilisé 

avec le spectromètre; ceci a permis d'étudier des isotopes de demie-vies 

aussi courtes que 10 sec. 

Les paramètres de performance du spectromètre se comparent 

favorablement à ceux déjà obtenus pour d'autres types de spectromètres: 

transmission de 25%, résolution de 0.45% à l MeV, luminosité de 1.8xlO· a 

cm , énergie bêta maximum de 6 MeV et rapport de supression de raie gamma 

de 250.' 

Un système de coincidence bêta-gamna, faisant usage du solénoïde 

de transport supraconducteur, a aussi été mis à l'essai. 
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CHAPTER 1 

INTRODtx:TION 

Since i t was fi rs t discovered by H. Becquerel ~r1 1896 ( Becquere l 

1896), radioactlvity has been bath an abJect of intense study and a too1 

for lnvestlga tlng other phenomena ln nature. Radioactl. vG can he. def ined 

as the emlSS10n of partlcles or electromagnetlc radlatl0n from the atomlc 

nuCleus. 'Ihrough thlS emlSS1.0n, the nucleus rlds l tself of excess energy. 

The lnvestigation 
\. f promment part 0 

nuc1ei absorb and 

of the the radl0act1.Ve propertles of nuclel forms a 

disclpllne of nuclear spectroscopy (the study of how 

eml t energy). It has servéd as a rlch source' of' " 

informatl0n on the propertles of the nucleus and the l.nteractl.ons among 

its constl~ent partlc1es (nuclear structure and nuclear forces). 

There are three mal.n types of radloact1.Vlty, commonly known as a, 
1 

a, and 'Y radiatlon. Al though Becquerel was unaware of 1t, the bulk of the 

radiatl.on he had observed conslsted of ~ part1.c~es or eléctrons (Pais 

1977). Ever Slnce then, the study of S decay has played an lmportant role 

in the development of nucIear SClence provl.ding l.nvaluab1e data on the 

structure of the nucleus and one of the bas1.c forces m'nature, the weak • interaction. 

. Sorne of the most fruitful contrlbutions of nuclear physics ta the 

understanding of elementary partlcle wteractlons have been in the area Qf 

the 'Neak interactlOn. In this context, the phenomenon of nuelear S decay 

holds the distinction of belng the most fu11y investlgated manlfestation 

of thls fundamental lnteraction (Blin-Stoyle 1973 pp. 17-20). In 

particu1ar, experiments on nuclear S decays (or, in tilt:: nomenclature of 

elementary partlcle physics, lo~-energy semlleptonlc 

strangeness-conservlng transltions) are tradit1.onally the most accurate 

. type of weak interaction experiments (Boothroyd et al. 1984) . 
..... 

No attempt will be made in thlS thesls to rehash the theory of a 
decay. A set of excellent reviews of the thoery' lS available ln" th~ 

literature (Ll.pkin 196,2; .Wu & Moszkowskl 1966; SChopper 1966; Konoplnski 

1966; Strachan 1969; Blin-stoyle 1973; MOrl.ta 1973; Lee & C~ng 1981; 

Behrens & Burhing 1982; and references thereln). 
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1.1 The role of 8 spectroscopy in nuclear physics 

The term nuclear 8 decay describes the process of direct decay of a 

parent nucleus into a different (daughter) nucleus by the simultaneous 

emission of an electron, (positron) and an electron antineutrino (neutrino) 

(Kofoed-Hansen & Chrlstensen 1962). 

and 

Where 

A nuclèar 8 decay can he symbolically represented as follows: 

A Z ~ A(Z+l) + B + \1 For electron elTI1ssion 

A Z ~ A(Z_l) + t + \1 For positron emlSSlon 

A Z 15 the parent nucleus wi th atomic number Z and mass number A. 

A (Z+l) is the daughter nucleus ln the decay of a neutron rich 

parent nucleus. 

A(Z_l) is the daughter nucleus in the decay of a neutron deficient 

Parent nucleus. 

8-, 8+ are an electron (negatron) or a positron respectively. 

\1 • \) are an electon neutrlno or an electron antineutrino 

respect i vel y . 

Because of the fact that an electon neutrlno (antlneutrlno) carries 

n9 electric charge, little or no rest mass, and interacts with matter 

almost exclusively through the weak interaction, its detectlon lS very 

diffi~ul t and quite Impractlcal. Therefore, in most cases ln 8 

spectroscopy only the electrons (positrons) are deteèted and thelr 

energy analysed. 

The energy released in a nuclear 8 decay is shared unequally and in 

a statistical manner hetween the two partlcles emi tted ln the decay, the 

electron (poSl tron) and the antineutrino (neutrino). (onl y a very small 

fraction of the energy lS carrled off by the recoiling daughter ~ucleus). 

Because of this energy sharing, the 8 partlcles are emitted in a 

continuous mstributlon of energies (a spectrUm). 

'lhroughout thlS thesis the term "8 spectrum" will he used to refer 

to this continueus (energy or momentum) spectrum of electrons or posltrons 

emitted in the nuclear 8' decay. Similarly, the terms "8 ra?s" and "B 

particles" WIll he used te refer ta the electrons or positrons emitted in 

• 

• 
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the decay (Hamilton 1966). 

By studying the shape of the energy spectrum of the electrons 
, . 

<p:>sitrons) emitted in a B decay, much can he learned about certain 

fundamental aspects of the weak interactlon. Aiso a great deal of data 

can be obtained about the nuclei involved 10 the decay (Daniel 1968). 

An important piece of information that can be obtalned is the 

endpoint of the e sPectrurn (the maximum energy wi th wtnch the B particles 

ar,e emitted from the nucleus). Coupled W1th knowledge of the level 

S"tructure of the daughter nucleus i t can be used to calculate the energy 

difference (QB) (and therefore the mass d1fference) between the ground 

states of the parent and daughter nuclel. -r 

Careful measurements of the 6 partJ.cle energy spect~ can aiso be , 
used to de termine the probabil1 ty of e decay to the different exci ted 

states and the ground state of the dau;}hter nucleus (13 brachirYJ ratios,). 

'Itlis can be very useful in establishing and clarifyirXJ the level scheme of 

the daughter nucle~. The use of beta spectroscopy 10 the determination 

of the e branching ratios has gained more importance recently Slnce the 

val1dity of the usual technique of 'Y ray intensity balance for their 

measurement has been questioned, especially in cases where the decay 

schemes are complex (Hardy et al. 1977; Munnich 1980). 

'!he endpolnt energies of th.e different branches ancVthe B feeding 

to each branch can be combined wüh the half lite of the decaying nucleus 

to calculate the 50 called ft values. (The ft value is a measure of the 

strerYJth of the decay or the rate of the transi tian). For more accurate 

ft value determinations, such as thos~ requlred.for nuclear matrix 

elements calcu1ations in forbldden decays, careful measurements of the 

·shapes of the beta specta are required (Schopper 1966 p. 278). 

Nuclear beta transitlons are usual1y'classified according to the 

spin and pari ty changes durmg the decay, into allowed and several types 

of forbidden transitions (Wu & Moszkowskl 1966 p. 59). '!he ft values of 

the superallowed (allowed transi tians between members of the same 1Sospin 

mu! tiplet, i.e. between analcgue states), allowed. and the various 

forbldden tranSl t100S are dJ.fferent enotx;1h that knowledge àf the ft value 

for a certaln trans1tion can be used ta assign the transit10n to one of 

these categones. Hence, measurements of the ft values can be used to 

inter the spin and parity changes during the trans1tion and therefore help 
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in the determination of the spins and parities of the nuclear states 

involved in the beta decay. 

Among the forbidden a transitions there are certain types that are 

referred to as "unique transi tions" because of the particular shapes of 

eheir a spectra. Therefore, the detection of such a a spectrum shape can 

distinguish a transition as being "unique" and can be used to determine 

the specifie sp~n and parity changes during the transition, as dictated by 

the appropriate selection rules that apply to unique transitions. 

On a more fundamental level, the methods of beta spectroscopy have 

been quite useful in determin~ng the type of interactions involved in 

nuclear a decay and in checking the validity of the standard vector minus 

axial-vector (V-A) model of the weak interaction. An upper limit on the 

value of the Fierz interference term (and therefore on the possible 

exi~ence of a scalar or a tensor interaction in nuclear a decay) can be 

derived from careful spectral shape measurements of allowed a decays and 

from the ft values of 0 + ---7 0 + superâllowed pure Fermi transi tions 
, . 

(Daniel 1968; Blin-Stoyle 1973 pp. 111-113; Morita 1973 p. 21, pp. 35-36; 

Hardy 5. Towner 1975; Th~es et al. 1978; Boothroyd et al. 1984). 
. + + 

Measurements of the ft values of 0 --7 0 superallowed Fermi 

transi üons can also serve as a test for an important aspect of e decay 

theory, namely 1 the conserved vector current hypothesis (CVC). One of the 

predict~ons of the CVC theory is that the ft values for superallowed 

transitions, after certain ca1culated corrections are made 1 should be 

identical (Hardy 5. Towner 1975; Thies et al. 1978; Davids et al. 1979; 

Behrens & Buhr~ng 1982 pp. 486-499; Kruger et al. 1983). In fact, a role 

of major significance in nuclear science is played by this ft value. It 

is requLred for the calculation of the vector coupling constant of nuclear 

beta decay; a quantity of fundamental importance in physics (Hardy 5. 

Towner 1975; Raman et al. 1975; Wilkinsoh 1975; Szybisz 1979). 

The CVC hypothesis also predicts statistical shapes for the beta 

spectra of S\lpera1lowed pure Fermi transitions (after certain theoreticl1 

correct1ons are applied) with no energy dependent shape factors. Precise 

spectral shape determinations for these transitions can ~ therefore serve as 

a test for CVC. More importantIy they serve as a check on the accuracy of 

the corrections that are applied ta the spectrurn and in particular the 

radiative corrections. The radiative corrections enter in the evaluatian 

\ 
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of the vector coupling constant of the weak interaction and therefore 

their values must be known as reliably as passible (Thies et al. 1978; 

Davids et al. 1979; KIuger et al. 1983). 

An important test of the CJC hypothesis is fumished by 

measurements of the deviations of the shapes of ~ spectra of certain 
• • • 12 12 20 20 

allowed decays (m~rror .Gamow-Teller trans~ tlons e.g. N, B, F, Na) 

from the statistical shape. These deviations (or shape factors) are used 

to evaluate the weak magnetism term in beta decay, the magnitude of which 

is predicted by CVC (Wu 1977; Genz et al. 1976a; Kaina et al. 1977; 

Calprice & A1burger 1978; Van Elmbt 1981; l<ru:Jer et al. 1983; Hetherington 

et al. 1983). 

Another contribut~on of beta spectroscopy to the understanding of 

the mechanlsm of the weak interaction has been in the search for second 

class currents in nuclear e becay (hadronic.currents that are irregu1ar 

under G-pari ty operation i.e. G-pari ty non-conserving currents 1 • Spectral 

shape and ft value measurements for superallowed Fermi transitons can be 

used ta look for the effects of second class polar-vector currents and to 

set an upper limi t on the possible presence of thé induced scalar 

interaction (these studies are closely 11nked to tests of the CVC) 

(Szybisz 1979; Szybisz & S11bergleit 1981a,b; Hoistien 1984). On the 

other hand, the asymmetry in the ft values of sorne mlITOr 13 decays (e.g. 
1 2 12 

B, N B decays) has been used to test the occurance of second class 

axial currents (induced tensor ~teractlons) (Blin-Stoyle 1973 pp. 

107-111; Morita 1973 pp. 153-155, p. 298; ,Wilkinson 1975; Wu 1977). 

Measurements of the shapes of the e spectra of sorne first forbidden 

transitions (O± ~ O± or unique flrst forbiddenl have been used to test 

the partia11y conserved axial CUITent hypothesis of beta decay (?CAC). 

These tests ConSlst malnly of extract~ng a value for the pseudoscalar 

coupling constant fran the shape of the B spectrum and comParing i t to the 

predictions of ?CAC. In addi tion, precise shape mea~urements of these 

first forbidden è spectra have been used to look for other contributIons 

to nuclear B deoay induced by the strong interaction, especia11y the 

induced tensor term (sometimes aIse referred to as the IndUCed 

pseudotensor) (Schopper 1966 pp. 222-224, pp. 236-238; B1~n-steyle 1973 

pp. 87-89; Bosch et al. 1973; Holstein 1974; Behrens et al. 1975). Most 

of these investigations have pointed to the need for more precise shape 
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factor measurements in order to obtain more conclusive esti~ es' for the 

values of the pseudoscalar and pseudotensor coupling constants (KrmpJtic & ' 

Tadic 1969;"Abecasis & Krmpotic 1970). 

Since thr Hamiltonian of the weak interaction is consider to be 

qui te well known and understood, measurements of the beta decay 

observables can be used to study the nuclear structure of the decay 

part~cipants . The accurate determination of the shapes and ft values f 

forbidden beta spectra allows one to evaluate th~ matr1x elements betwe 

the nuclear states involved 1n the beta transit10n (sometimes knowledge 0 

other B decay observables 1S required toc). These nuclear rnatrix elements 

(e moments) represent the overlap between the wavefunctions describing the 

parent nucleus and those of the dau;Jhter nucleus. 'Iherefore they ~ontain 

the properties of the initial and final states and are quite useful in 

nuclear structure studies (Schopper 1966 pp. 245-348; Daniel 1968; Booij 

1970; Morita 1973 pp. 222-225, pp. 229-233; Hughes 1980; Behrens & Buhring 

1982 pp. 537-607). Moreover, the CVC theory predicts the ratios of 

certain matrix elements in forbidden B decays (especially first forbidden 

nuclear matrix el~nts) and therefore the evaluation of such matrix 

elements provides an indirect test of this theory (Smith & Simms 1970; 

Blin-Stoyle 1973 pp. 64-68). 

The ft values of the superallowed B decays of T = -1/2 mirror z 
nucl:ei (or other superallowed JJt ~ JI! , J#), .6. T=O decays) can be used 

to calculate the Gam~-Teller (Gr) matrix elements which provide a 

sensitive test for theoretical nuclear structure calculations (Aysto et 
• 

al. 1984; Ara1 et al. 1984). Similarly, ft values of allowed GT 
,'" 

transitlOns can be used to deduce the Gr matrix elements between the 

states involved in these transitions (Behrens & Buhring 1982 pp. 534-536). 

On the other hand, for the superallowed decays where accurate shell model 

calculations of the GT matr1x elements are possible, or where reliab1e 

est~mates of the GT matrix elements are ava1lable from magnet1c moment 

data, the ft values of the transitions can be used to examine a more 

fundamenta1 problem, the renorma1ization of the axial-vector coup11ng ---constant of the weak interaction in nuc1ei (Wilk~on 1975; Azue10s & 

Kitching 1977; Raman et al. 1978; Behrens & Buhr1ng 1982 pp. 499-506). 

Another example of an area where e spectroscopy has contributed to 

both nuclear structure and fundamental 1nteract~on studies is the 

\ 
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investigation of isospin mixing in nuc1ear states. The isospin impurities 

of nuclear states are usually obtalned fram' the ft values of lsoSpin 

forbidden Fermi transi ti6ns (pure or mixed). These are transl tions 

between members of two different lsospin multiplets (~TfO), wlth spIn ,and 

parity changes of elther 0+ ~ 0+ (pure). or J1t ---t JlI,hl=D, J~ 

(mixed). From the ft values of Isospln forbidden pure Fe~1 transitl0n~, 

the magnitudes of the Isospin mixlng and the effective Coulomb matrix 

elements (charge-dependent matrix elements) between nuclear states can he 

ca1culated. For mixed transitions other B decay observables are also 

, required. Consequently, the amount of analogue symnetry breaking' in the 

states due to bath the long range Coulomb force and the charge dependence 

of the nucleon-nucleon potential can be assessed (Bloom 1966; Blln-Stoyle 

1973 pp. 68-79; Raman et al. 1975; Behréns & BuhrlDg 1982 pp. 527-536). 

FUrthermore, careful measurements of the shape~of the energy spectra of 

the a particles emitted in these decays help rj .. n clanfying the relative 

strength of the second forbidden contributions to the decays and therefore 

in obtaining more accurate estima tes of the isospir. a~~xtures ln nuclear 

states (Van Neste et al. 1966; Sastry 1969). Flnally, these studies of 
~ < 

isospin mixing in nuclear B decays can a1so serve as a measure of the 

va1idity of the CVC theory (Blln-Stoy1e 1973 p. 68, p. 77). 

As i11ustrated by the examples above, the nucleus offers many 

advantag~s for use as a mlcroscoplc "1aboratory" to studyithe 'effect of 

the various fundamental interactions in the diverse envlr~nts offered 

by the different nuclel (Blln-Stoyle 1973 p. 17). The Importance of B 
spectroscopy in observing these effects IS quite apparent. In this 

context, the possible occurance of very smal1 anomalous shape factors in 

the beta spectra bf some hindered B decays has been used to explore the 

possible presence of some exotic processes in nuclear beta decay (Morita 

1973 pp. 227-229). 

Ole more applIcation for beta spectrum shape measurements can he 

found in stu:lies l.nvo1ving InternaI conversion electrons. cne of the most 

straightforward and accurate methods of measuring the internaI conversion 

coefficients is the peak-to-beta-spectrum (PBS) methoo. The use of this 

methgd requires a precise evaluation of the total beta spect~ intensity 

and therefore explici t knowledge of the shape factors describing' the B 

spectrum over the full energy range (Van Nooijen 1966). 
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Finally, attention has centered in the past few years on the e 
investiganon of the shape of the S spectrum of tnt~um near the endpoint. 

'Ihj.s methcd is beio;r used to measure the rest mass of the electron 

antineutrino (Lyubimov et al. 1980; Simpson 1981) . 

• , 1.2 Nuclei far from stab~lity 

. Nuclei can be def~ned ~n terms of two quantH~es, the~r atool1c 

number (or number of protons Z) and the number of neutrons (N) they 

contaln. '!he d1.verse propertles of nucle~ are a consequence of the 

different combwat~ons of the N and Z numbers. Certa~n combwatl.Ons 1 

produce nuclel that are stable agalnst S decay. These nucle~ are said to 

fall on the l1ne of e stabüity. Nuclei Wl th N and Z numbers that are 

very different from those of the e stable ones are sald ta be far off the 

stability line. '!hey are also re~erred to as exotic nucle1. 1.mplying that 

they are attractively strange or unusual obJects. These nucle~ are 

characterized by short half lives and la~e decay energles whlCh glve rise , 
to unusual decay modes such as a delayed partlcle €rr.l.SS100. 

On the baS1.S Of sheer numbers, the lmportance of nuclel. far fran 

stabillty lS obv~ous. It lS conservatively estlmated that there are 10000 

nuclel that could eXlst for a sufflciently long t~ to observe or study, 

if the me ans could be found ta produce them artl.flClally. TIns ~s to be 
1 

compared with approximately 300 lsotOpeS that occur ln nature and about 

2000 nucl~des whose eXlstence has been experimentally determlned but for 

many of wtuch adchtional lnformatlon is scanty (Hardy 1982). (See hgÙre .. 
1.1 ) 

W This large number of nuclear specles wlth wldely varyi~~tron to 

proton ratios provides an excellent opportunity for observing~e 

varlation of nuclear properties as a functl.on of extreme changes in the 

numbers of proton and neutron in the nucleus. Thus, nuc1el far fra'll B 

stabill. ty are a good testing ground for many nuclear structure and nuclear 

mass theorles that have been mostly formulated on the baS1.S of- data 

obtainedvfrom stable or long lived nuclldes. The avallablilty or exotlc 

nucleJ. therefore enhances the concept of the nucleus as a laboratory. '!he 

inerease 1.n the number of available nuelei allows one to have a more 

versat~le choice of a specifie nuclear property or translton type ta 

reflect an important feature of one of the f\.U'ldamental interaet~ons. one 
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Figure 1.1 

The chart of nuclides. Stable isotopes are ..represented by black 

squares. '!he region of known nuclides ~le against beta decay 
~.> 

is enclosed by the broken contour. '!he diâgonal smooth Unes 

indicate the approxlmate locations of the neutron and proton drip 

lines . 1h~ circular l'ines are isOdeformation curves showing the 

demains where nuclear deformation occurs. '!he straight vertical 

and horizontal 11nes indicate the locatlons of the neutron and 

proton shell closures respectively. 

.. 
\ 
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'can therefore select a particul,ar process which i5 sensitive to a eertain 

aspect of the interaction under study or a proceS5 where' an undesired 

effect lS strictly forbidden. Because of a11 of this and more (Berlovich 

l" 1970'), the Study~ nuelei far fram the 'line of 13 stabi~ity has become a 

center of attention and activity in nuelear science in re~ent years 

"(Bergstrom 1966a,b,; Forsling et al. 1966; CERN-1970; ~N-1976; Chrien, 

1977; Ravn 1979; Hansen 1979; Hamilton et al. 1979; Ge11etly 1980; von 

Eigdy 1980; Jonson 1981a,b; Lee 1981; CERN-1981; Hamilton 1982; and 

references therein). 

1.3 Beta Spectroscopy of Nuclei Far fram Stabilipy 

~asurement of the, energy spectra 'Of a partieles emi tted in the 

d~~nuclei in~the far off stability region is a topic of interest for 

several reasons. For example, the weIl known mass parabola (for fixed 

mass number A) shows a dramatic increase in ,the a decay energy with 

increasing distan'2e away from stabili ty . 'Ihis increase in the decay 

energy affords a new view on the weaJc interaction process. It also leads 

to the population of states above the ~eshold for"particle emission 

which in turf'l gi ves rise to a delaye:l emission of protons, ':leutrons, ,or 

alpha particles in' these nuclei, a phenomenon that for the most part is 
~ , 

unknown near stability. 

As mentioned before, measurement of the a errlpoint enegy can he 
" used to determine the mass difference bebTêen the ground states of nuelei. 

, , 

o ' 

'!bus follCMing a a decay chain and measuring the % for each decay, until '\ 

a stable nuele\lS where a direct fuass measurement has been made is reache:l, 

enables one to inter the masses of the unstable nuclei in the isobaric 

chain. This method of mass determination is the most common1y use:l method 

for nuelei far frÔm stability sinee off-line direct mass measurem"ent 

methods are not applicable because of the short half lives of the nuclei 

:\ 1'\ ; "'volved. In . t l' dir t t thod Q ! ' ' ..... eomP9L'~son 0 on- ~ne ec mass measuremen me s, e 
measurements are considerably simpler and require less sophisticated 

eguipment and~ techniques (Epherre et al. 1980 ahd references 1-9' therein) . 
'''il ' 

They are particularly advantageous for nuclei of elements which are not 

easily ionizable or for nuelei with long lived isomerie states (Wollnik et 

al. 1980; Wollnik 1980; Hardy 1980). .' 

The mass of the ground state of the nucleus is one of i ts most 
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important properties. '!he precise, determination of masses of an 

extensive set of nuc1ei wou Id help in mapping the mass surface far from 

stabi1ity. It would also facilitate extrapolations to even more exotic 

regions and aid in locating the positions of the neutron and proton drip 

1ines and the li mi ts for stabili ty agai.nst alpha emission and spontaneous, 

fission. Such a set of mass measurements would a1so provide a scoreboard 

for testing existing nuclear mass theories. 'Ihese tests becane 

increasing1y more stringent as the nuclei are farther r.emoved from 

stability. Such mass measurements would therfore a1so ,permit a œtter 

determination of the parameters of existing mass formulae. 

From nuc1ear mass data one can calculate nuc1ear binding energies . . 
A systematic study of these values provides iTlformation about the shapes 

of nuc1ei and their shell structure. '!hey can show the effects of < 

pairing, shel1 c1osures, the onset of,nuc1ear deformations and perhaps 

reveal unexpected structures in new regions, (Hansen 1979; Hardy 1980; 

Munnich 1980; Detraz et al. 1983). 

Know1edge éf the QS values can also œ used to guide searches for B 

de1ayed partic1e emitters (precursors) in decays where QB exc~ the 

binding energy of the partic1e in the nucleus. 

Extending the investigation 'of supera110wed beta decays ta heavi~r 

nucl:ei is qui te an interesting prospect. However, the nuc1ei in which 

these decays take place fa11 farther away fran stabili ty as their mass 
74 

number A increases. ( Rb is the heaviest Z=N nucleus known wi th a 
71 

superal10wed Fermi transition while Kr is the heaviest Tz= -1/2 nucleus 

wi th a sUPera1lowed decay). Since these nuclei are 50 far removed from 

stabili ty, USlJ1g simple nuc1ear reactions to measure the energy difference 

between, the parent and daughter states is not feasible and therefore 

'" exotic heavy reactions have been proposed (Davids èt al. 1979). On the 

other hand, QB meas~rements provide an attractive alternative and allow 

for the expansion of sU];era11owed e decay studies to heavier regions of 

the..chart of nuclides with important implications for nuclear structure 

work, nuc1ear mass formulae, and fundamenta1 physics (the nature of the 

weak interactions and the structure of the nucleon) (Wilkinson ~975; Arai 

et al. 1981; Hardy 1983; Aysto et al. 1984; Arai et al. 1984). 

An important ç,oncept in nuclear physics which gains even more . 
significance in regions far fran stability is that of the œta strength 

, , 

, . . , 
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function • It expresses the effect of nuc1ear stucture on B decay, and 

represents a valuable tool for studying the nuclear matrix elements of the 

states involved in the decay. Careful measurements of the f3 ray energy 

spectrum down to and incluél1ng the low energy portion, presents a 

straightforward methcrl of ohtaining the beta strength function (Iafigliola 

et al. 1983a). It is quite advantageous in regions far from stability 

whére complete decay schemes are unavailable and where other methods of 

œta strength measurement are cornplicated and ineffident (Hansen 1973). 

Beta spectroscopy of nuclei far fram stabili ty has some 

applications in other fields of science and technology too. For example, 

knowledge of the ~ decay energies, ,beta strength' ftmètions, and decay 

rates is quite ~mportant for certa~ astrophysical calculations such as 

those of the r-process in nuc1eosynthesis (Arnould 1980; Klapdor ,et al. 

1981 ). 

'!hree other important applications ~nvalve the e spectrœcapy of 

short lived fission products. 'The first concerns the use of reactar 

antineutrinos in experiments (Vogel 1979). For the interpretatian of the 

results of these experiments, it is important to knaw the energy spectrum 

of the antineutrinos emitted during the ~ decay of the fission products. 

'lh.e energy spectrurn of the antineutrinos is simply the complement of the 

energy spectrum of the S particles emi tted during the decays of ~e 

fission products and which can be measured usirg B spectrascopy methods. 
, 1 

Decays wi th high Q~ values are espec1ally significant since they' are 

responsl.ble for the important higl'Ctnergy portion of the antineutrino 
( ~\? 

spectrum (Avignone & Greenwood 1980). 

'!he second application concerns the ca1culation of the power 

developed in the fuel of a nuclear reactor by the decaying fission 

products . 'Ihis power is estimate:l to be about 7% of the total reactor . 
~r at equilibrium (Rudstam et al. 1981). It wou Id have an even more 

important role in the case of an emergency shutdown since it is possible 

to stop the fission process in a reactor rapidly but i t is impossible ta 

stop the decay of the fission products. Knowledge of the avera;]e energy 

of the emitted B partic1es in the decay and the feedina t'o different 

states in the daughter nucleus is crucial for such calculations. 

'!he third awlication involves the use of B spectrascopy methcx:1s in 

searches for fission products wi th very high f3 decay energies (> 15 MeV) . 

• 

Il 
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These searches pro vide information on the,yield of light nuclei (A~lS)' 
\ 

'b in fission and on the probable production of "abnormal" nuclei i,n the 

fission process. Two examples of such çù:normal nuclei are: nuclei very 

close to the nucleon drip lines, and densi ty isomers resul tiOg ,from pion 

condensation in the nucleus (Borovoy et al. 1979 and references\the~ein). 

-./' '!he importance of determini ng the properties of different nuclei 

increases with their d~stance fram the line of stability. 'Ihis is mainly 

because li ttle is kna.m about these nuclei and also because extrapolations 

from the region of stability tend to show large discrepencies. However, 

the experimental difficulties involved in studying the se nuclei increase 

in the same fashion. 

Measurements of the a spectra of exotic noclei is ccrnplicated by 

their short half lives and by the large amount of energy available for the 

decay. This high Oa means that the electrons (or positrons) te be 

measured have high ~merg:fes, (typically between 5 ana lu MeV). It aiso 

implies that the daughter nucleus is going to be produced in a variety of 

exci ted states, which de-exci te by high energy multiple "( ray emission. 

The experimental program on which this thesis reports revolves 

around the design, construction and development of a spectrometer for 

measurements of the a ray spectra of nuclei far frcm stabillty. The aim 

of the design lS to produce a spectrometer SUl table for use in the 

determination of 13 decay endpoint energies and the relative lntensities of 

the different a trans~ tons in mul ti -branch decays in these nuclel. '!he 

spectrometer should also have the high degree of precision and sensitivity 

required for accurate spectral shape determinations (measurements of the 

shape factors of the B spectrum) . 

As will he seen in the next chapter 1 most previous spectrometer 

designs are plagued wlth problems that render them either unsuitable fer 

the study of B spectra of short lived nucle~ or unfi t for accurate 

spectral shape dete~na tians (or sqmetimes both). rndeed large 

discrepencies between measurements done WJ. th dJ.fferent spectrometers are 

still plentiful in the published litreature (Paul 1965; Daniel 1968; 

Behrens & Szybsiz 1976). 'Ihe lnconsJ.stency J.n the data on beta spectra 

shape measurements has been frustrating to such an extent that the 

s\.Çgestion was made ta accept the theoretical predictions for the shapes 

of the spectra and use these predictions to test the accuracy of the 
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experimental methcds for shape determination (Nichols et al. I~M. It 

Has also been m.ggested that in cases where the shapes of e spectra are 

needed for other applications (such as the PBS method for conversion 

coefficient measurements) i that the ~pectra he reconstructed fram 

knowledge of; other observables in the B decay rather than rely on the 

experimental shape measurem\t (Van Lieshout 1966). 

. 1.4 '!he Present Beta Spectrometer 

The e spectrometer descril::::ed here lS a ra(hcally improved version 

of a previous design which was developed at this lab (Moore et al. 1976~ 

Rehfie1d 1977). The basic idea behind both spectrometers remaws the 

same, but the capabilities and attractive features of the present one far 

'exc~ the former. 

\ 'Ille principle on which both spectrometèrS are based is the use of 

a high purity germanium crystal (Ge(HP» as an electron detector arrl 

spectrOOleter. The excellent resolution of the Ge('fiP) detector and i,ts 

capability of measuring the energies of lncident particles over a wide' 

rang~ slmal taneously (a mul tichannel devlce) are fully explol ted by usi~ 

it in .fi. hlgh transmission arrangement (see appendix A for glossary). At 
• l 

the sarne time, by greatly enhancing the raUo of B partlcles to r rays 

incident on the detector, the highJsensitlvity of the Ge(HP) detector to y 

rays is not allowed to result in any significant contaminatlon of. the e 
spectrum Wlth r ray counts. 

The two conditions above cao be fulfiiied by pIaclng both the 

radioacUve source and the detector aiong the axlS of a strong 

cylindrically symmetric magnetic field, separated from each other by as 

great a distance as is feasible. In thls speciflc spectrometer, a 

superco~Mcting solenold furnishes the strong magnetic field which 

deflects the B particles emitted fram the source anj channe1s them to the 

detector. In this role the solenOldal field acts simply as an electron 

guide with no energy or momentum selection. As for the r rays, the solid 

angle into which they should emitted from the source 50 as to strike the 

detector is simply the geometric sohd angle subtended by the detector at 

the source. This soUd angle couid be made very small by lOcreaslng the 

source-detector separation. The acceptance solid angle for the 8 rays is 

determined by seveî'ai factors including the position of the radloactive 

-
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source in the tnagnetic field, the magnetic field strength and geometry, 

the surface area of the detector, and the Bray energies. Tt can reach up 

to \50% of 4l1: for reasonably high electron energies in the present , 

spectrometer. At 25% electon transmission the enhancement ratio of 

electrons to ~ rays lncident on the detector 15 larger than 250. This 

coupled to an electron energy resolution of about 4.5 keV (0.45% at 1 MeV 

electon energy and better for higher energies) and the broad band nature 

of the instrument make the capabilities of this spectrometer truly unique. 

1.5 Organization of the Thesis 

Since this thesis deals mainly with the design and construction of 

a new beta spectrometer j It was fe1t that a reviewof the literature on 

the subject of beta spectroscopy methoos and techmques would be qui te 

helpful. Hence, Chapter 2 of this theslS is a comprehenslve review of the 

different types of beta spectrometers in existence. concentrating 

primarily on the distortions that they inevitably lntroduce ta the 

measured beta spectra and the possIbll tiy of overcomlng such distortions . 

through the use of new techniques. 

Chapter 3 of the thesis deals wi th the design and construction of 

the superconducting solenold v.1'üch foms a major compement of the present 

beta spectrometer. A complete analysis of the therma~ properties and 

performance of the Ilquld helium cryostat of the superconductlng magnet is 

also included. .', 

Chapter 4 concentrates on the different source-detector 

combinat ions used wIth the spectrometer. Tt contains detailed 
, 

descriptions of the two detector systems that have been tested with the 

spectrometer. The different source Introduction mechanisms (and the 

associated vacuum system) that are in use wlth the spectrometer are also 

treated at length. A discussion of the principles of operation of the 

semiconductor detectors lS included ln thlS chapter as weIl. 

In Chapter 5, the problems of calculating the magnetlc fIeld of the 

solenoid and the trajectories of the beta partlcles in the magnetic fIeld 

are deal t wi th. Several examples of the performance of the spectraneter 

are also given in thlS chapter. 

Finally, the general conclUSIons drawn .trom this work are discussed , 

in Chapter 6. 

" 
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ŒJAPTER 2 

A CRITICAL REVIEW OF BETA SPECIROSCOPY ME'IHODS AND TEOiNIQUES 

It is clear from the dlscusslon ln the previous chapter that 

accurate measurements of a spectra (determinations of the exact shape of 

the spectrum and the energy of the endpoint) are qui te important. In 

order to effect these measurements varl0US ldeas have been expIai ted in 

the design of a spectrometers throughout the evolution of nuclear physics. 

'Ihere are two fundamental princ1pIes upon which a spectroscopie 

methods are based. The flrst is the rneasurement of the momenttun (energy) 

of the electrons by deflecting them in a m;ognetic (electric) field. 'Itle 

second is the determination of the total energy deposi ted by the a 
particles in an absorbing medium when they are stopped in i t . In general, 

spectrometers based on the latter princlple act as detectors and energy 

resolving devices simul taneously. The relative meri ts am drawbacks of 

the different types of e spectrometers will be discussed at sane length in 

what fo11ows. 

2.1 Def1ection Spectrometers 

2.1.1 E1ectrostatic Spectrometers 

Because of the very high e1ectric fields needed for ana1yzing high 

energy a partic1es, and the fact that the focusing properties 9f 

e1ectrostatic fields are not re1ativistica1ly lnvariant, electrostatic 

spectrometers are on1y sui ted for studies of low energy e transitions. 

Therefore, they have not recei veel much attentl0n in nuclear spectroscopy 

bUt have been extensively developed for atomlc phys~cs and surface 

analy'Sis stuches (Siegbahn 1965, p.l72; Gerholm 1961). 

2.1.2 Magnetic Spectrometers 

A great de al of effort and ingenuity was put in the development of 

magnetic spectrometers for electron spectroscopy, especia11y in the 

improvement of their resolution. The concentration on the achievemen~ of 

high resolution in these spectrometers was motivated by the fact that they 

/ 

-
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were the primary tocl in high resolution investigations of electromagnetic 

transi tJ.ons in nuclei. In addition to being used to measure continuous ~ 

-----:----______ ~s~pec~~tra, these spectrometers were used in the determination of the 

energies of internal conversion electrons ard 'Y rays. The gamma rays were 

detected and measured through the secondary electrons (photoelectric, 

Compton, and pairs) that they produced ln external radiators p1aced in the 

source position of the magnetic spectrometer (Hedgran 1952; Deutsch & 

Kofoed-Hansen 1959; Mladjenovic \~61; Backstrom et al. 1962; Gerholm 1965; 

Murray et al. 1965; HoUander 1966; Browne 1972; MIad]enOV1C 1976, p.20; 

Bartholomew & Lee-Whltlng 1979). 

Thus magne tic spectrometers played a role similar to the one pIayed 

tçx:iay by high resolution semiconductor germanium detectors in the 

detert1lination of the different quantum levels of exci te:1 nuciei through 'Y 

ray spectroscopy. 

Al though magnetic spectrometers still provide the best resolution 

achievab1e in electron spectroscopy ("1.. 0.01% manentum reso1ution, Siegbahn 

1965, p.86), they are not well suited to studies involVlng nuclel far fram 

stability (Bergstrom 1966b). Several factors that are inherent in the 

design and operation of these spectrometers are resp:msible for limi ting 

their usefulness ln the field of 8 spectroscopy of short-llved nuclei. 

The intrinsic dependence of good reso1ution of magnetic 

spectrometers on poor transmission is one such factor (Wu & Geoffrion 

1960) . The small acceptance solid angles (a fe.w percent of the 4 Il at a 

few percent reso1ution, Siegbahn 1965) and the fact that the measurements 

are performed in small steps coverin;1 a narrow manentum band in each step 

(single channel instruments) result in the lorq counbng periros that are 

characteristic of such spectrometers. 

The long counting periods represent a clear disadvantage ln 

short-li ved nuclei. The large number of background counts accumulated 

during the long countlng periods reduces the sl.gnificance of the 

inf ormation that cao be obtained from the 8 spectr a. Moreover, any Ume 

variations in the background over the lorx;} counti~ pericrls can intrcrluce 

serlOUS d1stortions to the ~hape of a spectra that are difficult to 

correct (Graham et al. 1960). 

Another problem assocl.ated with magnetic spectraneters is their 

unsuitability for coincidence measurements (Si~ 1965, p.161; Graham 
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et al. 1960). The small acceptance soliq angle (usually less than 10% of 

4.) of these spectrometers reduces the probabl1ity that an electron wlll 

enter arrl be detected 10 the spectrometer in COlnCldence Wl th a phQton or 

another particle emltted ln a chfferent duectlon and detected by another 

detector. Increaslng the source strength to counter the low efficlency 

wou1d increase the coincidence rate, however 1 t would also reduce the 

ratio of true to chance cOlncidences thus reducing the usefulness of the 

accumulate::l data (SpeJewskl ,l966). 

Finally, there is the problem of e spectrum shape dJ..stortlons 

caused by the fmite reso1utlon of the spectrometér. Because of the 

, inherent interdependence between the resolutl0n and transmission of 

magnetic spectrometers, operatlng them ln a high transmlssion mode results 

inevitably III a deterioratlon in the resolutlon. '!he fini te resolution of 

the spectrometer manifests i tself in a broadening of the width of 

monoenergetlc electron lines as measured by the spectrometer. The 

,spectrum generated by a monoenergetic electron 1ine measured with a e 
spectrometer is often referred to as the response function of the 

spectrometer. If the respon,se functlon of the spectrometer is a symmetric 

guassian in shape, then the deterloration of resolutlon resul ts in 

distortions to the shapes of the continuous e spectra at the 10w and high 

energy ends of the spectrum. Special correction techniques have ta be 
'" applied to the measured spectrum to remove the effects of such 

distortions, especially near the eoop::>int. However, if the resp:mse 

function of the spectrometer is not symmetric (as in the case of 

semicircular spectrometers for example), then the dlstortions extend over 

the whole spectrum and have to be effectlvely corrected for over the full 

energy range. (OWen & Prlmakoff 1948, 1950; Paul 1964, 1965; Nagarajan et 

al. 19E9.;-L~ J.-980) • 

Excellent reviews of the various aspects of magnetlc e spectrometry 

have been publishe::i prlor to 1965. The most definitive belng the work of 

K. Siegbahn (1965). Ttns work also includes a comprehenslve listing of 

the previous surveys of the fl.eld of S spectrometer theory and design. 

Since 1965 until the present, the reviews of the field that have appeared 

in the literature are large1y due, to the work of M. Mladjenovlc (1971, 

1972, 1976, 1979). 

The problerns associated wi th the different components of the 
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spectrometer arx:1 the distortions they cause are discussed below. 

2.l.2a The Radioact~ve Source 

l} Normalization 

Since magnetic spectrometers are si~le channel instruments, 

careful correchons have to be made to account for the decay of the source 

duriB3 the time needed to record a spectrurn. '!he application of such 

corrections require: an accurate determination of the half-l~fe of the 

decayi~ nucleus under study, knowledge of the concentrations and the 

half-lives of any rérlioactive contaminants w the soUi\Ce, and ensuring 

that none of the source act~vity escapes through evaporaUon, d~ffusion 

out of the source, or any other mechanism during the long countJ.l'~ periods 

(Bergstrorn et al. 1963). 
\ 

In the case of short-lived nuclei, several sources have ta be used 

'during the spectrum accumulation and therefore the measurements have to he 

normalized to the same source activity. Achieving th~s normal~zation with 

the high degree of accuracy required for careful spectral shape 

determinations is quite a complicated task (Armin~ et al. 1967; Halbig et 

al. 1974; Genz et al. 1976a; Calpr~ce & Alburger 1978). An excellent 

discusssion of sorne of the problems involved in the normalization of the 

spectrurn is given by Van Elmbt (l98l). 

2} Source Shape and Size 

Ma;JIletic spectrometers place sorne demands on the geometry of the 

radioactive source. Fla t spectrometers ( .... /7: or semicircu1ar magnets for 

examp1e) require rectangular sources, while lens type spectrometers 

(Siegbahn-Slat~s intermediate image spectrcxneter for example) require 

circular sources (M1adjenovic 1976, p.32). Source sizes that are as small 

as possible are usually used since the resolution of the spectrometer i5 

dependent on the size of the radioactive source (Wu & Geoffrion 1960; 

Deutsch & Kofoed-Hansen 1959). The typical source dimensions are a few 

millimeters (mameter for lens type spectrcxneters and w~dth in fIat 

spectrcxneters) and can sometimes be as small as a fraction of a millimeter 

(Alburger 1956; Fujioka 1970). Any variat~on in the geometry of the 

source (size or shape) can lead to differences in the resolvin;r power and 
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therefore in the transmiss10n of the spectraneter (Lewin 1966). 

When several sources are used to accumu1ate ..a sin:J1e spectrum, as 

is the case in stud1es of nuc1ei far from stability, reproduc1bl1ity of 

the size and shape of the source has to be ensured for aIl. of them. This 

is especia11y Important If a spectrometer wlth low 1umlnosity is used 

since varlat10ns in the shape of the source have serlOUS effects on the 

resolution of such spectrometers (Halbig et al. 1974). The use of 

magnetlc spectrometers on-llne and ln conjunctlon with an isotope 

separator (as 15 frequent1y requlred ln short' IlVed nuclel), ~gravates 

these problems further Slnce nelther the S1ze nor the posltlon of the 

sources produced on-llne wlii be constant (Avlgnone et al. 1973; Halbig et 

al. 1974). Position1ng the source 1n the spectrometer also has to be done 

very carefully (a maximum tolerance of 0.1 mm along certain axes is 

required even in spectrometers Wlth modest resolution (Weçstedt 1956» 

(see magnetic fleld sectlon). 

3) Source 'Ihickness and Uniformi ty 

Bécause of the low efficiency of magnetic spectrometers, sources of 

high activity are needed ln order to achieve an acceptable count rate 

above the background. The source actl Vl t1es requlred in these 

spectrometers are typlcally several MEg (several tens of IlCl) (Van Atta et 

al. 1950; Graham et al. 1960; Van ~llnken et al. 1968; Chrlstmas & Cross 

1978; Van Elmbt 1981). However, sometimes actlvitles as high as 750 MBq 

( ",20 mCi) are ·regu1red ta obtain goOO stat1stlcs (Wortman & Langer 1963). 

'The requirement for strong sources coupled to the restrictions imposed on 

the source size resul ts ln the use of sources of Increased thl.ckness 

(Hughes 1980, p.107). 

It has long been known that the use of thick sources ( >10 J.lg!an ) 

in ~ spectroscopy causes a detenoration in resolutlon as a re5ul t of the 

energy loss and straggling (varlat1on of energy 1055 of monoenergetlc, 

particles) of e1ectrons in the 50urce material (Mlad]enovic 1976, p.19). 

Since the energy 105s and the straggling ln a thick source are dependent 

on the energy of the electrons, i t w1l1 be d1fferent for different parts 

of the spectrurn and will resul t in spectral shape distortlons and a 

general shift 1.n the spectrum to the low energy side (Feldman & Wu 1949; 

Knop & Paul 1965). 

, 
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" 
'!he increased source thl.ckness also causes an l.ncrease in the 

number of B particles backscattered fram the source materlal l.tself. 

Since thl.s effect l.S also dependent on the energy of the B particles it 

will resul t l.n distortions to the shape of the measured B spectrum 

(Bergstrom et al. 1963). 

'!he most l.mportant effect of source thickness is the distortion to 

the shapes of B spectra caused by mul tl.ple forward scattenng in the 

source material (Daniel 1968). Since electrons passing through the source 

material at large angles Wl. th respect to the normal ta the source surface 

traverse more source materl.al, they will be scattered more than those 

moving close to the normal direction. This scattering causes the source 

to have more particles emitted l.n directions close to the normal than at 

large angles to the normal (Paul 1965); there is electron anisotropy. 

Moreover, the arusotropy will be energy dependent Wlth larger values at 

lower energies (Spalek 1982). It will therefore cause the spectrometer ta 

have an energy dependent effective acceptance solid angle resul ting in 

deviations of the measured spectrum from i ts true shape (Paul 1965; 

Hoffmann & Baier :1.965; Parker & Slatls 1965) • 

The self-ahsorption of low energy B partl.cles in thick sources can 
f 

also result in distortions to the shapes of B spectra. This effect, 

however, is negllgible for source thickness smaller than a few hundred 

llg!arf (BooiJ 1970). 

Attempting to ease the limitation on source Sl.ze by constructing 

larger spectrometers (which have hlgher luminosity and can therefore 

aGCbmmodate larger sources Wlthout a deterloration in resolutlon) crea tes 

other complications. Ais the source size l.ncreases wi th the lncrease in 

the spectrometer size, sa does the sensi ti ve counter area reqtured to 

detect the B particles. 'Iherefore the advantage gained from the larger 

source area may be nuillfied by an increase ln the background count rate 

due to the larger detector, volume (Graham et al. 1960). '!he increase ln 

the dimensl.ons of the spectrometer also implles that the magnetic field 

required to focus electrons of a glven energy will be lower and in fact 

can be qui te small for low B part1cle energ1es and large spectrometers. 

'!he effects of magnetic interference fram magnetic sources outsl.de the 

spectrometer will be more severe (Slegbahn & Edvardson 1956; Graham et al. 
"-

1960) . The l.ncrease in the cost of the spectrometer as i ts dimensions are 

\ 

f. 
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1 
ep1arged ~s another limiting factor. 

1 Clearly, wi th increased source thickness, it is difficult to 

rttempt ta make sources of high degree of uniformity (Langer et al. 1949). 

Non-unJ.formlty in the source thlckness contributes to the distortions in 
1 

Ithe shape of a continuous a spectrurh due ta a particle scattering in the 

Ithickest reglons of the source (Hughes 1980, p.107)~ 

4) Source Backing 

Beta sources are us~ally deposl ted on thln foils made from organic 

matenals with low atomlcnpmber (Z) (e.g. mylar) to minimJ.ze the 
\ 

probabili ty of electrons backscattering from the source backing. Most of 

these organic materlals are also very good. insulators, and since strong 

radioactl ve sources are needed for magnetic spectrometers, these sources 

~ may charge by sever al k110volts relative to ground as a result of the 

build-up of electric charge caused by the 1> partlcles leaving the source 

and the small electrical capaci ty of the source. Beta particles emi tted 

from such a source experlence an energy shift due to their Coulomb 

interaction wlth the electrlc field of the charged.source (Hayward 1953; 

Parker & Slatis 1965; Mitchell 1965, p. 4~6) . This effect is obviously 

time dependent due to the build up of charge w~th time (Braden et al. 

1948) and would therefore cause serious distortions to the a spectrum 

collected by a single channel instrument such as a magnetJ.c spectrometer 

(Douglas 1949). preventing charge bul1d-up on the source when the use of 

met allie fOl1s is to be avoided is not an easy task (Langer 1948; NichaIs 

et al .. 1961) . 

5) Background Associated with the Radioactive Source 

The requirement for strong sources introduces yet another problem 

in magnetic spectrometers. In many cases, the S decay is accompanied by 

intense 'Y ray emissl.on (especially in nuclei far from stability), the 'Y 

rays can end up strikJ.ng the detector after one or more collisions with 

the dJ.fferent components inside the spectrometer (Schwarzchild et al. 

1956; Wortman & Langer 1963; Nagarajan et al. 1969). '!he 'Y rays can a1so 

cause the production of secondary electrons (electron-pasl tron pairs, 

Compton and photoe1ectric) inside the spectraneter includlng the source 

itself arrl the source bacl<J.ng (Wortman & Langer 1963; Fujioka 1970). 
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'Ihese electrons are deflected in the magne tic field of the spectrome'ter 

and quite often are detected by the detector th1.fS adding to the background 

and distorting the ~ spectrum (Deutsch & Kofoed-Hansen 1959; Backstrorn et 

al. 1962; Booij 1970 pp. 49-51; Mladjenovic 1976' p.19; Hughe~ 1980, p.119; 

Van Elffibt 1981, p.64). 

2.1.2b The Spectrometer's Chamber and Baffles 

The determination of the momentwn of the electrons in the magnetic 

field of "the spectrometer is accomplished by a system of sUts and baffles 

~hat limit the possible trajectories for electrons emitted from the source 

so that only those electrons in a small, chosen momentum interval 

cc;>rresponding to a specific trajectory are focused and can reach the 

detector arrl be counted. Electrons tracing other trajectories are stopped 
~ , 

in the baffles. 

1) Scattering of S Particles from Solid Objects in the 
• 

Spectrometer Chamber 

Beta partic1es wi th momentum values outside the desired band can 

reach the detector aft~p one or more collisions with the baffles, the 

walls of the spectrometer or the source rnounting (Schwarzchild et al. 

1956; Burgov et al. 1961; Kofoed-Hanssen & Christensen 1962 p.39; Beekhuis 

& de Waard 1965; Paul 1965; Booij 19,J0; Nag'ctrajan & Venkata Reddy 1970; 
..-' 

Mlad jenovic 1976, p. 32; Christmas & Cross 1978)·. 

The probabi1ity of an e1ectron being scattered in a given direction 

after such a collision depends on the energy of the lncldent electron ' 

(Knop & Paul 1965). In addition, scattering from these thick objects 

occurs at depths that are comparable to the electron ranges. Hence the 

electrons will not only change direction but also suffer a significant 

energy loss in most cases (Paul 1965; Booij 1970). Some~of these 

scattered electrons will therefore be countErl at a momentum setting whl.ch 

is higher or lower than their initial moment a . '!he contributions of such 

events to the detector count rate are dependent on the energy of the 

primary electrons, the magnetic field strength and the reso1ution of the 

spectrometer (Gerholm & Lindskog 1963). Scattered electrons will 

therefore dis tort the shape of the S spectrum over the entire energy range 

(Genz et al. 1976; Hughes 1980, p.128). 

, 
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The scattering of ~ J:>articles from v:arious objects inside the 
, 

spectrometer can even cause counts at energies higher than the endpoint of 

the spectrum. This effect is qui te serious in beta spectra wi th an 

intense low energy branch and a high energy weak branch (Schwarzchild et ' 

al. 1956; Bartlett et al. 196'2; Wortman & Langer 1963; Paul 1965: Hsue et 
/. 

al. 1966a,b). 

The scattering and stapping of ~ particles in solid objects in the 

spectrometer can also he accomPanied by the ejection of second~ 
o 

" 

electrons which can end up in the detector causing background counts and 

sPectral shape distortions. 'Ihis effect will be different for positrons 
~ (~ 1 

and negatrons spectra due to 'the different directions of charged particle 

paths (Kofoe:1-Hansen & Christensen 1962, p.40). 

2) Scattering from Baffle Edges 

If a spectrum with a high endpoint is bèing investigated" then 

fairly thick baffles are needed to completely stop electrons with momenta 
• y 

outside the des,ired band. '!he probability of 8 parti cIe scattering from 

such thick edges is appreciable. Since the h~gh energy El particles will 

suffer 1ess scattering than on~s with lower energy, the transmission of 

the baffles could become energy dependent ca~ing serious distortions to 

the 13 spectrurn and shifts in the observed epdpoint of the spectrum (Por.ter 

et al. 1957; ,Kofoed-Hansen & Christensen 1962, p.39; Camp & Langer 1963; 

Van K1inken 'et al. 1968; Ho~e 1969; 800ij 1970 p~ 48; Zeeman et ~l. 197i; , 

Hughes 1980, p:130). 

3) Photon"Production 

'The stopping of e partic1es with undesir~ momenta in the,. 

spectrometer 's baffles and the s<;:attering of 6 ~ticles from the 

different .!:?oliol objechs inside the spectromet;er can also he accompanied by 

bremsstrahlung radiat~ emission (L~er et. al. 1964; Behrens et al. 
v • 

1972; Calprice & Alburger 1978), and in the case of positrons by 
\ . 
,anpihilation photons (Bart1ett et al. 1962; Camp & Langer 19.63; Booij 

1970) • . 
Photons thus produced might strike the det~tor directly qr they 

/ j 

might scatter' frÇ>l1l .one of :the spectrometer' s components producing 
, 0 J 

secondary .electrons. Since the trajectories of the primary and secondary 



Q 

~ \ 

-25-

e1ecttons, and the locations of ~he sites of such photon producing 

collisions are dependent on the magnetic field strength (i .e. momenturn 

setting of the spectrometer) (Bartlett et al. 1962; Gerholm & Lindskog' 

1963), their contribution to the detector count rate will vary at 

different parts, of the spectrum and therefore cause the collectoo spectrum 

to deviate frOllÎ i ts true shape. 

4) Trochoidal Orbits 

Another phenomenon which can cause counts beyond the eoopoint and 

considerable distortions to the shapes of B spectrp is that of low energy 

electrons reaching the detector after executing several turns in the 

·spectrometer (trochoidalorbits) (Freedman et "al. 1960; Bourgov et al. , 
1961; Bo6ij 1970; Christmas & Cross 1978). '!he number of additional 

counts that these electrons cause in the detector increases wi th the 

incrrase in the strength of the magnetic field (Booij 1970). '!herefore 

they represent an energy dependent contribution to the accumulated 

spectrum and introduce spectra shape distortions. 

Because of aU the phenomena mentioned in this section t a great 

deal of erfort has to be invested in designing, testing, posi tioning and 
-

adjusting the baffles (Lee et al. 1963; Paul 1965). Special attention has 

to be paid to the shapes of the baffles, their thickness, the material 

from which they are made and the inclination of their edges. In addition, 

ex~a~fles have to be installed ~o reduce the intensity of scattered 

e1ectr0n'\ (Langer ~ Cook 1948; port'er et al. 1957; Graham et al. 1960; 

Bartlett et al. 1962; Kofoed-Hansen & Christensen 1962, p.39; CëI11p & 

Langer 1963; Siegbahn et al. 1964; Van Klinken et al. 1968; Daniel et al. 

1970; Antman et al. 1970; Booij 1970). AlI these baffles have ta be 

elèctrica11y grounded to avo1d the bui1d-up 'of electrostatic chavges on 

them. '!he accumulation of such charges on the baffles will cause electric 

potentials that alter the focus1ng proper~ies of magnetic spectrometers 

(OWen & Cook 1949; Langer et al. 1950; Van Atta et al. 1950; Nicho1s et 

al. 1961; Christmas & Cross 1978). In fact, the shapes am eoop:>ints of e 
spectra measured with magnetic spectrometers are found to he dependent on 

the number of the baffles used am their settings (Nicho1s et al. 1961; 
.. 

Van K1inken et al. 1968; Nagarajan 1969). 
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2.1.2c The Magnetic Field 

Since the deflection experienced by B particles in the magne tic 

field of the spectrometer is used ta determine their momenta, the 

gen~ration of a magnetic ~leld of a precise shape and magnitude inside the 

spectrometer is a crucial requirement for accurate measurements of the 

~shapes of B spectra. Indeed sorne of the ~jar tasks in constructing 

magnetic spectrometers are the design and fabrication of the magnet and 

the verification that the desired field magn4.tude and geometry have been 

achieved. 

After achieving the desired field, the processes of alignment of 

the source, the detector and the different baffles in their proper. 

posi tians in the magnetic field have to he performed wi th extreme care am 

diligence (Lee et al. 1963; Alburger 1956; Nagarajan et al. 1969; Van 

Elmbt 1981). Smaller spectrometers wi th low luminosi ty and lOIN dispersian . 
are more sensi ti ve ta the effects of misalignment than larger 

spectrometers. 

Failure ta maintain perfect alignment resul tsin deviations in the 

properties of the spectrometer and therefare distartions ta the B spectrum 

{Deutsch & Kofoed-Hansen 1959). In studies of shart-lived nuclei, many 

sources are needed during the accumulat~on of a sil'XJle spectrum. It is 

vital that the introduction of these sources he done rap~dly while at the 

same time maintaining the accuracy and the reproducib:i,l1 ty of the source 

posi tian. Var~ations in the position of the srurce in the magnet~c field 

cause variations in the resolution, transmission and calibration of the 

spectrometer (Wegstedt 1957). 
--'-~ 

'l!lere are three èommonly used methods for generating the magne tic -
" 

field of a 8 spectrometer. 

1) Permanent Magnets 

Permanent magnets are suitable only far the constant field, 
, f.P 

variable trajectory type spectrographs. 'Ibe resolution of such 

spectrometers varies inversely w~th the mornentum of the B particles. 

Furthermore, the transmission decreases as the momentum increases in a 

more complicated manner (Wu & Geoffr~on 1960). This aggravates the 

probtelnS of analyzing con~inuous B spectra and accurately determining 

their shape. 
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If permanent magnets are used, a set of spectrographs of different 

magnetic field strengths 1s needed to cover a wide range of energies 

(Mladjenovic 1971). 

Another shortcoming from which these spectrometers suffer is that 

of stabili ty • In order to keep the magnetic field strength stable. and 

constant, the magnet has to be kept at a constant temperature at aIl times 

and not only during the measurements (Ml ad je no vic 1976, p.3!). 

Achieving the desired magnetic field with permanent magnets can be a 

complex and tedious process involving the use of coils incorporated. into 

the spectrometer to initia11y magnetize the permanent magnets (Slatis 

1958) • 

. For ail these reasons, the use of permanent magnets does not 

present an attractive option in cornparison with alternàtive ~thods of 

achieving the desired magnetic field. '!hese alternative methods involve 

the generation of the magnetic field through the use of electromagnetic 

coils ei ther wi th or wi thout a ferromagnetic core. 

2) Iron~Free Magnets 

Iron-free spectrometers at first sight seem to -offer- a reasonable 

solution to the problems of creating the required magnetic field because 

-of- the linear relationship between the cur.rent in the- coils an:3 the 

magnetic field and the constancy of the shape of the magnetic field with . ' 

vary~ rnagnet1c f1eld strength. However, these magnets suffer from 
'" 

several drawbacks some of which wül he discussoo here. 

a) Non-Linear1 ty 

Dev1ations from the strict proportionality between the 

spectrometer 1 s current and the focused electron 1 s momentum may arise from 

severa! sources. Such denatioI}S fram linearity are qui te difficult to 

detect at h1gh field strengths due te the lack of suitable monoenergetic 

electron calibration sources with energies above "" l Mev <Siegbahn 1965, 

p.198-202) . 

One source of non-linear1ty is the hysteres1s effect caused by 

ferromagnet1c materials in the V1clni ty of the spectrometer as the field 

ef the spectrorneter 15 varied (Christmas & Cross 1973, 1978). 

A secon::l source of deviation fram lineari ty are the eddy currents 
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that are set up in any conducting part of the magnet or the spectrometer 

when the current in the coi! is being changed. Rapid variations of the 

m;:qnetic field are sometimes required in studies of short-li ved nuclei. , 
'!he change in the magnetic flux passing throLYJh the conducting components 

of the spectrometer irrluces Eddy currents in these canponents. '!he eàly 

currents in turn create a magnetic field ~f their own which opposes the 

change in the magnetic field of the COi1~/. As a result of this, the. 

variation in the magnetic field inside the volume of spectrometer will lag 

behind the current in the coUs. '!he functional dependence of the 

magnetic field on the current will be multivalued, exhibiting effects 

similar to those of hysteresis in ferromagnetic materials. 

Because the edJy currents do not have the same spatial distribution 

as the, current in the coiIs" the magnet~c field they produce does net have 

the same geometry as the field generated by the coils. '!herefore, the 

rapidly varying field in the spectrometer has a geometry guite different 

from that of the static field. Predicting the geometry of the time 

varying field is guite difficult. 

'!he phenomenon of eddy currents :ln iron-free spectrometers results , 
in calibration shifts and variat:lons in the transmiss:lon of the 

spectrometer (a detailed discussion of such effects is given by Van Elmbt 

.(1981) ). 

b) Temperature Sensitivity 

'!he magnetic field magnitud.e am geometry remain constant (at a 

given current) ooly if the temperature of the colIs :lS kept constant. '!he 

temperature of the spectrometer's vacuum chamber has to be held constant 

as well in order to avoid misahgnments of the varlOUS components. At 

high fields (:l.e. high currents passlng throLYJh the cOlIs) the rise in 

temperature caused by Joule heat:lng can prcrluce d:lmensl.onal changes which 

can al ter the focus ing ma;;Jlletlc f le Id ln strength and geometry (Sle:;}bahn 

et al. 1964). '!he same effect can also he produced by variaüons in 

ambient temperature (Chr:lstmas & Cross 1973). 
1 

In order to counteract these problems, an effect:lve temperature 
" 

stabilization scheme :lS needed. To ach:lêVe such a stablllzat:lon H :lS-

necessary te have seph:lsticatEd systems bath for coollng the colls arrl aJ.r, 

cOnditioning the roomwherè' the spectrometef" lS located. Temperature 

... 



, 

o n 
(". 

-29-

1 . 

st'abili ty usuaJ.ly has to be maintained. at better than ±l" C. Special 

atten.tion ha~, to be paid to avoiding current leakage through the oooling -

system or surface leakage .at high humidity ( '\,70% relative humidity) 

(Graham et al. 1960; Siegbahn et al. 1964; Daniel et al. 1970; Hughes 

1980) • 

( 
- c) Deguassing 

Iron-free spectrometers have the disadvantage of high sensitivity 

to stray magne tic :Ù~lds. These stray fields can be produ9red by 

ferromagnetic materials in the proximity of the spectrometer location, 

including strucupral iron in the building housing i t or ferrous ores in 

the surrounding area (Graham et al. 1960). The stray magne tic fields can , . 
also he generated by such objects as mator vehicles or electric motors. 

Therefore, the si tes in which iron-free magnetic spectrometers can 

be placed are qui te li mi ted. Moreover, the design of the vacuum system of 

the spectrometer and the choice of i ts components is made qui te 

complicated. since pumps have to be located far away from the spectrometer .-
(Freedman et al. 1960; Graham et al. 1960; Christmas & Cross 1973). 

The llmitation of the site location of iron-free magnetic 

spectrometers places severe restrictions on the usefulness of these 

spectrometers in stufues of nuclel far trom stability. Such studies are 

typically carrled out at sites near reactors, accelerators or isotope 

separators where machines, other magnets and ferrous materials are in 

abundance (Danlel et al. 1970; MladJenovic 1976, p.29; Jeuch & Mampe 1977; 

Kane 1979). 

The high degree of sensitivlty of iron-free spectrometers to the 

presence of any ferromagnetic materlals limits the cholce of materials 

that can he used in thelr constructlon (ChrlStmas &. Cross 1973) and in the 

mechanlcal and electronlc support equipment assoclated. with the 

spectrometers (Nilsson et al. 1967; Hughes 1980, p.90). 

An important source of magnetlc fleld perturbation is the earth's 

magnetlc fleld. Certaln counter-measures have ta he taken to correct for 

the influence of the earth's magnetic fleld on the field of iron-free e 
spectrometers. The counter-measure.s include the alignment of the 

spectrometer wlth the earth's magnetlc field (or one of its components) 

and the cancellatlon or the this field with a pair of Helmholtz coils (Van 

.. ' 
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~tta et al. 1950; Schmidt 1952), or the use of a complex system made up of 
\ 

several sets of compensating coils to cancel the effects of the earth· s 

magnetic field (Graham et al. 1960; Siegbahn et al. 1964; Daniel et al. 

1970). Obviously this compensation is valid only for a specific location 

and has to be al tereà ~f the spectrometer i5 moveà. 

Sorne iron-free spectrometers have been equ~pped w1th automatic 

deguas~;ing systems to correct for changes 1n the ambient magnetic field 

such as those caused by magnetic stoms, wh~ch would otherwise render 

measurements performed wi th the spectrometer (during the magnetic 

transients) useless (Graham & Gieger 1961) • 

The problems of eliminating the effects of the external magnetic 

fields are complicated by the la~e volumes of iron~free spectrometers. 

The large volume is a consequence of the low magnetic field strengths that 

are usually obtainable wi th iron-free coils. AlI of the problems 

assoo.:i:ateà wi th the effects of external magnetic fields on the operation 

of iron-free spectrometers clearly make these spectrometers rather 

inflexible arrl increase the problems of usirig them in investigations of 

nuclei far from stability. 

d) Problems Causeà by the High Electrical Currents of Iron-Free 

Magnetic 8 Spectrometers 

Accurate measurements of the electric current in ~ron-free ~ 

spectrometers are quite complicted due to the wide range of current values 

that have to be measured (Graham et al. 1960; Burgov et al. 1961; Siegbahn 

et al. 1964; Daniel et al. 1970; FuJioka 1970; Van Elmbt 1981). The 

maximum values of the currents that have to he measured are typically 

severa1 tens of amperes or even up to severa1 hundreds of amperes in sorne \ 

cases (Alburger 1956). 

An important disadvantage of iron-free spectrometers is the1r high 

power requirements. Typical values are tens of k~lowatts needed to focus 

electrons of energies of a fe,{ MeV (Alburger 1956; Freedman et al. 1960; 

Graham et al. 1960; Siegbahn et al. 1964; Daniel et al. 1970; Fuji~a 

1970) • 

3) Iron-Core Spectrometers 

For spectrometers incorporatihg iron-core electromagnets, 
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especia11y those with fu11y enclosing iron yokes, the problems of 

cneutra1izing external magnetic fields are relieved because of the shunting 

effect of the iron (Hayward 1953; Wegstedt 1957; Gerholm & Lindskog 1963; 

Halbig et al. 1974). These magnets also have the advantage of low power 

consumption (more than a factor of 50 lower than comparable iron-free 

spectrometers, see for example Hedgran (1952) and Siegbahn ét al. (1964» 

and easier field shaping through the machining of the iron poles to the 

appropriate profile (Bartlett et al.,1962; ,M1adjenovic 1976, p.31). 

The problem wüh iron-core spectrometers is that one is dependent 

on the magnetic properties of iron which are a function of the f~eld 

strength. Therefore, a major difficul ty wi th iron-core spectrometers i5 

the non proport~onal relationship between the magnetic field (B) 

experienced by the 6 partiel es and the exciting current in the ooils (Paul 

1965; Booij 1970). This is the resul t of ttle non lineari ty of the 

magnetization curve of the ferromagnetie materia1s that make up the magnet 

pales, even when the best quality pure iron is used (Wegstedt 1957; Mampe 

et al. 1978). In addition to being non-linear, the re1ationship between 

the magnetic field and the exciting current is multivalued and depeooent 

on the hlstory of the magnetlzatlon of the ferromagnetic materla1. This 

results from the dependence of the shape of the hysteresis loop on the 

maximum field lntenslty (H) to which the materlal has been subJected 
1 

(Reitz & Mllford 1967, p.197). 

Because of the non-proportlona1 relatlonship between the current 

and the magnetic field and lts multlvalued nature, it is necessary to 

measure the magnetlc fleld dlrectly and control the current accordingly 

(Siegbahn & Edvarson 1956). Relying on measurements of the current alone 

can result in non-llnearltles in the calibration of the spectrometer which 

in turn can cause serlOUE distortions to the shapes of beta spectra. ~n 

fact even if the relationship between the magnetlc field and the exciting 

current 1.S assumed to be linear, any change in the callbrati0n constant 

(which can resu1t from changes in the magnet1.c state of the lron core) 

causes considerable deviatl.ons in the shape of the beta spectrum 

(Nagarajan and Venkata Reddy 1970). However, measuring the field direct1y 

introduces the problems of the stab11ity and accuracy of the fleld 

measuring system and eSPecially its callbration and temperature 

Sensit1vity (Backstrorn et al. 1962; B001J 1970; Antman et al. 1970; HaIbig 
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et al. 1974). 
1 .. 

The magne tic field measurement is usually performed at one location 

in the! spectrorneter 1 s magnetic field. 'Ih~ validi ty of such a measurement 

relies on the assumption that the magnetic field will main tain the same 

spatial distribution independent of the magnitude of the field (Le. that 

the relationship between the current in the coils and the value of the 

magnetic field is identical for every point in the spectrometer for the 

full range of magnetic field values over which the spectrometer operates). 

These assumptions cannat hold true for a wide range of magne tic field 

values since the field form and geometry are ta sorne extent dependent on 

the magnetization state of the iron (Siegbahn & Eclvarson 1956; Backstran 

et al. 1962; Lyutyi et al. 1970). At high excitation ~rents (i.e. high 

magnetic fields) saturations w111 affect the field shape (Mladjenovic 

1976, p. 30). On the other hand, because of the dependence of the magnetic 

perméability of iron on the magnet1c field at low field strengths, the 

geometry of the magnetic field w~.l1 change at low excitation currents thus 

limi tin; the low energy range of the a spectra wh1Ch can be measureà wi th 

these spectrorneters (Booij et al. 1969; Booij 1970 pp. 52-61). 

The remnant magnet1zation of the core material dces not have the 

same distribution in space as the irrluced field (Langer & Cook 1948). 

This is due ta several factors: the non-1~near dependence of the remnant 

field on the maximum magnetlc flux to which it has been subjected (a 

problem for non-unlform fleld magnets), inhomogene~ties of the magn~tic 

material, and remnant magnetlzatlon induced by eddy currents (Jeuch & 

Mampe 1977; Kane 1979). 

Changes in the geometry of the magnetic field caùse energy 

dependent variations ln the transmission and resolution of the 

spec,trometer (Boel] et al. 1969; Booij 1970; Nagarajan & Venketa Reddy 

1970; Jeuch & Mampe 1977). Such changes are suspected of causin; 

considerable dlstortions to the B spectra (Howe 1968). Changes in the 

magnetic field geometry can also cause calibratlon shifts especially at 

high magnetlc fields. _ 

AlI of this necessitates a very careful and elaborate 

demagnetization procedure in arder to be able ta obtain reprcducible 

results (Booij et al. 1969; Booij 1970 pp. 57" 61; Sattler et al. 1975; 

Jeuch & Mampe ~977). 

/ 
/ 



-33-

Finally, one of the problems experienced by iron-core magne tic 

spectrometers, which is detrimental in studies of decays wi th short 

half-lives, is that of eddy currents excited in the iron core of the 

magnet during changes in the spectrometer 1 5 magnetic field. Such currents 

can persist for as long as sever al minutes, di$torting the geometry of the 

magnetic field and impeding data acquisition (~ane 1979). 

2.1.2d The Power Supply • r 

Magnetic spectrometers employing electrom~ets for the generation 

of the magnetic field require highly stabilized current supplies 

(typically'l part in 10' stabilization (Nagarajan & Venketa Reddy 1970; 

Mlëdjenovic 1976» in order to avoid chëm;Jes in the field values during 

data accumulation at a single magnetic field setting. '!he power supplies 

must also be stabilized against fluctuations in the ambient temperature 

(Sattler et al. 1975). Furthermore, the d~and for high stability is 

combined wi th the requirement, for high outI=Ut power in the case of 

iron-free spectrometers. 

Measurements of continuous B spectra wi th magnetic spectrometers 

require frequent changes in the magnetic field in order to scan the whole 

sFtrum. For studies of short-li ved nuclei, the time lost while the 

magnetic field 15 belng changed has to be kept to a mimmum. It i5 

important therefore to have a field control and stabilization system with 
• a rapid response if investigations of nuclei far from stabillty are 

attempted with magnetic spectrometers (Halbig et al. 1974; Sattler et al. 

1975) • 

2.l.2e The Detector 

Ta detect arrl count the ~ particles focused by the magnetic 

spectrometer, scintillators, semiconductor detectors and gas filled 

chambers" have been used. 'nle gas filled chambers are operated either as 

proportional or Gieger-Muller counters. 

A problem that is common to the varl0US counting systems used is 

that of the dependence of counting losses in the pulse processing 
,} , 

circui try (pile-up and dead time losses) on the COUl'lting rate. 'nlese 

count rate dependent losses combined wi th the large variations in the 

count rates over the ~ spectrum and the sirqle channel nature of méqI1etic 
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spectrorneters ' resu1 t in a dependence of the counting 10sses on the energy 

of the a partic1es. Such a phenomenon is therefore a potentially serious 

source of spectral shape distortions (Nichols et al. 1961; Christmas 6. 

Cross 1978). 

1) Gas Filled Counters 

There are several problems associated wi:th the use of these 

counters. Sorne of these ,prob1ems are: 

a) Window 'Ihicknesses 

Gas filled detectors require sufficiently thick entrance windows 

(of the order of rrg/an2 ) to w~thstarx:l the pressure difference between the 

counter gas on one side am the vacuum in the spectrometer chamber on the 

other. As a consequence of this thickness, the window has an .energy 

deperrlent transmission for a particles, espec:i.al1y in the low energy 
t 

region (Kofoed-Hansen & Christensen 1962, p.39; Booij '1970; Chr~stmas & 

Cross 1978; Mampe et al. 1978). 

In p?sition senslt~ve proport~onal counters, multiple scattering in 

the entrance window or in the detector gas can aiso resul t in variations 

in the res01ution with energy for electron enepg~es below l MeV (Yoshida 

et al. 1978). 

,b) Efficiency 

Another prob1em of gas filled chambers is caused by the energy 
, 1 

dependence of the detector efficiency as a result of the dependence of the 

counting rate on the voltage across tl;le chamber and the variation of this 

dependence with the incident a particle energy (Mampe et al. 1978; 

Chr~stmas & Cross 1978; Knoll 1979, p.208). 

c) Slow Pulse Rlse TlJT1e 

The pulse rlse times of gas filled counters are usua1ly quite 10rg 

(of the order of microseconds) (Knoll 1979 p.204). Moreover, G.M. tubes 

have dead times that are of the order of 50-200 p sec. These long dead 

times lim~ t the countu):J rates that can be hand1ed Wl th the detectors and 

increase the vnportance of the correct1ons that have to he applied to 

account for counting losses (FuJl0ka 1970; Boo~j 1970 p.37; Knoll 1979). 
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d) High Background 

The large volume of gas chambers resul ts in high background 

counting rates caused mainly by 'Y rays (Graham et al. 1960; Wortman & 

Langer 1963). 

e) CUmbersome Design and Operation 

'!he problems of break age of the entrance windows, bulky gas flow 

systems required for counter gas filling, counter gas composition and 

purity aIl add to the complications associated with magnetic spectrometers. 

2) Scintillators 

Organic scintillators (anthracene or plastic) coupled to 

photomultiplier tubes are quite col'T1tlonly used as B detectors 111 

con j'Un ct ion w~ th magnetic spectromet.ers. The pulse height information 

avai1able from such detectors he1ps ~ discriminating against counts 

caused by background radiat~on and scattered electrons (Lee et al. 1963; 

Beekhu~s & de Waard 1%5; Van Klmken et al. 1968; Nagarajan et al. 1969). 

The excellent timing character~st~cs of scintillators are qu~te useful in 

coinc~dence work. 

However sc~nti11ators also suffer from several drawbacks seme of 

which are listed be1ow: 

a) Sensitivity to 'Y Rays 

Due to the higher density of scwtJ.llators compared to gas filled 

chambers, sc~nti1lators are more sensitIve to 'Y rays incident on them. 

Gamma rays scattered ~n the spectrometer or emanatIng fram sources outside 

the spectrometer can therefore add to the baCKground (Camp & Langer 1963; 

Van Elmbt 1981). 

b) Magnetic F~e1d Effects 

The sens Hivl.t y of pho tomu 1 t~pl1er tubes to magnetic f~elds lS aIso 

a cause for concerne '!he trajectories of electrons travellulÇJ frem one 

stage ta anather wlthin the phatomultlpl~er are partlcularly sensitive to 

the existence of magnetIc fIelds because of the~r low average energy (of 

the order of lOOeV) (Knoll 1979, p.298). The magnetic fIeld of the 
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spectrometer can therefore cause gain shifts in the photomultiplier bibe. 

These shifts will change wi th changes in the spectrometer' s field as i t 

scans the e spectrum, resulting in energy dependent shape distortions (Van 

Elmbt 1981, p.92), 

Any magnetic shlelding sch~e used for the photomultipller tube 

will interfere with the magnetic fleld of the spectrometer and dlSturb its 

focusmg properties (Graham et al. 1960; Antman et al. 1970). Using a 

long llght guide between __ the~,scintil1ator and the photomultiplier to 

reduce such magnetic disturbances will add considerably to the detector's 

noise (Paul & Hofmann 1963; Van Elmbt 1981). 

c) Backscattering 

Beta particles incident on the scintillator can backscatter without 

depositing enough energy in the detector to exceed the discriminator lev el 

of the counting CirCUl t . Such events will not be reglstered. as counts in 

the B spectrum. The fraction of monoenergetic electrops incident on the 

detector Whlch wlll not contribute to the count rate lS a function of both 

the energy of the lncldent electrons and the dlSCrlmlnator 1evel. The 

l ',) high noise level ln sClntlllation detectors necessl tates the setting of , 
the dlscriminator at a high level and therefore the fraction of lost . 

counts to the total number can be of the order of a few percent (Paul 

1965; Nagarajan et al. 1969). The 10ss of counts through backscattering 

from the detector can cause serious B spectrum shape deviations. 

Corrections for thlS effect require an/ extrapolatlon of the tail of 

response functlon to zero ~nergy ln order to account for the number of 

lost counts. Reasonably accurate knowledge of the shape of the detector' s 

response functlon to B particles is needed. in order to effect such 

correctlons (Paul & Hofmann 1963). 

d) In-Fllght Annlhl1atlon 

In measurements of B+ spectra, the ln-flight annihilatlon of sorne 

of the posltrons inCldent in the scintillator and the subsequent escape of 

the annlhi1atl0n photons can also cause problems (Deutsch et al. 1977). 

The problems are caused by positrons that annihilate before losing enough 

energy III the detector to pass the detection threshold, Slnce the 

probability of ln-fllght annlhilation is dependent on the energy of the 
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-~dent positrons (Azuelos & Ki tching 1976) this eff ect will be energy 

dependent as weIl. Furthèrmore, because the phenomenon ot in-flight 

annihilation,is peculiar to positrons, it could lead to discrepancies when 

positrons are measured wi th spectrometers that have been tested using 

negative ~ particles (negatrons) only. 

e) The Volatility of Anthracene in Vacuum 

Beta spectra measured, Wl. th magnetic spectrometers incorporating 

anthracene crystals as detectors can show shape distortions which are 

caused by the reduction in the transmission of the spectrometer as the 

anthracene sublimes resulting in a reduction in the active area for ~ 

particle detection. Using large crystals resul ts in an increase in the 
t? 

background count rate caused by scattered electrons and r radiation. 

Defwing the sensitive detection area with a baffle placed in front of the 

detector results in a signific~t increase in electron scattering (Nichols 

et al. 1961). 

f) Dependence of the Gain of PMT's on COunt Rate 

~ The instabilities ~d variations of gain of photomultiplier tubes 

with count rates are also serious problems which have to be tackled (Knoll 

1979, pp.28-93L 

3) Silicon Detectors 

Silicon detectors are also used as electron counters in combination 

with magnetic spectrometers. ' The simplicity of operation of these 

detectors, their ?mal1 size, low r ray sensitivity and excellent 

resolution are their main attractive features when considered for use in 

magnetic spectrometers (Wortman & Langer 1963; Langer et al. 1964; Booij 

et al. 1969; Boo1.J 1970; Antman et al. 1970). 

Multidetector arrays can be conveniently built from silicon, and 

these detectors can be used as position sensi ti ve counters in magnetic 

spectrometers wi th extended focal planes (e.g. 'l..f2 spectrometers) • Such 

an arrangement greatly reduces the time reqw..red for the accumulation of a 

spectrum (Nilsson et al. 1967; Armini et al. 1967; Bertolini & Rota 1968; 

Graham & Geiger 1972). However, this type of detector deployment suffers 

" 
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from an impèrtant difficuity; variations' in momenturn re,solution and 

transmission at the detectors' locations aiong the focal plane. These 

variations in transmission and resolution resul t in variations in tne 

detection efficiency amo~ the petectors and can therefore cause spectral 

shape distortions if not correcteà ; for . Determining the corrections that 

have to he applied to the spectrum lS a compl1cated procedure with a high 

degree of uncertainty (Armini et al. 1967). 

The superior energy resolution of SOlld state d~tectors is 
1 

exploited in discriminating against 'electronS' scattered in the 

spectrometer and background radiation reachu19 the detector. Most often, 

solid state detectors employed in conjunction wi,th ma:Jnetic a 
spectraneters are used simplY as counters. They are ei ther coupleà to a 

discriminator and a scalar or useà with an energy gate set on the detector 

pulses by means of a single channel analyzer but wi thout accumulating ~y 

pulse he{ght information (Graham et al. 1960; Wortman & Langer 1963; 

Langer et aL i964; Antman et al. 1970; Fujioka 1970; Genz et al. 1976; 

Hughes et al. 1980 , p.S8). However, by perfo~ing pulse he1ght analysis 

on the detector output pulses at each momentum setting of the magnetic and 

retaining only the counts whose energy falls wi thin the momentum setting 

of the spectrometer 1 more effect1ve discrimination against unwanted counts 

-cao be achieved (Hsue et al. 1966a; Robert et al. 1970). 

'!he main drawback, of using silicon detectors 1S that theu résponse 

functions for e particles and their efficlenc1~ at different. e particle 

energies have to be fairly well-known. In particular, the ratio of , 

electrons backscattered from the detector for ctlfferent incident electron 

energies has to be well-known in order to be able to corrèCt for the part 

of the low energy tail in the response function which falls below the 

discriminator level (Booij ~970; Hsue et al. 1966b). If the , 

backscattering of a partia:les fràm the detector is not 
1 

spectral shape devlation ~ill appear, especially in the 

taken into account, 
• 

low energy part of 

the spectrum (Langer et al. 1964; Hughes 1980, p.138) • 

'lbe limi ted thickness in which silicon det~tors are available 

restricts the maximum energy of the e particles that can be studied. For 

B particles whose range in silicon exceeds the thickness of the detector, 

the efficiency of detection decreases rather rapl.dly with energy _and an 

accurate .knowledge of the response function is crucial (Nilsson et al. 

\ 
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1967; Antman et al. 1970; Hughes 1980). Moreover, sinee the detector's 

efficiency for countïng ~ particles am the variation of this efficiency 

• wi th electron energy are dependent on the discrimlnator level, the settHlg 

of this level and ensuring its stability during the long measurement time 

is of great importance (Nllsson et al. 1967; Hughes 1980, p.138). 

The determination of the detection effic~ency, its dependence on e 
partie le energy and the corrections that have to be applied to the 

accumulated spectrum as a resul t, is a complicated task which ean 

introduce serious errors to the shape of the ~ spectrum (Hsue et al. 

1966a,b; Nilsson et al. 1967; Booi) 1970 p.38; Hughes 1980, p.138). 

In aIl of the cases described above, the momentum of the e 
particles is determined by.the magnetlC f~eld and the energy resolution of 

the semiconductor detector is used only to distlnguish counts resulting 

from the focusêd electrons ln the desired momentum range from scattered 

electrons and background counts. 

2.2 Hybrid~trometers 

The use of s111con detectors in associatlon with magnetic e 
spectrometers was developed further ln hybrl.d spectrometers. Instead of 

relying on the dl.sperslon of a partieles l.n the ma;1l1etic fleld to 

determlne their momenta, the ene~ resolution of the silicon detector is 

used to measure the energy of the a parücles. In effect, the slhcon 

detectors in this case are actll~ as mul tichannel electron spectrometers 

whlle the magnet 15 used to transport the electrons from the source to the 

detector, select a falrly wide raD;1e of electron mcxnenta and suppress the 

'Y ray flux lncldent on the detector. The magnetlc spectrometer can 

therefore be operated in a high tranSnu.sslon mode wi thout canpromisu'19 the 

ovérall resoJ.ut1on ôf the system. 'I11us ln the same countllx] period it i5 

p:,sSible to accumulate a much broader 'portlon of the spectrum Wl. th a 

hybnd spectrometer than Wl. th a magnetlc spectrometer of canparable 

resolutlon. ~s is a clear' advantage ln measurements involVl.ng a 

short-lived activity (Catura 1965). 

Ta collect a contlnuous B spectrun Wl th a hybrl.d spectrcmeter, the 

magnet.l.c field is swept over the r~e of electron momenta of lnterest. 

The pulse helght lnformatlon obtalned from the s1.licon detector together 

with thé correspon:hn;1 magnetic field values are stored am from th~s data 

, . 
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the spectrum is recoostructed (Kantele et al. 1975). 

Sorne of the electrons ~ncident on the s~licon detector are , . 
backscattered from the detector without depositing their full energy in 

the detector. Furthermore, ~f the range of the inCldent electrons in 

siliçon exceeds th~ thickness of the detector, a certain fraction of the 

incident electrons penetrià-te through the detector deposi ting only a 

fraction of their energy there. These two effects give rise te a low 

energy tail in the recorded spectra of monoenergetic electron lines arrl 

resul t in a rejuctië& of the full energy peak eff~clency of the 

spectrometer . In order te eliminate these 'NO effects, counts in the 

silicon detector are accepted only if the energy deposited within the 
\.... 

detecter corresponds ta a momentum value which faUs wi thlJ1 the mcrnentum 

window set by the magnetic field of the spectrometer. 'Ibis momentum 

window is moved synchronously with the magnetic field as it 1S swept to 

cover the full spectrum (Westerberg et al. 1975; Kantele et al. 1975; 

Draper et af. 1978). 

In addi t~on to the problems that are partl.cular to their type, 

hybrid spectrometers suffer from many of the problems of bath maqnetic 

spectrometers and senuconductor sl.11con S spectrometers. In ccmnon wi th 

magnetic spectrometers they have the disadvantages of small transmiss~on 

(a few percent or less only) and th~ need to correct for source decay 

dUrl.ng the accumulatl.on time 50 as to normal~ze to the same source 

strength. F'urthermore", the magnetic fl,eld value has to be determined 

fairly accurately dur~ng ~ ts sweep across the spectrum. The nee:l for 

these accurate magnetic field measurements cornes about because sorne of the 

correct~ons that have to be applled to the spectrum are dependent 'on the 

momentum of the focused electrons. One such correctlOn resul ts from a 
<1 

basic property of magnetic spectrometers, namely thelr constant (or near 

constant) relative mornentum resolution (6p/P = constant). 8ecause of 

this, the abso1ute momentum resolution and therefore the absolüte width of 

the transmitted mcmentum range (Le. the momentum window ~p) is a linear 
. ' 

function of the mcmentum of the transmüted electrons (Catura 1965; 

Westerberg et al. 1975; Kantele et al. 1975; Draper et al. 1978). Another 

correct1on which reqtll.res knowledge of the magnetic field of the 

,spectrometer 15 the forementioned momentum gatirq of the energy, spec.trum .. 
collected by ·th~ semiconductor detector. 
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'!he problem which hybrid speçtrometers share with semiconductor 

spectrometers 1S that of incomplete energy depos1 t~on of the e particles 

l.n the detector mechum' as a result of backscatterulg and bremsstrahlung 

______ radiatJ.on productJ.on. The ratio of electrons deposüuig theu full energy 

to the total numbeF of incident e1ectrons l.S deperrlent 'on ,he energy of 

the 1ncident e1ectrons (Berger et al. 1969). Thus l.f the energy speçtrum 

registered by the semiconductor detector is collected in a singles mcde, 

then these 1ocomp1ete energy absorption events w111 cause a shut 1n the 

spectrum from hlgher to lower eryergl.es and result l.n cons~derable 

distortion to the spectrum. Correctlng the spectrum for this effect 

J-nyo1ves an accurate know1edge of the response of the seml.conductor to 

monoenergetic electrons over the full rarge of energies under study, whJ.ch 

iscertain1 y not easil y obtainab1e. If, on the other h~, the energy 

spectrun l.S gated with a momentwn wiooow (as descrl.bed above) the 

efficiency of the spectrometer system will be d~peooent on the energy of . 
the transml. tted electrons. The variation l.n effiçl.ency w:l. th energy has to 

be precl.sely detertnlned and corrected for, (Kante1e et al. 1975). 

The use of sl.licon de~ectors l.n hybrl.d speçtrometers 1iml.ts the 

maximum energy of the e. traQSi tions that can be stuched Wl. th these 

spectrometers since s11l.con spectrometers are aVaJ.lable up to a sensitive 

thickness of 5 rrrn only. This thickness êorresponds ta the range of 

electrons of 2 MeV 1n sil1con (Berger et al. 1969). AOOve tlu.s ene.4t. 

the full energy peak. eff1clency of the detector drops sharp1y arrl the 

detector 1 s response to monoenergetic electrons beccmes eveh more 

ccmplicated (Nilsson et al. 1967; Berger et al. 1969 aOO references 

thereln). Because of this phenomena anj because of the uncerta.l.ntl.es in 

thé corrections that have ta be applied to the spectrum, hybnd 

spectrcmeters have only been rare1y used te measure the continuous beta 

spèctra of decaying nuclel (Kantele et al. 1975). Their use has been 

largely conhned to internaI converslon~lectron studies, especially 

on-Une or in-beam (westerberg"'et al. 1975 ~ Draper et al. 1978~ Lountama 

et al. 1979; Mladjenovic 1979 and references therein). 

2.3 En~ Deposition Spectrometers 

'Ihese spectrometers opera te on the princip1e of measurement of the 

energy deposi ted by the lncomin; radiation in the detector material. One, . 
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• methcd of measuring the deposited energy is to count the number of photons 

that. are produced in a scintlllat~ng mechum due to the lnteractlon of 
, 

rëW:llahon with the me:Uun (sc~nt~llat:LOn spectrometers). Al ternauvely, 

the depos~ ted energy can be measured boy counting the nllTlber of charge 

carrlers (amount of lOnizatlon) produced by the ~ncldent particle during 

its lnteraction with an absorb1ng medlum (proportlonal counters and SOlld 

state detectorsJ. 

Botp of these methods of detect~ and energy measurement lend 

themselve5 ta the constructlon of mult~channel devlces where a wlde range 
, 1 

of enerçp.e5 can be measured s1JTlU1taneously. This is an attractlve feature 

of en~ depos~t~on spectrometers (energy sensltlve detectorsl wh~ch 

considerably shortens the amount of tune required ta measure a B spectrum 

to a giyen statisUcal accuracy. As a result of the shorter measurement 

times, mul Uchannel instruments are qul. te useful in stuhes of short-llved 

ClUClei. They also suffer less than single channf!!.l lnstrumen~S frOf1l t~me 
deperoent backgrO\..llrl COl.D1tll'.;J rates and from the effects of contamlI1ant 

"'build up 111 the rmoactive source (Cambl. et al. 1972). 

Furthermore 1 sinee the full e spectrum lS recorded durl.ng a slngle 

measurement, there is no need for normallzlD;J the spectrum ta the soUrce 

streD;Jth. 

Beca~ of the mul tlch anne l nature of energy deposi tl.on 

spectrometers an::l the p:>Ssiblli ty of us~ng them in geanetries where the 

solid angle of detect.lon is large, the .source strengths ,that are required 

are usually less than those needed for magnetic spectraneters. 'n1erefore, 

problems with source thickness a.rrl uniformity are not as severe as in the 

case of magne tic spectrometers. Fipally, source shape, slze, and 

posi tioniD;J 15 not as cr~ tlcal as in the case of m~etlc spectrometers. 

AlI of these aesirable. features of energy sens~ tl ve detectors make 

them quite attractive for use as B spectrometers in stu:hes of nuclel. far 

from stabl.lity. 

In order for an energy deposltion spectrometer ta make a good e ray 

spectrometer lt mUst have the followiD;J characteristics: 

U Linearity 

'!he output pulse generated by the spectrometer must be proportional 

to the energy deposited in it or at least the relaùonship between the 



f 

-43-

deposi~ed energy arx:1 the generated pulse has to be well-known. It is also 

preferable if height of the pulse generated per unit energy dep:>si ted in 

the detector i5 iroepeooent of the type of radiation that deposited the 

energy in the detector since this will greatly simplify the task of 

calibratll'lg the a spectrometer. 

2} Size 

The spectr~eter should have dimensions large enOlgh to completely 

stop ~ rays of different energies within the r~e of interest. 

3) High Efficiency 

Thr spectrometer should be employed in) a high transmission 
1 

arrangement aOO have as high an efficiency aS possible for the detection 

of the full ~nergy of the e particles incident on i t. 

4) .., Ray Suppression 

The spectrometer should be able to suppress the detection of other 

types of interfering rad1ation,especially r rays. 

2.3.1 Spectra Distortions Associated wi th Energy Deposition Spectrometers 

2.3.1a D1stortions Caused by the Response Function of the Detector 
, 

The pùlse height spectrum generated by an energy sensi ti ve detector 

wben monoenergetic particles are incident on it is cOITIllonly known as the 

response function of the detector. An ideal response function would be a 

delta function at àn energy equal to that of the incident particles. 

However, the response function of energy deposi tion spectrometers ta a 
particles is far from having such an Ideal st}ape. It is this departure 

froo the ideal resp:mse function shape that is responsible for sorne of the 

distortions to the shapes of B spectra measured with energy sensitive 

detectors. These distortions are serious enou;1h that e spectrum 

measurements made with energy sensitive detectors are practically useless 

wi thout the application of correction techniques to \account for the 

part1cu.lar shape of the response function of the spec~rometer in use. 

Contributions to the shape of the response function come mainly 

from: \ ' 
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l) Resolution 

When an energy sensitive detector is irradiated with rronoenergetic 

e particles,- the amplitudes of the puls~ generated by the spectrometer 

will not al! be the same. Part of thl.S variation in pulse ampl~ tooe is 

due to the fini te resolution of the spectrorneter which is caused by the 

statistical fluctuations arising from the discrete nature of the energy 

conversion and detection method, and by the random n01se wi tpin the 

detector am the electronic instrumentation associated with it. 

2) Incomplete Energy Deposition 

Another cause for the, pulse amplitude variation ls the incomplete 

deposition of the full energy of the a particles in the detector material 

since only a fraction of the impingirq monoenergetic a particles deposit 

aIl of their energy in the detector. This fraction depends on th~ 

dimensions of the detector, the material from which it is ~de, the energy 

of the incident S particles and the geometry of the detector Wl th respect 

to the incoming electrons. '!he incomplete energy deposi tion is caused 

mainly by: 

(a) Backscattering of the S particles fram the detector. -'nie low mass of 

the electrons causes them to be easily defiected from their original 

chrection during their interaction with matter. Thus an electron enteriD;1 

the detector might undergo suff1cient deflection (usually after several 

"- scatterings in the detector) to emerge fram the same surface thrOl..vJh which 

i t entered, before lt had deposited a11 of i ts energy in the detector. 

'Ibis (ilenomenon is termed backscatter:wg. 

The ratio of the number of backscattered S particies to the nurnber 

of incident S particles i5 called the backscatterll'lg coefflcient. As the 

thic~ess of the stopping material :mcrease;; 50 does the backscattering 

coeffic~ent until it reaches a saturation value: For normally ~ncident e 
particles, the saturatlon lS reached when the thickness of the stopping 

mater laI is about ha If the range of the incident S particies in the 

material (Knop & Paul 1965 Fl.g. 7, p.9). 

'!he saturation backscatterll"q coeffl.cient depends on the atomic 

number (Z) of the ahsorber and the energy of the e partl.cIes. It is 

highest for high Z materlals, low energy incident e particles and large 

" 
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an;;les of incidence (angles measured with respect to the detect9r's 

surface) (Morozov 1973; Se1tzer & Berger 1974;' Knqll 1979, p.61-62l. 

'tabata ~t al. (1971) and Kuzminikh & Vorobiev (1975) gi ve empir ica1 and 

. ca1cu1ated expressions for the variatIon of the backscattering coefficlent 

with the Z of the stopping materia1, the energy \pf the incident B 

partic1es and the angles of in.cidence. ~ 
(b) The escape of bremsstrahlung photons out of the detector. 

Bremsstrahll1n:1 is the electromagnetic radiation emi tted by charged 

partlc1es (B particles in this case) as they decelerate durirx;J their 

interaction wi th the detector mater laI. Due to the statistical nature ,of 

the photon 1nteraction with matter, sorne of ~is bremsstrahlung e~capes 
fram the detector resul ting in incomplete energy deposi tlon for the 

incldent B partlcles. 'Ihe fraction of electron energy converted into 

bremsstrahll1n:1 in .. an absorber increases with an lncrease ln the energy of 

the lncident electron and W1 th an increase in the Z of the stoppUlg 

material (Knoll 1979, p.20-2l, 57). 

(c) T+ansmisslon through, or siQ.escattering out of the detector. In the .. 
case of detectors Wlth dimensions smaller than the rat'X1e of the lncident B 

particles in the detector materlal, only a fractlon of the partlcles will 

he stopped in the detector. The rest of the B particles are scattered out 

Of the sides of the detector or pass throt..gh i t before losmg aIl their 

energy. 'Ille fraction of B pat;ticles stopped in the detector decreases as 

the energy of the B part1cles is increased, if the dl.mensions of the 

detector are held constant (Berger et al. 1969; Antman & Svahn 1970; 

Moro,zov 1973; Lund & Ru:istam 1976; Noma et al. 1983; Born 1984). 

Shape of the Response Function 

Due to the effects ment10ned above. the shape of the response 

nmction of energy sensltive detectors to electrons" is different fram that 

of the ideal deI ta function. 'Itle e1ectron response functl.on of these 

detectors is usually made up of a full energy peak which represents counts 

from detector pulses generatec1 by electrons that deposi t aIl the1r energy 

in the detector, and a 1~ energy tail which extends fram the full energy 

peak to zero energy. The low energy ta~l resul ts fram pulses generated by 

electrons that have not deposi ted aIl of their energy in the detect9r 

-CEnergy lost through bremsstrahlUlXJ, backsctter, sidescatter arxi 
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transmission). The width of tbe full energy peak depends on the 

reso1ution of the spectrometer. Therefore for low reso1ution spectrometers 

(~uch as scintillators) some of the counts in the "full energy peak" may 

result frorn events in which sorne of the electron 1 5 energy was lest through 

bremsstrahltm;J, but which are not resol ved from events where the total 

'energy of the electron was deposited in the detector (Titus 1970). 

In the case of positrons incident on energy sensitive detectors, 

aIl of the phenomenon descrïbed previously for electrons are present 

al though their relative contributions may he different fram those in the 

case of electrons (Knop & Paul 1965 'p.9; Sen & Patro 1966; Antm~ & Svahn 

19~O; Knoll 1979 p.62). In aàdition~ the effects of the product10n of 

anilihilation radiation, and the subsequent absorption of sorne or aIl of 

the annihilation energy are present as well. After the pasi trons are 

stopped in the detector, they annihilate with electrons fram the detector 

material producing two photons of 511 ke V energy each, travelling in 

opposite directions. 'Ihere is a finite probability that sorne or all of the 

energy of one or both of these photons will be depositerl in the detector. 

Since the deposit1on of this annihilat10n rad1ation 1S coinc1dent w1th the 

deposi tion of the positron 1 5 k1netic energy, they will aàl up and appear 

as one signal W1 th a puJ,.~,é height proportional to the sum of the energies • . -' 
'lh~s sunvning can also také place when the po~itron is stopped in the 

detector but seme of 1 ts kinetic energy is lost throu;Jh the escape of 

bremsstrahlung radiation fram the detector medium. Another possibili ty is 

that of in-f11ght annihilation of, the po51tron in the detector material, 

after it has deposited only a fract10n of 1ts kinet1c en~ in the 

detector. Again sane or aIl of the annim1ation energy can sum up wi th 

the deposited kinetic energy. 

'lherefore, the response func,tian of energy sens1tive detectors to 

positrons ~s more ccmplicaterl than thal for electrons. In addition to the 

full energy peak and the low energy t~l ( the shape anJ he1ght of which 

are different frorn those 1n the electron case), the response functl..on to ~ 

posi trons has a high energy portion whl;ch extends from the full energy 

peak te an energy of 1022 keV above the peak as a result of the summing of 

the annihilation ndiation energy (Cramer et al. 1962; Beek 1969; Kal..na 

1977~ Rehf1eld 1977; Johnsten et al 1981; Cl~fford 1981; Avignene et al. 

1983; Born 1984). 
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2 .3.lb Distortions Resul ting fram the Mu! tichannel Nature of the 

Spectrometers 

!) Coincident Summing 

The ~ decay o~ a parent nucleus qui te often is followerl by the 

emission of coincident 'Y rays fram the daughter nucleus. Because of the 

sensitivity of energy deposition spectrometers to 'Y rays, the summl.Ilg of 

some or aIl of the energy of a 'Y ray c01ncident W1 th the Bray resul ts in 

serious distort1ons to the ~ spectrum (O'Kelley 1961 p. 426, 430). '!he 

importance of this effect depends on the solid angle of detection and the 

'Y ray efficiency of the detector. 

2) Random Plle-Up 

This ls another SUImling effect which resu! ts from the acc1dental 

addit10n of two separate pulses originating fram two non-coinc1dent 
h 

radiations that happen to be detected wi thin a time in:èrVal, shorter thanp' 
the resolving time of the spectrameter and the associatErl electronics f"",,-,,, , 
(O'Kelley 1961 p.431). The pulse he1ght generated by the ad:1ition will 

~ depend on the heights of the inividual pulses a.rrl their time separation. 

'!he importance of this effect increases as the count rate is increased 

(Knoll 1979) • 

2.3 .lc Distortions caused by B Particle Sca ttering 

'!he combination of the energy analysis a.rrl the detection functions 

in one ~ent in energy deposition spectrometers results in other 

pr~1ems as well. 

,0 l '!he passage of the 13 part1cles in any material intervening between 

the radioactivity and the detector (such as detector dead layers, 

electrical contacts, windows, reflectors, f mi te thickness of the 

cradioacti ve 50urce, etc.) resul ts in energy los ses an:i degradation. 'Ihe 

ene.rgy 105s of the 13 particles depends (among other things) on their 

ini tial energy and the angles of inC1dence (Knop & Paul 1965). Such an 

ene.rgy 105s will theiêfore resul t in distortions to the shapes of ~ 

spectra (Gardner & Meinke 1958; Crameret al 1962; Dakubu & Gilboy 1978; 

Clifford 1981). 

/ 
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At low B particle energ~es (below 100 keV) , the absorption of B 

part;,icles in the 1ntervening materials also becomes a source of 

distortions (Persson 1964, Jacobs et al 1967). Another dlstortlng effect 
~ 

arises from th~ detection of a partl.cles reachwg the detector after their 

energy has been degraded by scattering from obJects in the ncini ty of the 

source or detector (such as collimators, source holders, chamber wa11s, 

etc.) (Bertolini et al 1969; Cramer et al 1962; Persson 1964; McMillan 
, 

1970; Ishii 1975; Kaina et al. 1977; DakUbu & Gi~y 1978; Borovoyet al. 

1979; Clifford 1981; Born 1983). Even elastically scattered a part1c1es 

reaching the detector will resul t in mstorHons to the shape of the B 

spectrum since the probab~lity of such scattering 1S energy dependent and 
therefore the efficiency of the. spectrometer system w111 be dependent on 

the energy of the 1ncident a particle.s. 

Siinilarly, if the source-detector comb1naHon is p1aFed in air (or 

any other gas) rather than vacuum (as is the case in many scintillatJ.on 

spectrometer arrangements), then energy losses experienced by the a 
particles, the absorption of sorne of the B particles 10 the gas, and 

chaJ);Jes in the eff1ciency of the spectrometer due to scattering in the gas 

will aIl result in B spectrum deviations, espec1ally at low energies (Bisi 

et al. 1956; Gardner & Meinke 1958; Bosch & Urste~n 1963; Kennett & Keech 

1963; N~cler & Bell 1965; Persson 1964; McMlllan 1970). 

In the case of positrons, annihilatl.on photons can be produced 

during the scattering and stowing of positrons ID any material in the 

vicinityof the source or detector (Hoyle et al. 1983). The.se photons 

r~present a potential source of 'Y ray background that have to he taken" . 
into account. 

2.3.2 Types of Energy Deposition B Spectrometers: 

2.3.2a Proportiona1 Counters 

High pressure proportional counters have been used to study B 

decays with errlpo1nts below 1.5 MeV (Fulbr~ght 1955). However, their poor 

en~ reso1ution (f2% for a weIl designed counter Wu & Geoffrlon 1960) , 

the large detector dimens10ns needed to stop h~gh energy B rays (due td' 

the low dens~ ty of gases and therefore the long range of energetic a 
partlcles ln them (Knoll 19.19 p.359) ), make them unsuitable for preclse B 
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spectrometry . 

The cumbersome problems involved in the design and operation of 

proport~ona1 counters render them unviable options as a spectrometers, 

especially for accurate spectroscopy ln regl0ns far from stabill.ty. 'Ibese 

difficulties inc1ude: y ray background in the counters due to thell large 

volume, poor lineari ty, dependence of pulse he~ght on count rate, slow 

pulse rise time, and the necess~ty of introduc~ the sources ~ternally 

into the h~gh pressure chambers since th~ck walls are needed m order to 

withstarrl the pressure differentlal (Fulbright 1955: Wu & Geoffrion 1960: 

Wortman & Langer 1963; Curran & l'hlson 1965; Knoll 1979). 

2.3.2b Scintillators 

SoUd scintillators, b:>th plastic (organic) and crystalline 

(organ1c and inorganic), coupled to photonrult~pher tubes (Pm" s) have 

been of ten used in 6 spectrometry. 

In comparlson Wl th proportiona1 counters, the hlgher densl ty of the 
1 

solid sClnUllators makes them SUl table for the manufacture of B 

spectrometers of reasonable d~mens~ons ev en for h~gh energy a parhcles. 

Th~ excellent t~mlng characterlstlcs of sc~ntl11ators (especlally organ1C 

plastics) are qulte advantageous Ln ~ spectroscopy appllcatlons especlally 

ln COlncldence experlments (O'Ke11ey 1961; Bosch & Ursteln 1963; Birks 

1964 pp. 370-375; Ne11er & Bell 1965). 

However, solld sClntlllatlon a spectrometers suifer from several 

drawbacks whlch lessen the~r usefulness as tools for preclse e 
spectrometry. Sorne of these drawbacks are: thelr rrodest resolut10n, the 

non-hnearitles that are lnherent ln the operatlon of PMT's (Cramer et al; 

1962: Knoll 1979 p.290) 1 the dependence of. the ga1n of thè Pt-fI' on the 

count rate ln the spectrometer, instablll tles and long term dr~ft ln the 

gain of the PMI', and the non-llnear energy responsé of sClntlllators. 

1) Resolution 

Amon:;} these drawbacks 1 the. maJor shortcoming of sClntlllators is 

perhaps theu poor resolut~on caused malnly by the stat~st~cal spread in 

the helght of the pulses generated by the spectrometer. The chain of 

events whlCh nrust take place ln convertux;J the ~nc~dent raèhation 
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to light and the subsequent generation of an electrical signal invo1ves 

many ~neff~cient steps. The most important of thes~ steps is the 

conversion of scinhllation light to photoelectrons by the photocathode 

of the PMI'. At th~s point the number of information carriers 

(photoelectrons) is at a minimum and therefore the statistica1 

f1uètuat~ons in this number are most significant (Knoll 1979 pp. 334-338, 

p.359). As a result of th~s, the typica1 resolution of a plastic 

scintillator is about 8% to ,10% at 1 MeV electron energy (Tsoulfanidis 

1983 p.407, see also; Ketelle 1950; Cramer et al. 1§62; Rhode & Johnson 

1962;Bosch & Urste~n 1963; Snyder & Beard 1964; Sen & Patro 1966; DiCola 

et al. 1967; Munruch 1980; DeBeer et al. 1970; Clifford 1981). The 

resolution of anthracene, st~lbene and NaI(T1) crystals is a few percent 

better than that of P1astr as a resul t of the higher scintillation 

eff~ciency of crystal1ine scint~11ators in compar~son with plastics (Bisi 

et al. 1956; Bosch & Urstein 1963; Persson 1964; Sen & Patro 1966; Borovoy 

et al. 1979; see also Knoll 1979 table 8-1, pp. 246-247). 

In general, and unl1ke magnetic spectrometers, the res01ution of 

sc~ntillat~on spectrometers lS dependent on the energy of the incident ~ 

particles (Bosch &. Urste~n 1963". '!he resolutlOn ( il E/E) lS usually 

proportlonal to E - 1(2 (E= energy absorbed ~n the sc~ntillator) (Gardner 

1960; O'Kelley 1961 p.428; Cramer et al. 1962; Blrks 1964 p. 370; Sen and 

Patro 1966; Beek 1969; Wohn et al. 1972; otto et al. 1979; Tsoulfanidis 

1983 p. 407). The E -1./2 energy dependence ~s a mrect consequence of the 

fact that the maJor contrlbut~on to the resolutlon canes from the 
• 

statistical fluctuat~ons ln the number of photoe1ectrons. Departures 

fran the E -l{2 dependence of res01ut~on on energy have been observed 

(RiCCl 1957; Persson 1964). '!h~s lS usually the result of the 

contr1but~on of l~ght co11ectlon efflclency to the resolutl0n. 

'!he poor resolutlon of sClntillatlon spectrometers results ln 

d1stortlons ta the shape of the B spectrum, partlcularly at the 10'\lIl and 

hlgh energy ends of the spectrum (Gardner &. Melnke 1958; Cramer et al. 

1962; Wennlnger et al. 1968). The dlstortlOns of the hlgh energy portion 

the ~ spectrum have adverse effects on the accuracy wlth which the 

endpcnnt of the e spectrum can be determmed (Bisl et al. 1956; Garder 

1960; Persson 1964; Slavlnsakas et al. 1965; Sen & Patro 1966; Wohn et al. 

1972; Girard & AVlgnone 1978; Ban 1983). Deconvolutlon techmques are 

" 

1/ 
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required to correct for these reso1ution caused distortions (Kettelle 

1950; Freedman et al. 1956; Gardner & Meinke 1958; Gardner 1960; Bertolini 

et al. 1960; Cramer et al. 1962; Rhode & Johnson 1962; Bosch & Urstein 

1963; Perss9n 1964; Snyder & Be3Fd 1964; Worman & Cramer 1964; S1avinskas 

et al.1965; Rogers & Gordon 1965; Jacobs et al. 1967; DiCola et a1.1967; 

Klyuchnikov et al. 1968; Beek 1969; Wohn,et al. 1972; D'Auria et al. 1976; 

Stipp1er et al. 1978; Otto et al. 1979; Clifford 1981; Wou~ers' et al. 
t~S' 

1983). For the application of these deconvo1ution techniques, the 

variation in the reso1ution as a function of energy has to be known or 

measured. (DiCola et al. 1967 and references therein; Tsoulfanidis et al. , 
1969-). Moreover, these corect~on methods tend to fail at low energies 

(below 100 to 200 keV) due to the deterioration in resolution at low 

energies, thus 1imi ting the range of energies' over which the spectrometer 

can be useful (0' Kelley 1961; Bertolini et al. 1964; Nie1er & Bell 1965, 

DiCola et al. 1967). 

(J 

2) Non-linearities and Calibration Prob+ems 

The non-l~neaiity of scintillati6n a spectrometers is another 

important shortcoming. The non-lineari ty resul ts mainly from variations 

in the scintillation efficiency with the energy of incident e1ec~rofis 

(especially in inorganic crys'tals; Birks 1964 pp. 431-437; Knoll 1979 

p.259 p.338), or from variahons in light collection efficiency with a ray 

energy (especially in large plastlc scintillâtors~ Gardner ~ Meinke 

1958; Cramer et al. 1962; Wohn et al. 1972). 

The non-1inearities, gain drifts and instabilities in scintillation 

spectrometers are aIl potential sources of considerable dlstortions in 
1 

measurements of ~ spectra. These effects are qui te hard to detect because 

of the cpntinuous nature of the a spectrum. Determlning the 

non-lineari ties of scintlllation spectrometers and correctlng for them or 

in fact even obtaining a simple energy calibration of these 

spectrometers(especially organ~c scintillators) is qulte a difficult task: 

At energies be10w l MeV where conversion electron sources are available 

for calibration, the resolution of the spectrometers is usually poor 

enough that the K and L conversion hnes averlap result1.ng in a doublet 

peak. In order to use these doublet peaks for calibration, one has to 

know not only the energies of the K and L conversion llnes but also their 



.' 

-52-

relative intensities in order to reconstruct the doublet peak (Rhcde & 

Johnson 1962; Wohn et al. 1972; Borovoy et al. 1979). Alternatively, X 
< 

ray coincidence techniques have to be used in order to c1J.stinguish the K 

and L conversion lines (Persson 1964; Snyder & Beard 1964; De Beer et al. 

1970). 

Another problem of cal.lbrating with converSl.on electrons is that 

calibrations obtainec1 with electrons are not valid if the spectrometer is 

to te used to study positron spectra. The differences between p::>si trons 

and electrons in the energy 1055 per uni t ~ath length in the sCll1tillation 

• material result in differences in the scintillation :r;esponse (or 

efficiency) of the spectrometer for the two different types of 13 

particles. This ln ~urn resul ts ln different output pulse heights for the 

saine deposited energy depending on whether the energy was delivereà. by 
:. 

e1ectrons or p::>si trons . Furthermore, the difference between the two 

calibrations is a function of the deposlted energy (Rhode & Johnson 1962). 

At energies higher than l MeV the calibration problem is 

complicated by the lack of convenient high energy conversion electron 

sources. At these energies, bath Compton edges of high energy 'Y rays and 

endpoints of a spectra have. been used for ca1ibratl.on (Bisi et al. 1956; 

GaDdner & Meinke 1958; Cramer et al. 1962; Beek 1969; Wohn et al.-1972; 

Boqch et al. 1973; Stlppler et al. 1978; Wouters et al. 1983; Hoyle et al., 

1983). one problem that ~s experl.enced when the Compton edges of 'Y rays 

are used for calibration is the difficu1ty in defining the location of the 

Compton edge due ta the poor resolution of the scintillatl.on spectrometers 

and tJ:1e high in,tensity of the Compton continuum (below the Compton edge) 

due to mul ~iple 'Y ray sc::atterings in the scintillator (Riccl. 1957; Cramer 

et al. 1962; Beek 1969; Wohn et al. 1972). Another preblern origl.nates - . 
from the fact ,that 'Y rays illumJ.nate the whole volume of the scintillator 

while the a particles are confined ta certain regions of the scintillator 

(especially when collimators arec. usErl). In addition, the e parti cl es 

penetrate only to a weIl defined depth in the scintillator which is 

determined by. their range in the scintillating me<hum while the 'Y rays 

interact ëssentially wi th the whole scxntillatol". Therefore, -the 

existence of any differences in th~' different regions of the scintillator 

as to the efficiendy of their optical coupling to thm photècathode 'will, 

result iri differences betw.ilen the 'Y ray calibration am 

Il) 

. ; 

c 
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the appropriate calibrat~on for e rays (Cramer et al. 1962). <, 

'!he use"of 13 en::lpo~nt measurements for calibrat~on is hampered by 

the 1ack o~ an adequate set of prev~ous accurate endpo~nt measurements for 

decays thàt are convenient ta use ~n calilirat1ng the spectrometer (RicC1 

1957). Another difflculty resul ts from the need ta use an Herat1 ve' 

procedure to obtlln the energy calibrat10n. TIus ~s because the, 

calibration a spectra have ta be corrected for the spectrometer '5 response 

function and such correction tech~ques in turn requ~re knowledge of the 

calibration (Wohn et al. "1972; Wohn & Talbert 1978; Cl~ford 1?81 p.41). 

Monoenergetic electron or pbsitron béams from accelerators or .. 
magnetic spectrometers have aiso been used 1n calJ.brahng sc~nt~llat;l.on a 
spectrometer (Kaina et al. 1977; St~ppler et al. 1978; Otto et al. 1979; 

Pahlmann et al. 1982). Th1S method suffers fran the problems of 

reproducing the same exper1mental condit~on during calibrat~on as those 

preve1ant at the time of a spectra accumulation (angles of ~ncidence of 

particles on detector, stray magnetic f~elds from the accelerator or the .' 
magnetic spectrometer, electronic sett1ngs, etc.). 

'!he high efficiency for T ray detect~on of inorganic sc~ntl.llation 

a spectrometers (especially NaI(Tl)' crystals) is often exp101teà in 

calibrat~ng these detectors using the ful:l energy peak that resu1 ts from 

the absorptJ.on of aIl the energy of the T ray in the detector ( Der 

Mateosian and Smith 1952: Lewis 1952; Leutz & Ziegler 1962; Wenmnger et 

al. 1968). '!he drawback of this technJ.que l.S the unçertaJ.nty 1n the 

calibration whJ.ch results from differences in the sc~nt~llat~on eff~ciency 

of the detector for l rays and e1ectrqns of the same energy (Birks 1964 

pp. 431-4~ Knoll 1979 p.259,338). Differences ~n the sc~ntl.llator 
volumes il1uminated by the l rays and e rays that were ment10ned before 

can result 1n dJ.fferences betw'een Bray & l ray calwrat10ns as weIl. 

3) Re! lector 'Ihickness 

In most scintillatl.on spectraneters, the B partl.cles have ta 

traverse the tluckness of a 1ight reflector that surrounds the " 

scintillator befor~ deposl.tu~ thèir energy ~ the spectrometer. Such a 

ref1ector'is necessary for the effl.cl.ent collectlon of the scintl.llat~on 

light. However. its presence represents a dead layer wtuch will result in 

distortions to the shape of the spectrun due to the energy 1055 and 
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absorption of fow energy 8 partl.cles. Spec~al care arrl attention are paid 

te minim~z~ng its th~ckness (Persson 1964: Jacobs et al. 1967; Beek 1969; 

Titus 1970; Clifford 1981). 

Inorgan~c Sc~t~llators 

'nla1hurn actl.vated alkali hal~de crysta1s (eg. Na! (Tl), RbI (Tl), 

CsI(Tl») have been .sometimes USe:1 as B spectrometers (Le\<iis 1952, Der " . 
Mateosian & sÎlu. th 1952; Egelkrat & Leutz 1960, 1961-; L(;Utz 1961; Leutz & 

Z~eg1er 1962; Nleler & Bell 1965; Sen & Patro 1966; Wenn1nger et al. 1968; 

Kaina et al. 1977>. Among these, Na! (T 1) crystals are probabl y the nost 

Ip::>pllar . 

The h1gh atomic number of the Iadine (Z=53) ID these crysta1s arrl 

the high density of Na! (3.67 g/an') (Knoll 1979 p.257) causes them to 

have a high efficiency for the detection of 'Y rays (O'Kelley 1961). 'This 

high 1 ray effic~ency enab1es one to monItor the calibrat10n and control 

the stabih ty of the spectrcmeter 0by monHonng the posü1on of a 'Y peak 
r 

from a rachoactive source (Kama et al. 1977). 

On the other hand 1 the high effectlve Z of these crysta1s has sorne 

detrlmenta1 effects as weIl. 

1 ) l Ray Background ' 

The mgh 'Y ray efflciency resul ts in a large 'Y ray background that 

is super imp::>sed on the 'Y spectrum, problems W1 th large 8- 'Y SUIlIIl~g ( rar:rlom 

& coinc1dent) and large summing probab~llty for the annlmlation radiat10n 

energy in the case of p::>sitrons. ' In fact, because of the high y ray 

efficlency of these crysta1s they are lneffect~ve for use as e 
spectrometers except ID cases where the S decys are not accompan1ed by 'Y 

ray emlsslon or where very effective 'Y ray 'su~resslon methods are used. 

In the case of posltron emiss1on, speclal techrll.ques ta el1mlnate the 

effe:ts of 511 pile-up are used (Wennl.nger et ·al.1968l . 

2) Increased Prcxiuctlon and Escape of Bremsstrahlung Radiation 

The hlgher Z of inorganlc scintlilators results.~ a larger cross 

secuoo for the production of bremsstrah1ung rad~ation during the stoppifX1 

of B part~cles ln the ci:ystal. The tugh Z al:So resU1 ts in a higher crosS 

sectlon for reabsorptlon of this radiatlon. Nevertheless, the net 
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fraction of the incident electron energy that escapes from the stc:>ppirx;J 

medium in the form of bremsstrahlung ra~ation increases with Z almost 

linearly (Berger & Seltzer 1965, 1968). This causes the response function 

of NaI(Tl} to electrons to depart considerab1y from the ideal form. 

3) Increas~ Backscattering 

Since the fraction of backscattered e1ectrons increases wi th an 
increase in the Z of the stopping material (Knoll 1979 p.62), a large 

fraction (about 50% or more) of the incident electrons will scat ter out of 

the detector before loslng the1r full energy (Bosch & Urstein 1963; Neiler 

& Bell 1965: Sen & Patro 1966; Titus 1970). This renders inorganic 

scintillation crystals useless as a spectrometers unless the adverse 

effects of backscattering are overcome. Ta achieve this, several 

different approaches have been tr1ed: 

a) Internal Sources 

( 

/ 
r 

The use of internaI sources in inorganic scintilla tors has been 

accomp1ished by 1nCorporat1ng radioactive atoms into the crystal structure 

of the sc~tillator durlng the crystal growing process (LewIS 1952; 

DerMateosian and Smith 1952; Egelkraut & Leutz 1960, 1961; Leutz 1961; 

Leutz & Ziegler 1962; N1eler & Bell 1965; Wenninger et al. 1968). This 

technique el1minat~s the spectral distortIOns that are usually caused by , -
the radioactive s~ce and by' the scatterlng of a particles ~ windows and 

dead 1ayers and allows for the extension of the spectral measurements to 

very low energies. It also provldes for high eff1ciency count1ng of the 

radioactivity (essent1ally 411 eff~c1ency). 

'Ihere are ~veral shortcomlI~S that are Inherent to tl:Iis technique. 

Among these IS the ObvlOUS d1ff1culty of estlmating the Influence of the 

background counts due to sources of radiatlqn external to the detector on 

the a spectrum. Another problem IS the escape of a partlcles through the 

surfaces of the crystal before they have depoSl ted theu full energy l.Il 

the sCl.Iltl11ator (DerMateosian & Smith 1952). To reduce the effects of 

this phenomenon on the shape of the B spectrum, the volume 0; the 

scintIllation crystal ha5 ta be made as large as possible ~ order, ta 

reduce the surface to volume ratIO and therefore the probabillty of 8 
" 

; parti,cle escape (Wenninger et al.1968). The use of a .larger' crys~al alse 

resu1ts Ul less bremsstrahlung escape but 1t weuld compllcate the problems 
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.. 
of 'Y ray backçjround and e--y SUImling. 

An important drawback of the use of internal soorces is the high 

probability of coincident summing of 'Y rays, annihilation photons and 

conversion electrons wi th B part icI es • This high probabili ty stems from 

the large solid angle (practlcally 4,) in which the activity is counted 

(O'Kelley 1961; Nieler & Bell 1965). 

The clifficul ty of measuring the response function of internaI 

source spectrometers to B particles is also a cause of trouble. 'Itle 

contributions to the response function of these spectrometers come malnly 

from the poor resolutl0n and bremsstrahlung radiahon losses. Simulating 

the effects caused by the distrïbution of the e activity throughout the 

crystal is nearly impossible. 

'!he main failure of the technlque of internaI sources i5 i ts 

non-versatility since it is applicable only to a few elements and of these 

only fairly loog.-lived isotopes (several days at least) can be stooioo. 

b) 4 Il Geometry 

'Ibis method is somewhat simllar to the previous one. Here the 

radioacti'iie source is completely sarrlwiched between two Na! (Tl) crystàIs 

such that electrons backscattered from one detector will.enK~r the second 

one ard deposit their energy I there (Bannerman et al. 1951; Ketelle et al. 

1956). The t'Wo crystals are vieowed ei ther by one or t'Wo photOmul ~ipll.er 

tubes and the coincident signals from the two ha! ves are SUlTIlled. 

A more detailed discussion of 4. e spectrOSCOplC techniques will ce 

given in the sections dea1ing with organic sClntil!ators and silicon 

detectors. Suffice ta mention here that the use of NaI(Tl) crystals ln a ". 

4. geometry results in the same type of problems that are experienced by 

the t'Wc other types. 'Itle problems are further comphcated by the hi~ 'Y 

ray efficiency of N~(Tl) crystals arx:i therefore the hlgher probabllity , 
for SUJm1ing of coincldent l' and X rays. The hl.gh Z of NaI crystals aIse 

aggrava tes the problems associated wlth bremstrahlung productl00 and 

escape ~ backscatter lasses due to the imperfect attainment of the 411 

geometry. 

The technique of .1.!. coun t1l'X1 ln NaI crystals has net found many 

applicatlons in ! spectroscopy. it has been used mainly ta increase the 

efficlency foC coincldent s\Jl1llJ,.rç ~ thus te help ln establishing the 
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relati~nshipS between different radiations emitted fram the same isotope 

which in turn help to .clarify the decay scheme. '!he technique has been 
'Ii( 

applied mainly to internal conversion electron studies. 
1 

c) Antibackscattering Veto Detectors 
~.~ 

. To reject electrons backscattered out of a sc~tillat~on crystal, 

special detectors surrourxting thè crystal and opera(ed in an 

an,ticoincidence mode wi th the .scintillation spectr~ter have been used 

(Kaina 1977). 

In addition to the obvious complexity of such an arrangement, i t 

also suffers fram '10'tlW efficlency as a result of the small solid angle left 

available after the installation of the veto detectors, if effective 
"V,. '1',... 

rejection of. backscattered electrons is to be achieved. '!he high 

backscattering coefficent of NaI also implies that the majori ty of counts 

are rejected as a résUlt of backscatter~. 

Since the ratio of backscattered to incident electrons depends on 

the energy of th~incident electrons (Titus 1970), the efficiency of a 
" 

system with antibackscattering veto detectors will be energy dependent and , 

has to he accurately determined. 

d) '!he Triple Coinc~dence Method 

'Ihis method is, appllcable only to posltrons. It attempts to 

eliminate the effects of backscatterlQg by demanding a coincidence between' 

pulses generated by the pasi trons in the a sc~nt~llator and the pulses 

generated by the two annihilation photons in two l rqy detectors, placed .. 
close to the a scint~llator (Sen &'Patro 1966). Thus counts are 

registered ooly ~f they result fram ~~trons that have annih11ated ~nside 

the 8 spectrometer. A detailed discuss~on of the problems of th~s 

technique ~s given in Appendix B. 

Finally, a problem that is particular to NaI (Tl) crystals lS caused 

by theu hygroscop~c nature. As a resul t, they haye to he kept in a dry 

atmosphere or in vacuum at aU times and are therefare usually 

encapsulated ~ a protective enclosure with fauly thick entrance W1~0W5 

( 0 • 3 rrm Al in the work of Kaina 1977). The' passage of 8 part1cles thro\:Çh 

such a wllXiow results in considerable dJ.stort~ons ta the 8 spectrum (BosCh 

& Urste~ 19~3). 
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Organic Scintillators 

Organic scintillators, including pure crystals and 1iquid or solid 

(plastic) solutions, are perhaps the most PJpüar type of B spectrcmeters 

in use. Their fast flourescence decay tlme (l.n the nanosecond range) is 

very useful for fast timiIXJ applicat10ns (O'Kelley 1961 p.24U. It also 

al10ws one ta operate otganiC scint~11at~on spectrometers,at hlgh counting 

rates without the adverse effects of random pl1se plle-up (Iaflghola et 

al. 1983a). 

The 1aw effect1ve atomic number of organ1c scint~llators (see 

Tsoulfanidis 1983, Table 6.2 p.202) results 111 a conslderab1e reductl.on in 

the ratio of backscattered to ll1c~dent electrons ~n comparison to 

inorg~c scinti11ators and sem~conductor detectors (O'~e11ey 1961 p. 421, 

. 425; DiCola et al. 1967; Titus 1970; Knoll 1979 pp. 61-62). Since the 

cross section for bremsstrahlurrJ producHon also decreases with a decrease 

~ in Z (Knoll 1979 p. 57) less energy 1.S lost from the detector through this 

mechanism as weIL (Berger & Se1tzer 1965, 1968). Furthermore, because of 

the low effective Z of organic scint1l1ators and theu 1aw dens~ ty 

(Anthracene 1.25 g/oo J, plast1cs "I..lg/an' see Knoll 1979 table 8-1 W. 

246-~47), the probabtlity of T ray l.nteract1.on per unl.t thickness of the 

detector is smaller III organic scint111ators than ln semiconductor or 

inorganic scint1.11at1.on spectrometers. 

Anthracene (a crystallll1e organic scintl.11 ator ) was an early 

favourite for use in B spectroscopy. However, it has been largely 

replaced by orgamc p1ast~cs because of the prob1ems associated wi th 1. ts 

usage. The main problems which are encountered Wl th anthracene are i ts 

volatil~ty in vacuum (Nleler & Bell 1965 p.251), ~ts fragllity, and the 

dependence of its sCllltlllatlon efficl~ on the orientat~on of the 

directions of the lllCldent electrons wi th respect to the crystal axis 

(Knoll 1979 p.243). 

Organic plastic scintillators are widely used a,s B spectrometers ~n 

stu::lies of nuclei far from stabih ty am espec~ally for Q B measurements in 

these nuc1ei (see for example Cramer et al. 1962; Beek 1969; Wohn et al. 

1972; Westgaard et al. 1972; D'Aura et al. 1976; St1pp1er et al. 

1978;Davids et al. 1979; Otto et al. 1979; Munru.ch 1980;Pahlman et al. 

1980; Cllfford 1981; Johnston et al. 1981; Della Negra et al. 1982; Detraz 

. et al. 1983; Wouters et al 1983; see also CERN 1970, 1976, 1981; AJoCO 5; 
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A,M:X> 6). lhe low cost of plastic scintillators, their ruggedness, 
~ 

availability in practically any size and machinability to any desired 

shape have made then quite popular (Gardner & Meinke 1958; O'K~lley 1961 

p.420, 425; Cramer et al. 1962). 

However, these organic scintillators suffer from severa1 drawbacks 

that li mi t their usefulness as precise a spectrcrneters. One of these 

drawbacks is the problem of ~ sensitivity. As mentioned before, organic 

scintillators have a low r ray interaction probability per unit thickness 

of the detector. Nevertheless, because of the low densi ty of plastic 

scintillators, detectors manufactured fram this material have to have 

large dimensions in order' to be able to stop high energy a particles 

wi th in the detector volume. 'Ih1"! larger volumes resul t in high r ray 
, 

sensi ti vi ties as will be illustrated below (see also Gardner & Mienke 

~958) . 

For 10 MeV electrons incident on a typical plastic scintillation B 

spectrometer (ma:3e from NE 102 plastic for example), the detector 

thickness required to stop the electrons is about 5 cm. At this 

thickness, the detection efficiency for a l MeV r ray is about 30% (Data 

taken fram Nuclear Enterprises 1980). 'Îhe same 10 MeV electrons have a 

ran'Je of about l cm in germanium ( Haller & Goulding 1981 )'~ A germanium 

detector of this thickness interacts wi th about 25% of a beam of 1 MeV 

photons incident on it (Haller 1982). Thus the r sensitiviyof large . 
plastic scintillators is just as important as that of germanium detectors 

(Pa:3ro et al. 1977). In fact, because of the lower effective atomic 

number of organic scintillators in comparison with Ge detectors, the full 

energy peak-to-Ccrnpton ratio for r rays is sma11er in plastic 

scintillators. This, combined with the Poer resolution of scintillators, 

causes~e effects of r ray contamination of the continuous ~ spectrum to 

be more ldifficult to c:'letect and correct in organic scintillators than in 

Ge detectors (Padro et al. 1977 and fi~e 4 therein). For these reasons, 

an effective 'Y ray suppression technique has to be used in con)unction' 

wi th the use of organic scintillators as B spectrometers. 

In addition to the problem of 'Y senSitivity and the problems 

mentioned in the beginning of this section such as difficulti~ with 

calibration arrl lineari ty, and poor resolution, organic scintillators 

(like all energy dePosi tion B spectrometers) suffer iran distortions of 



, -

-60-

the ~ spectra caused by electrom backscatterin;r. 

Because of the dependence of the rat~o of backscattered to 

inicident electrons on the energy of the incident electrons ~ the angles 

of incidence (Ti tus 1970), estimates for this raüo in different e 
, 

scintillation spectrameters tend to vary d~ng on 'the source detector 

geometry arrl the energy range of ~nterest. Values given in the hterature 

ran;}e al1 the way fram 4% ~o 35% for energl.es be1cw 1.5 MeV aOO aD:J1es of 

incidence ranging fram normal ta the surface of the detector to 70 G to 

the normal (Free::1man et al. 1956; Gardner & Me~nke 1958; Bertall.n~ et al. 

1960; Cramer et al.1962; Bosch & Urstell1 1963; Persson 1964; Slav~nskas et 
" , 

al. 1965; Neiler & Bell 1965; Sen & Patro 1966; DiCo1a et al. 1967; 

Tsoulf~dis et al. 1969; Titus 1970; Bosch et al. 1973). 

The backscattering of ~ part1cles fram organl.C sc~nt~llators 

results in excess counts at lcw energ~es èCld deviations of Fermi-Kurie 

plots fram linearity. It can also affect the a~acy Wl.th wtu.ch the en:! 

point can be deterlnl.ned (Bis1 et al. 1956; Gardner & Me1nke 1958; 

Bertolini et al. 1960; Cramer et al. 1962; Bosch & Urstein 1963; Kennett & 

Keech 1963; slàvinskas et al. 1965; Sen & Patto 1966). Tc reduce the 

distorting effects of backscattering on the shapes of a spectta 

accumu1ated with organic scintillation spectrometers severa! solutions 

have been attempted. 

l) Collimation 

By limi ting the angles of incidence through co1ll.mation, such that 

the a ~ .. ticles enter the surface of the detector perperxiicular (or near 
l~~ 

perperd'tet4ar ) t~ i t, the percentage of backscattered electrons CalI be 

reduced. Beta rays entering the detector at near normal ux:~dence angles 
\ 

have a gr~ater. chance of penetratlng deep into the detector before 

scattering (O'Kelley 1961; Bosch & Urstein 1963). 

The main problems resulting fram col ll.mati on 'are the r:educt1on in 

the efficiency of the spectrometer as a result of the reduchon in solid 

angle for ~ pàrt:icle detectl.on (0.5% of 4. l.n the work of P~sson 1964) 

and the problems caused by B partl.c!e scatte~~ng fram the oollimater 

(Persson 1964; Clifford 1981). Careiu1 attent10n has to be pa1d te the 

design of the co11imator am the material fram wtu.ch it 15 built (De Beer 

et al. 1970'). Pt. lcw Z material (e.g. Prespex) wl.ll result 1n less 
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electron scattering but it will alse result in the enhancement of the 

sol1d angle for 'Y ray detect10n over that for e particles Sl.nce i twill 

have httle collimatirg effect if any on the 'Y rays emitted from the 

source (Gardner & Meinke 1958). Such a collimator w~ll also have li ttle 

attenuat10n effect on the annih11ation photons produced by positrons that 

are stopped in the collJ.rrtator. On the other hand, a hlgh Z material (e.g. 

lead) Wl.l1 result ln a hlgh probabill.ty for electron scatter1I1g from the 

dOll1mator and a h1gh cr~ss sectl0n for brernsstrah1ung production by B 
partic1es dur~ thelr lnteractlon w~th the collimator material (Cramer et 

al. 1,962). 

2) WeIl-Type Sc~tillators 

By USlng a ho11ow scintlilator with a hale ~ the shape of a 

truncated cone machlOed into lt, arrl by placing the radioactive source at 

the top of the cene, the fraction of backscattered electrons escapirg the 
\ 

detector can be slgnificantly reduced (up to an order of magnitude lower 

than 10 fIat scint11lators) .(Bisi et al. 1956; Gardner & Melnke 1958; 

O'Kelley 1961; Bosch & Urstein 1963; Nel1er & Bell 1965; Wohn et al. 

1972). In th1s arrangement, tne B partlcles elTUtted from the radloactive 

source are effect1ve1y belng colilmated and d1rected lnto the bottom of 

the well that lS machined ln the sClntlllator 50 that most of the 

backscattered e partlcles wll1 strlke ,another part of the sCl.ntillator and 

depo~h t their energy there. 

'lbe ~ prob1ems affectl.ng thlS arrangement are the nrluctlOl1 ln 

the sol1d angle (O. 7% of 4. ln the work of Wohn et al. 1972'), and the 

dJ.ff 1.cul ties III 11g!1t collect1on resul t1rg from the shape of the 

scinti11ator especia11y ln the large volume detectors that are needed for 

the stujy 6 spectra Wl th hlgh èndp:nnt energles (Freedman et al. 1956; 

Gardner & Meme 1958). The poor llght collection frQrll the corucal sectlOl1 

can introduce a non-1111earl ty ~ the 'callbration of the spectrometer 

(Kennett & Keech 1963; Wohn et al. 19721. 

3) Antibackscatterin;} Veto Detectors 

In this technl.que, veto detectors surround the sc1ntlllatl.on 
! 

spectrometer am detect any B part1.cles scattered out of l.t. Elrçloyed 1n 

an anUceinc1dence no::ie, the detectors are used te relect events in which 
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the B particles are backscattered from the scintillation spectrameter 

before losing all of their energy there. These detectors can aIso act as . 
active collimators to define the angles of incidence of the B particles on 

the scintillator. And if they are made to enclose the a scintillation 

spectrameter from all sides, they can serve' to reject events in which the 

a particles are sidescattered out of, or transmitted through, the 

spectrameter (Kennett & Keech 1963). Depending on the 'Y ray detection 

efficiency of the veto detectors, they can also be helpful in e1iminating . , 
sorne of the events in which a fraction of ~he energy of the a particles is 

lost from the speçtrometer in the form of brernsstrahlung radiation. 

One of the principle drawbacks of such a system is its low 

efficiency as men"!=ioned before in the discussion of similar systems used 

in conjunction with inorganic a scinti1lator. The solid angle for a ray 

detection in spectrometers with antibackscattering detectors is usually 

smaller than that in weIl-type spectrometers (Kennett & Keech 1963). 

Another problem is the dependence of eff~ciency on the a particle energy 

and the difficulty in determining th~~ dependence (Kennett & Keech 1963). 

4) The Triple Coincidence Method 

This method ~s similar to the one described for inorganic 

scintillators. '!he positrons are detected in coincidence wi th the two 

annihilation photons to ensure that none of the backscattered electrons 

contribute to the accumulated spectrum (D'Auria & preiss 1966~ Sen & Patro 

1966; Beek 1969~ De Beer et al. 1970). This technique suffers from the 

same problems as in the case of inorganic sc~ntillators except that the 

"effects of bremsstrahlung production and escape, and the effects resul hng 

from "(, ray l.nteractions wi th the a scint~llator are less important than in 

the case of inorq;anic spectrometers due to the 10l!l Z of plastl.cs. (See 

Appendix B for a full discussion of the trlple cOl.ncidence method). 

5) CorrectJ.flÇJ, the a Spectrum for the Effects of Backscattering 

When fIat organ~c 8 sc~nt~liation spectrcrneters are used, the 

~stortions to the shapes of 8 spectra, whlch result ~rom the 

backscatterlI'~ of 8 partl.cles, can_ be corrected for usirx;1 one of several 

deconvoluhon technl.que. Usually these techn~ques are used to correct for 

. the effects of resolutlon, bremsstrahlung escape, and backscattermg 

J 
, , 
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, .. 
simul taneously. Therefore they show the same def~c~encies at the low 

- ' 1 
,energy end of the spectrum as the resolution correetlon techru.ques. 

Sometimes the backscatter~g and resolut~on correct~ons are appl~ed 

separately (Persson 1964~ Slavinskas et al. 1965). 

The app11cation of the e spectrum correction procedures reqlllres a 

prec~se determinat10n of the shape of the response funct10n of the 

scintillation spectrometer to e part~cles (Freedman et al. 1956; G~er 

& Me~e 1958~ Gardner 1960~ Bertol1n~ et al. 1960~ Persson 1964; 

Slavinskas et al. 1965; Sen & Patrd 1966; Jacobs et al. 1967~ D1Cola et . . 
al. 1967; Beek 1969~ Bosch et al. 1973; D'Aur1a et al. 1976; Otto et al. 

1979; Cl1fford 1981). Know1edge of the re1at1ve contr1butions of the 

different parts of the response functlon (e.g. total counts in the full 

energy peak compared to the backscatter t~l) is us ua 11 y not good enoùgh, 

especlally when measurements of the e spectrum shape factors are atternpted 

(DiCola et al. 1967). 

As mentionErl before, the response funct~on of e spectrometers to 

electrons and positrons are cons~derably dl.fferent sa that response 

, functlon measurements for one type of S par~~cles are generally not 

'appl~cable to the other. The dl.fferences in the shapes of the electron 

and pos~tron response funct~ons are a consequence of the d~fferences ln 

the backscatter~g coeff1c~ents for pos1tlve and negatlve e part~cles and 

the effects of annilu~atlon ramat~on plle-up ( Cramer et al. 1962 ~ Sen & 

Patro 1966; Beek 1969; De Beer et al. 1970; Johnston et al. 1981; Chfford 

1981) . 

An lJllportant aspect ln the deternl.Lnat1On of the response functlon 
/ 

of a spectrometer lS that the experlmenta1 COnd1t~ons prevalent dur1ng the 

accumulahon of the B spectrum should be dupl1ca.ted when the .r~ponse 
, \ 

tunctlon lS measured (Freedman et al: 1956; Be-Ftol~~ et al. 1960 ~ Cramer 

et al. 1962: Pers~on 1964; D1Cola et al. 1967). The source-detector 

geometry lS a parameter that shou1d be reproduced dun.ng measurements of 

the response funct10n (D 1 Aur1a et al. ,1976; Otto et al. 1979). 'Ih1s 15 
1 

because of the stro~ dependence of the backscattenng coeff1Clent on the 

angles of 1ncldence of the B partlc1es (Tltus 1970). 

other methods for analYZlIlg S spectra am accOlmtirv;J for the 

detector distort1ons W1 thout the chrect use of the response funct10n have 

alse been appllErl (Westgaard et al. 1972 ~ Davlds et al. 1974 ~ Pardo et al. 
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1977; Parks et al. 1977; St~ppler et al. 1978; Dav~ds et al. 1979; Detraz 

et al. 1983). 'Ihese techmques are usually too crude to be ,applicable in 

precise shape factor measurements. Theu main use has been in the 

determination of eoopoint energies W~ th modest accuracy. 

Several methods have been used for the deterrnnat~on of the 

re,sponse function: 

a) Measurements of the Spectrometers Response Function Us~rx; 

InternaI Convers~on Electrons 

The use of ~nterna~ convers~on sources for the determinat~on of the 

response funchon of the spectrometer is 1~~ ted to energies below l MeV 

due to the lack of convenient convers~on electron sources above th~s ,~ 

energy. In adcb. t~on, the response funct10n measured wi th convers~on 

electrons ~s not val~d for positrons. <> 

X ray and .., ray cOlnc~dence technlques are requ1red to separate the 

K and L converSlon l~es trom each other and to reduce the baQkgtound 

caused by the noncoincldent B and "Y rays emltted from the source. - Even 

then. the Canpton background caused by .., rays that cannat be elimlhated 

Wlth coulC~dence tec~ques ~s qw..te ~mpprtant and has to be carefully 

subtracted fran the spectrum (Freedman et al. 1956; Gardner 1960; 

Bertohni et al. 1960; Bosch & Urs'teln 1963; Persson 1964; Sen & Patro 

1966; Jacobs et al. 1967; Tsoulfanl<llS et al. 1969; De Beer et al. 1970). 

b) The Use of Accelerators or Magnetlc Spectrometers 

Monoenergetlc electron and pos~tron beams fram accelerators and/or 

magnetlc spectrometers have been frequently used for measurements of the 

response function. '!he mëUn dlffla.lltles experlenced wlth th~s method are .. 

the reproductlon of the angles of lnc~dence of B partlcles on the surface 

of the detect~ (T~tus 1970: D'Aur~a et al. 1976; Otto et al. 1979; 

Clifford 1981). determi~ng the accelerator dependent backgr0un? and 

correctHx;J for lt (Cramer et al. 1962; THus 1970). determ1n11"YJ the 
1 

resolution of the magnetlc spectrometer or the energy spread of the 

accelerator beam and correct~ng for ~t (Beek 1969; Tltus 1970; Wohn et al. 

1972) and flnally s~eld.l1"YJ the sc~ntlllatwn B spectrometer ag~nst the 

magnetlc flelds of accelerators and spectrometers (Titus 1970; Cl~fford 

1981) . 
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c~ Monte Carlo Methods 

'!he suggestion has been made to use Monte Carlo methods to simulate 

the response of the scintillation spectrometer to a partic1es (Sen & Pa~o 
c , 1966) • Such a simulation should take into account not only' the 

interaction of the a particles with the sctnti1Iation medium but also the 

depenclence of ll.ght collection effitiency on the location' 'of the 

interaction. 

i'j 
6) The Use of Interna! Sources 

Two different techniques for inc~rporating the ràdioactivity to be 

stUdied within the scintillator material have been used. 'In the first, 

the radioactive source material is added~O the plastic scintillator 

during manufacture thus 'becoming an integra! part of the !;pectrometer ~ 

'Ihis approach eliminates many of the prob~ems associated wi t,!'t the use of 

external sources such as low effic~ency and backsèat~ering. However i t is 

difficult to find a chemical form in which to introduce the radioactivity 

which w~ll not quench the flourescence of the scintillator (O'Kelley 1962 

p.427). 'The technique is also limited by the time needErl to perform the 

chemical and physical processes reguired to incorporate the radioactive 

isotope ~nto the scintillator. This time limitation severly restricts the 

half-l~ves of the isotopes that can be studled using such a technique. 

Other problems mentioned in the section on the use of internal soUrces in 

inorganic sClntillators such as electron escape through the scintillator 

surfaces, difficulties with response function measur.ements, background 

evaluation, and e - rsumming aIl apply to plastic scintillators as weIl. 

For all of these reasons this techmgue has not œèn widely applied to B 

spectroscopy studies but rather to absolute counting of weal<, 10w energy e 
activities (81rks 1964 p. 358 pp. 361-370), 

In the second technlque, the carbon in the scintillation medium is 

activated using nuclear reactions inducErl by neutrons or protons (Birks 

1964 p. 3 71 ) • 'Ille carbon isotopes thus produced act as' internal sources 

and can he studied wi th the sClntil1ation spectrometer. Such a technique," 

however, is obviously 50 1imited in the number of isotopes to which it can 

he applied that lt does not merit further discussion. 

r 
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7 ~ 41 Detection cl, 

In order ta eliminate'the effects of backScattering, 41 counting 

teChniques have also be€n used in conjunct~on wlth organic scintillators. 

In such a set-up 1 the sourcè is alm~t canpletel y surrounded by the 

scintillation me:3.ium such that 6 particle5 backscattered fram any portion 

ot the scint111ator w~ll impinge on another part of i t. 'lberefore few, if 

any, 8' particles can escape the spectr~er. 'IWo different approaches to-"" 

achieV1ng the' 4. 'geometry have been atteffipted. In the fust approach, the 

r~oactive source lS sandwiched between two scintlilators, each Vlewed by 

a differen<! photanul tiplier tube. '!he output pulses from the PMT' 5 are 

SurtJlled in cOlncidence wlth each 'other (Rhode & Johnson 1962 am refs1;'ences 

;1.-6 thereln, Klyuchnikov et al. 1968). In t~e secOn::l approach,:elther the 

scintillator (plastic or ànthracene) i5 dlVided into·two halve5 between 

which the radioaçtive source 1s sandwiched, or a slot is machined into a . ~f 

plastic scintillator and the radloactive source is lnSerted ln the slot. 

In bath cases, the scint).llation mechum 15 viewed 0 by one PMT only (Ketelle 

1950; Shhne 1957; Snyder & Beard 1964; Rogers & Gordon 1965; Westgaard et 

al. 19"72). 

" <' • i, 
prob1ems of 4. Scint111ation S~trometers 

Although th,e 4. detection method does . eliminate most of the effects 

of . 6 particle back5~'atterin;J from the I>cin~~llator, i t nevertheless 
" suffers from sorne Important deflCiencies: , 

a) Deterioration ln Resolutlon , 
\, Wlwen "\:WO PMI" s are used in a sum:.coincidence mode, the resolution 

of the 4a spec:ttaneter is worse than the resolution of ei ther of the two 

halves separately. '!his is usually the· case. when signals fram two 
" 

detectors are SUlITled since .the resolutions of the two detectors are added 

in quadratures. 

, b) Gain Matchin;J 

When two PMI"s are uSed, the output gains fram the two Pr-r!"s have 

to he perfectly matched 50 that the output pulses gerlerated by the 

spectrometer are ~t dependent on the particular path that the ~ particles 

follow in the two scintillators (Rhode & Johnson 1962). Similar1y, when 

only one PMT views the scintillation medium it is important to verity tha~ 

the scintillation efficiency and the light collection etficiency of the 
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two halves of the spectrometer are the same (Kettelle 1950). 

Fal.lure to attal.n such match.lng of the two halves of the 

spectromet:er resul ts ~n a worsen~ng .of the reso1utlon of the spectrometer 

and d~stortl.ons l.n the shapes of monoenerget~c electron ll.nes measured 

Wl. th the sep:trometer. Ttus ~n tvrn causes ch~es ln the shape of the 

response funct1.on of the spectrometer and dl.stortlOn5 to the shapes of 
J 

contlnuou:s e spectra. ~~r~fYl.ng that the gal.n match 1.S achleved over the 

full energy ~range ,of lhterest 1.S qw. te l.mportant Sl.nce any non-ll.nean. tl.es 

III the system would resul t in a gal.n ml.smatch of the t'No halves of the 
, 

spectrometer. ChecklnJ for these ml.smatches ~s subJect to the same type 

of difficul ues as cal1.bratlllg these 4 JI sCl.ntl.llatlOn spectrometers. 

cl Calibrat1.on 

In addlt1.0n to the ca1ibrat~on problems suffered by aIl 

scintillatl.on e spectraneters arrl wtuch were dl.scussed prevl.ously f 4 JI 

systems suifer fran addl. Uonal problems that are pecull.aT to this 

techruque, 

Depending on the thl.d<ness of the sClntl.l1ators used., X ray 

cOlncl.dence technlques used to separatè the K converS1on llne from the L 

and M Unes 'may not be appll.cable to 4 JI systems, 'the large thlckness 

needed to stop e particles from decays W1 th hlgh endPOÛlt energles result' 

ln severe attenuation of the low energy X rays and a drasUc reductlon ln 

effl.ciency if a coi~cidence techn~que 1S used, 

'!he lnternal conversion electrons that are used ta calibrate 4lI 

scinti'llation spectrometers are always followed by the coincident emission 

of X rays and/or Auger electrons. '!he large solJ,d angle of detection , 

ofjered by 4 'JI spectrometer s resul ts ln a high probabl 1. l ty for detecting 

these coincident radiations. Because of the ool.ncldence sum mode of 

operation of 4 II spectrometers, the output ~lse generated by the 

spectrometer will be proporhonal to the sum of the energy of the 

"dmvers1on electron plus the energy of the partlcular Auger electron or X 
'" ray that accompanies i t, Sl.nce each internaI conversion transition can be 

accompanied by one or several dlfferent Auger transition and/or X rays, • 
and sirice sorne of the X rays can escape undetectro or deposit only a. 

> fraction of thelr energy in the detector, the resulting conversion 

electron spectrum will not be a single !ine but rather a distribution made 
.." 

) 4J;L of a' continuum and several dlscrete lines at the different SUIn 
~;P" 
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energ,i ..... However, the poor resolutlOn of. the scllltl.llatl.on spectrometer 

spre~ these hnes lllto one contl.nuous cllstnbutl.on Wl.th an approxl.IT1ately 

guasslan' shape. Determl.n111g the shape of thlS dl.stnbutlon and the energy 

of l.ts peak requues a comphcated <;alculatlon l.nvolv1.Dg the dl.fferent X 

ray ll1tensl. tl.es. flourescent Ylelds', K to L converSlon ratlos and the 

response'functlon of the sClntlllator to X rays. Such a Soph1.stlcated 

calcu:tat1on Wl th all the assoclated uncertalntles 15 n'eeded in order to 
/ . 

obtal.11 a sl.IT1ple ene~ call.bratl.on for the 41 SClnt1l1atlon spectrometer. 

'!he uncerta1.Otl.es 1.n the call.brat1.on are~ further augmented lf the 

spectrometer systems suffers from the non-ll.nearl.tles and energy d 

thresholds (at low energles) 

scintlllators (Persson 1964; 

that are often observed ln org~ruc /" .. ~J <!, -

- / ~) 
Sen & Patro 1966). A full descn.pflon of aH 

compl:l.catlons involved ln callbrat.J.IY;J 41 plastlC sClnt1.11atlOn B 

spectrometers lS gl ven' ln the work of Rhode & Johnson (1962). 

d) Lasses 1.0 Deéd Layers 

In a 4. arrang~nt, l.n ordér for electrons backscattered from one 

detector to be detected 1.0 the second sC1.ntlllator, they have to pass 

through the source matenal, source backl.r~ and Coverlllg, and any dead 

layers (5uch as reflectors) on the front face of the scintl.llators. The 
<~ 

energy 1055 of B partl.cles J.n these layers l.S qUl. te lJllportant Sl.nce l.t is 

dependent on the energy of B partlcles and l.S hl.ghest at~ low energles 

where the probabill ty of backscatterl.l~ lS at i ts highest: as well. 

Moreover, the hlgh backscattenng probablll. ty for lCM energy B partl.cles 

impl1.es that the B particl~ can undergo several backscatterLngs 1.0 the 4~ 

spectrometer each t.:une paSSl.ng through aIl the l.nactlve layers arrl losl.r~ . 
energy in a non-linear fashl.on. The mstort1ng effects of the energy loss 

and absorptl.on of low energy B partlcles ln the dead layers on the shape 

of the B spectrum are qulte serlous, especlally 1.n the low energy portion 

of the spectrum (Snyder & Beard 1964; Klyuchnikov et al. 1968). The 

existence of these adverse effects restricts the thlckness of the source , ; . 

backing to extremely thl.n films am therefore ll.mits the method and the 

speecl wlth Whlch sources can be introduced 1.n the spectrometer (Rhode & 

Johnson 1968). 

e) Imperfect 4~ Geometry 

f 

Any separation between thè two detectors in a 4lt spectrometer 

resul ts in the escape of sorne of' the backscattered electrons through the 

1"".1 
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gap between the two halves of the spectrcmeter before havuq depoSl teà 

thell full energy w the sc~nt1l1ator. S~~ the ba~scattenng 

probab~l~ty ~s dependent on the energy ~f the ~nc~dent B part~cles, the­

f.ract~on of 8 part~cles escaJ:~f.l9 fram the spectrometer .... 111 ll.keHse te a 

functlon of the 8 part~cle energy, resul tllXj ln dl.stor,t~cn to tne shape of 

the B speqtrum. 

Although th~s effect ln plastIC 41 SCIntIllation spectrometers ~s 

not as serlOUS as ln the case of 4. ~norqanIc sC.l.ntillators or 

semQconductor spectrometers, nevertheless Rhode cS. Johnson (1962) place an 

upper luut of about 0.6 ~ (0.025 .l.n) on the separatlon between the two 

detectors. nns separatlon must aiso te reproàuc.l.ble to awnd 

dlscr~es between measurements made, at chffernt tlmes. 

f) Coupl1rq the 'IWo Halves of the Spectrometer. 

It follows rom the <llSCUSSIOn of the two preceedl.rq po.l.nts that 

the two halves of e s~trometer encloslrq the racl.lactlve source have to 

be as close togeth possl.ble and the deaj layers' between th~ have ta 

be as thl.n as poss le. 'Iherefore, ln most cases the t'WO ,halves are 

directly coupled to each other optlcally WI tp no reflectors separat.l.ng 

them from the source. Such an arrangement requlres a l~ght-aght 

enclosure to surround ~e spectrometer and l.IT1pOses restr.l.ctIons on the 

source IntroductIon mechan~sm and therefore on the half lIVes of the 

isot7>pes tha t cao be stu:hed Wl th th~s techruque (Rhode cS. Johnson 1962; 

Snyder & Beard 19'64). 

g) Non-coincIdent 'Y R.ay Background 

Due to the small separatl.ol'l I::letween the two halves of the 

spectrometer, the background resul t.l.ng from the detectlon of 

non-co.l.ncldent "Y rays emitted from the radlactlve source cao l'lot be easlly 

estimated U51ng the conventlonal technique of coverwg the source wi th a 8 

absorber and recordlng the "Y background aione (Gardner & Melnke 1958; 

0 ' Kelley 1962). 

h) Surm1.l.ng of CoinCident Radlatlon 

The ~arge solid angle for rad~ation detection in 4 x spectrometers 

results in a hlgh probabillty that any radiatl0n emitted in coinc~dence 

wi th the e partlcl.es will be detected and sorne or aIl of i ts energy 5ummed 

with that of the e particles. This is an imPortant effect in cases where 1 

the a decay 1.5 accompanied by coincident "Y ray emission, especial1y if the 
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,. transltlon ha~ to he hlghly converted. 

Slnce the 'Y rays do not always dep::>Sl t thelr full energy ln" the 
~ 

spectrometer, theLr detect10n -adds a Compton contlnuum ln summatlon w1th 

the 6 spectrum. Moreover 1 lf pas 1 tron s pectr a ar-i bell'~ measured., then 
" 

SallE! or aIl of the energy of the two 511 KeV anmh11atlOn photons can sum 

up Wl th the klneUc energy depos1 ted by the pas 1 trons ard W1 th any 

," cOlnCldent 'Y rays resul t1ng ln further compllcat:lons of the measured S 

spectra (Shellne 1957). All of these cOlncldent. sUImlat:j..on effects cause 

severe d1stortlons ta the B spectra measured w1th 4 '1 SC1nt111at'l.on 

spectrcxr.eters 1.n a manner whlCh 1S dlfhcult to lnterpret. They can alsa 

result ln counts above the ~ pennt of the 8 spectrum (Gardner &. Me1nke 

1958; O'Kelley 1961, Neller &. Bell -1965). 

In order to reduce the SUTVll109 effects of l rays and cOlnc1.dent 

, rachaüon, a l detector 1S placed outSlde the a spectraneter and operated 

1.n col.OC1.dence wlth it. The S partlcles counts are retal.ned only If they 

are detected ln cOl.ncidence Wl th the detectlon of the full energy of a 'Y 

ray ln the external a detector. (O'Kelley 1961; Rhcxie & Johnson 1962 and 

referençes 4,~ 5 therein; Snyder &. B~ard 1964; Neller &. Bell 1965; 

Westgaard et al. 1972; see a~ sectlan on the S -1 cOlncldence method 

for l ray suppresslon). 

Tb elim1nate the effects Qf ann1h11ation rad1ation summing, the 

triple c01.ncldence method is usually used ln cOn)unctlon wlth 41 

sClntJ.llat1.on spectrometers. In sorne cases a thlrd l ray detector is 

operated ln c01.ncldence wlth the other detector (four fald CalJ1Cldence) 

and used to suppress the detectlan af c01ncldent 'Y rays (see AppendJ.x B). ..., 

i) Measurement of the Response Functlon of a 4'1 Spectrometer 

Deconvoluting the a ray spectra measured wüh .h sCJ..ntlllation 

spectrometers J..n order to correct for the dJ..stort1ons caused by 1 
\ response functlon of the spectrometer requires knowledge of the s pe of 

1 the resp::mse functJ..on and changes in the shape over a wide range 

energJ..es (DiCola et al, 1967). The response functJ..on of these 

spectrometers cannot be assumed guassian J..n shape. The effects of energy 

1055 an:l absorption of 10w energy e partic1es in the source, dead layers 

and windows, imperfect 4, geometry and bremsstrahlung escape, result in the 

aCkli tion of a low energy tail to the guassian response function. 

Knowledge of the shape of this response function is crucial when ~ 

\ 

... 
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speÏCtrum shape factors are lnvestlgated (Snyder & Berard 1964; D1Cola et 

al. 1967). 

DJ.rect measurements of the resp:mse functlon of a 47: spectrometer 

to electrons above l MeV are nat possl.ble. Th.lS lS due to the lacl< of 

converuent convers10n e1ectron sources at these energJ.es and the 

lmpossJ.b1l1 ty af mtrcrlucu1g monoenergetlc electron beams from 

accelerators or magnetJ.c spectrometers .ll1to the 41 spectrometer. As for 

pos1trons, S.ll1ce there are no monoenergetlc posltron elTUtters, dlrect 

measurements of the response functlon are not posslble. 

Magnetlc Transport 

An alternatlve methcd ta that of havulg the sClntlllatl.oo medium 

surr0urx3 the soorce loS to separate the t'Wo halves of the scl.ntillatl.on . 
spectrometer (between whl.ch the source 1S located) trom each other and 

rely on a homogeneous magnetl.c fl.eld ta transport the /3 partl.cles from the 

source to the detectors. The magnetlc f leld aiso g\Jldes the 6 partl.cles 

backscattered from one half of the scmtlllation spectrometer to the 

second half (Christensen et al. 1967). 

The problems of thl.S methcd are essentlally the same as those of 

other 41 scintlllaÙon spectrometers except that the magnetl.c transport 

method suffers less from the adverse effect of the l ray background arrl X 

ray SUlIITll.ng. Thls 1S a resul t of the separatlon between the source and 

the detectors arrl therefore the lower so11d arlgle for l ray detect10n. 

The strong magnetlc field used to transport the B partlcles requl.res the 

use ,of IOn;} ll.ght gul.des ln order ta be able to pas 1 tl.on the Pm' far away 

from the scJ.ntillator Sa as ta lessen the magnetic field effects on the 

PMI' . The use of IOn;} l1ght guldes increases the noise in the system and 

results in a deteriorat10n in resolution of the spectometer. 

The magnetlc transp::>rt method has been used more trequently wi th 41 

silicon spectrometer arrangements and therefore a more detailed discussion 

of its merits and 11m1tatl.ons appears in the section on silicon 

spectrometers. Most of the arguments appearlng there are applicable ta 411' 

scintillation spectrometery using magnetl.c tranport espec1ally those 

concerning increased energy 10S5 in dead layers and long transient times • 

... 

\ 
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2.3.2c Selconductar Spectrometers 

Semlconductor detectars, manufactured fram sll1.can or germanlUJn, 

have been successfully used as 6 spectrometers. Although their energy 

reso1utloo (usuaIly a few keVl, 1S not as gocd as the best quallty 

magnetlc spectraneters at low energles, they can usually surpass the 

resalution of most magnetlc spectrometers at hlgh energles (Reynolds & 

Persson 1965; Hollander 1966; SpeJewSkl 1966; Bertollni.& Rota 1968; 

Tnschuk & Kankeleü 1968). Furthermore, the multlchannel nature of 

senu.conductor spectrometers and the possll>1hty of USl.ng them l.n hlgh 

1uminoslty configurations have made these spectrometers qulte popu1ar as 

too1s in electron spectroscopy (Gl.bson et al. 1965l. 

Ccmpared ta ather mu1tlchanne1 e1ectron spect;rometers (organic 

SClntl.llators and proportl.onal chambers), semicanductor detectors have the. 

advantages of far superlor resolutlon, sma11er dimenslons (as a result of 

theu- hlgher densHy) , mWl.mal Cl.rCUl try, stnct proportwnali ty between 

the output pulse and the energy deposl. ted ln the detectar (l.e. lineari ty 

and l.ooependence of the pulse hel.ght fram the type of partlcle dep:>si ting 

the energy), freedom trom drlft, insensl.tivity of pulse height to count 

rate, and thl.n entrance wl.ndows (Gl.bson et al. 1965 p. 363; Bertollnl. & 
, 

Rota; Knoll 1979 p. 402). 

However, due ta the hlgher Z of seml.caOOuctar ,6 spectrometers in 

comparison Wl.th plastic sCl.ntlllators, the distortions to the shapes of B 

spectra caused by the backscatterH~ of B oarticles and the escape of 

bremsstrahlun:;J radiation from the detector will be more severe. 

Silicon Spectrometers 

Silicon detectors of aIl types: surface barrler, dlffused junction, 

and lithium drlfted, were the flrst semiconductar detectars to 'be used 

extensl.vely 10 13 spectrometry as a result of their earlier developnent in 

comparison wl.th germanium detectors (see McKenz~e 1979) . 

As B spectrometers, silicon detectars have sorne important 

. advantages aver germanium detetors. These advantages include the 

poss ibi li ty of using silicon detectors at room temperature (al though for 

best reso1utian they have to be cooled to cryogenie temperatures) and the 

lCMer atomic number of silicon (Z=14 for silicon, Z=32 for germanium) • 
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'ltIe lower atomic number of sl.licon detectors azxj theu lower densi ty in 

comparl.son to germanium render them 1ess sensi t1ve to l rays above 40 keV 

(Haller 1982). '!he lower Z results in lower backscatterlllg coeffic1ents 

(the 5aturaUon backscatterulg for nonnally 1ncident l MeV electrons 1S 

about 9% arx:l 24% for s1licon and germanium respect1vely, values calcu1ated 

fram the expresssion g1ven by Kuzmiruk 5. Vorobiev 1975). L1ke'tN1Se, as a 

result of the 10w Z of silicon, less energy 1S lost through bremsstrah1ung 

production arrl escape fram
l 

sill.con detectors than i~e case of germanium 

spectrometers (Berger 5. Seltzer 1965, 1968; Grosswe 1974). 

Amorg sillçon B detectors, the Si(LU type 15 e most commonly­

used type since better resolution (in canparlson to diffused junctlon 

detectors) can be achieved Wl. th thl.S type. 

Several sllicon S spectrOlTleter arrarYJements have been reported 1n 

the ~~ature (see for example the compilation of Behrens 5. Szybisz 1976 

~ referenc:es in Bertolini 5. Rota 1968). 

These silicon B spectrometers can be di vided into two types: oneS 
-. -

wi th low s~c~etector geometry ,( soUd- aIXJ1e of detection < 2.) and 41r 

detection systems. 
.. 

Law Geometry Silicon S SpectrO!f1eters 

Many such ,spectrameter configurations have been used in S 

spectroscopy (Bosch et al. 1963; BertoUni et al. 1964; Charoenkwan 1965; 

Marlow & Waggoner 1967; Bertolini 5. Rsta 1968; McMillan 1970; Bosch et al 

1974; Lund 5. Ru:lstam 1976; Dakubu 5. Gilboy 1978). 

The main prob1em encountered with low geometry silicon S 

spectrometers is the spectral shape dlstort1on caused by 8 particle 

backscatterin;] from the detector. 'This distortion ma,nifests itse1f as an 

excess of counts in the low energy reglon of the S spectrum. It can a1so 

result l.n errors in the determination of'endpoint energy (Charoenkwan 

1965). 

As in the case of organl.c scintilla tors, the estimates for the 

~ ratio of ""backscattered to incident 8 partic1es vary depending on the 

energy and the arg1es of incidence of S partl.cles on the surface of the 

detector in the particu1ar spectrometer set-up. These estimates vary from 

8% to' 45% (Bertohni et al. 1964; Charoenkwan 1965; Bertolini 5. Rota 1968 

and references therein; Berger et al. 1969 and references therein; Booij , 

, 
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.! 1970; Antman & Svahn 1970; Bosch et al. 1974; Lund & Rtrlstam 1976; Dakul:u 

&, Gllboy 1978). 

Correctlon procedures that account for the effects of 

backscattering (and sometlmes resolutl.on) on the B spectra measure::l Wl.th 

sl.l1.con detectors have been reported (Bertoll.nl et 'al. 1964; Charoenkwan 

1965; Dl.Cola et al. 1967; Dakubu & Gl.lboy 1978). These correctl.on 

procedures usually require knowledge of the response functl.on of the 

sil1.con detectors to B partlc1es. Al ternatl ve methods whl.ch do not 

reqw.re direct knowledge of the resp:mse functl.on but requl.re Cccnparlsons 

with standard spectrum measurements have also been used (Charoenkwan 1965; 

McMillan 1970). 

The technl.ques for determining the response functlon of s11l.con 

detectors to 8 particles are sirnilar to those used for plastic 

scinti11ators: conversion electrons detected l.n cOl.ncidence wlth 

electromagnetic radiation (Bosch et al .. 1963; Bertolihi et al. 1964; 

Charoenkwan 1965; Dakubu & Gilboy 1978), mono-enetgetl.c beams from 

magnetic spectrOl1)eters or acce1erators, and Monte Carlo methods (Brundl.t & 

Sen 1965 arrl reference 2 therein; N11sson et a1= 1967; Berger et al 1969 

and references 1-9 thereln; Antman & Svahn 1970; Bool.j 1970; Hughes 1980). 

In genera1, measurernents of the response functl.ons of slll.con 

detectors suffer from the same dl.fficu1 tl.es as in the case of 

scintillators. Again, the same experimental condi tl0ns preve1ant durlr~ 

measurements of the 8 spectra should be dupllcated when the response 

function 1.S measured. In this context, the effects of B particle 

scattering in the source and backscatterl.ng from the source backl.ng have 

an l.mportant influence on the response function of the spectometers 

(Bertol1ru. et al. 1964; Charoenkwan 1965; Dakubu & Gilboy 1978). Other 

prob1ems experienced in the measurements of the response function of 

silicon detectors are: differences ln the response function for electrons 

and positrons, background related to the magnetic spectrometer or 

acce1erator, and difficulties in determining the reso1ution of the 

magnetic spectrometer and ensuring that it does not influence the response 

function measurement (Berger et al. 1969 arrl references therein; Antman & 

Svahn 1970). As an alternative to correct1ng the measured ~ spectrum for 

the'effects of backscattering, the use of antibackscattering veto 

detectors has been proposed ~ used in an experimental arrangement (Lund 
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5. Ru::lstam 1976). '!he deternllnation of the efflclency of the, B 

spectraneter am espeCl.ally the vanatlon of efflClency Wl th energy 

. becomes of paramount lmportance ln thlS case (Lund 5. Rudstam 1976). 

A 411 antlcoincldence arrangement wlth two s1.11.can detectors 

sancn.nchJ..ng the radioactive source has also been attempted (SCMU tz et al . 

1972 ). In th1.s conf 19ur at1.on , one detector 1.S chosen as the B 

speetrometer- am operated 1.n ~tlcolncldence wlth the second detector 

(F1othmann et al. 1969; Schrmtz et al. 1972). '!h1.S technlque has the 

ëdded advantage of reduclI'~ the contrJ.butl.On ta the backgrouOO org1.natl.r):J 

from Ccmpton scatterulg of 'Y rays em1.tted fram the source slnce Compton \(. 

events ln whlch the veto detector lS trlggered by the scattered photons 

are reJected. 

'Itle same ant1backscatterlng technique has been trie::i ln a 4. 

spectraneter whlch uses a magnet1.c fle1d ta transport the e1ectrons fran 

the source ta one of the detectors, arxl backscattered electrons frem one 

detector to the other. Again, one of the two sil1.con detectors lS 

operated as veto deta::tor ta reJect backscattered electrons. An estrn1.ate 

of the backscatterJ..I4 coeffic1.ent of s1.1icon for 0.5 am 1 MeV 1.nc1.dent 

e1ectrons was obta.1ned ("'29%) tut no deta1.led lnvestlgatlon of the 

SUl.tabi1l.ty of the technlque for B spectroscopy was carried out (Andersen 

5. Christensén 1968). 

'Ihere are two serlOUS drawbacks assoclated wlth the use of 411 

anti-backscattenng arrangments. The flrst lS the dependence of the 

backscatterlflg coefflcient on energy Whlch resul ts ln an energy dependent 

efficiency for the whole spectrometer system. 'The second problem 1S 

caused by the fact that the energy spectrum of the backscattered S 

particles extends to very low energies. The low energy portion of the 

backscattered spectrurn results trem events ln which the ~ particles deposi t 

most (but not all) of thelr energy ln the spectrometer and are then 

backscattered with only a small tyact1.on of thelr lnCldent ~ergy 

remaining. Because of the existence of a low energy threshold in the 

anticoincidence unit (of about 10 keV), such events w1.'ll not trigger the 

anticoinc~dence circmt and the counts generated by the B parhcles in the 

spectrometer before being backsc~ttered. will therefore be retained. '!'lus 

results in a Iwo energy "shoulder" in the spectrum of a monoenergetic 

electron 1ine and serious distortions in the case of continous 13 spectra 
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(Sclwni tz et al. 1972). 

4. S~llcon Spectrometer Systems 

4. s111con spectrometers have been used qulte extenslve1y for B 

spectroscopy stud1.es. There are two approaches ta achleving the 411 
, \ 

geonetry: close prOX1mlty of the detectors to the radloactlve source and 

magnetlc transport of "the 8 partl.cles from the source to the detectors. 

4. Spectroscopy USl.l'lg 'IWo Sillcon Detectors in Close Pronmlty to the 

source 

// This type of spectrometet arrangement lS probably the most widely 

",.fed arnong s~llcon B spectrometers. In this conflguration the raC110actlve 
, 

source lS san:iwlched between two slhcon detec,tors whlCh are placed close 

to each other (separatlon between detectors «1 rmd. The source lS 

therefore almost completely surrounded from a11 mrectlons by the 

detectors and B partlcles emltted ~ approxlmately 4~ solid angles are 

detected. Moreover, electrons backscattered from one detector will end up 
, 

belllg detected in the second detector and thus the effects of 

backscatteri~ are almost completely ehminated. To âchleve thl.S, the 

total energy of the backscattered electron is accounted for by sunrnmg the 

coincident pulses from the two detectors (Reynolds & Persson 1965; 

Spejewski. 1966; Persson et al. 1971; Glls et al. 1972; Schmitz et a~. . , 

1972, Schuperferling & Hoffmann 1974). 

In general, 411 sihcon spectrometer systems suifer' from the same 

t~ of problems discussed in the section on 411 organic scintillation B 

spectrometers. 

a) Deterioration 10 Resolutlon 

As a resul t of summi~ the signaIs from the two silicon detectors, 

the resolution of the 411 spectrometer will be worse than the resolutlon of 

either of the two detectors separately. This reflects the SUIn of the 

resolution of the two detectors (in quadratures) and any imperfections in 

the sum circuitry (Schmltz et aL 1972; Flothmann et al. 1972). The 

resolutlOn of 4x sl.licon spectromet~rs lS usually of the order of 10 keV 

(Reynolds & Persson 1965; Spejewskl 1966; Trlschuk & Kankeleit 1968; 

Persson et al. 1971; Flothman et al. 1972). If the two detectors are 

connected, in parallel with each other, te the input of the same 
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preamplifier, the increase ln the'l.nput capacl.tance to th~ preampll.fl.er 

(as a' resul t of the sunmUlg of the capacl. tances of the two detector s ) 

causes a deterl.oratl.on ln resolutl.on as weIl (Tsoulfandls 1983, p. 317). 

b) Ga~ Match~ 

In rr.ost cases ln 411 Sl.llCOn spectrometers, the outpùt pulses from 

the two detectors are amphhed separately and then added to eacti other 

electronl.cally ln a sum amplifler. 

the gal.nS of the two halves of the 

assOcl.ated Cl.~try: preampllfler, 

Slnce the output pulses are sunrned, 

411 spectrometer (the detectors and the 

qmpll.fl.er, etc.) have to be perfectly 

matched. PrOVl.Sl.Ol1S for ke€p1.Og the gal.ns stable have to be made as weIl 

(Reynolds & Persson 1965; Trlschuk & Kankelelt 1968; Persson et al. 1971; 

G1.ls et al. 1972). 

In certal.n cases the t:wo detectors are sl.mllar enough that the 

pllses tram the two detectors can he added by sl.mply connectlng the two 

detectors 1.0 parallel to each other and feeding the p..llses into the same 

prearnpll.fler (SpeJewSkl 1966, Trischuk & Kankeleit 1967). In thls case it 

is cruCl.al that the number of charge carrl.ers generated and collected by 

each detector, per unit deposlte:l energy~OUld he the sarne. In o~er 

words, one has to ensure that the two det tors are nearly Identical and 

~o signl.flCarlt dJ.fferences int~e ~ano f tor or ln charge trapping eXl.st 

between the two detectors, o~lse the charges collected by the two 

detectors can not he summed directly {Trl.schuk & Kankeleit 1967, 1968). 

c) Call.bration 

The improved resolutl.on of Sl.llCOn spectrometers simpll.fl.es the 

problems l.nvolved in call.bratl.ng 411 slll.con B spectrometers 1.0 comparl.son 

to plastl.c sCl.nt1.11atl.on spectrometers. Neverthe1ess, the uncertaintl.es 

in the determl.nation of the converSl.on electron energles caused by the 

summing of coincident radl.ation (X rays and Auger electrons} are still a 

source of problems in 411 silicon spectrometers. Such summing causes 

shifts in the energies of the converSlon lines used for ca1ibratl.on and 

distortions to the shapes of their peaks. (SpeJewski 1966; Schml.tz et al. 

1972) . 

d) Losses in Dead Layers 

In analogy to 4~ scintillation spectrometers, B particles suffer 

energy losses durmg thel.r passage through the source material, the thin 

film covering i t, the backing (for backscattered electrons) and the thin 

li' 
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~ 
~nsens~ t~ve reg~ons on the frol"lt surfaces of the detectors (thls reg10n is 

made up of the front face electncal contact and usually a thin dead layer 

of si~con) (Persson et al. 1971; Schuperferhng 1975). The energy 10ss 

of the e part~cles 1n these layers ~s dependent on the1r 1nit1a1 energy 

(Haller & Gouldu1g 1981), and can therefore re:sult ln serious d~stortl.ons 

to the shapes of e spectra. Furthermore, the law energy e partl.cles which 

have the highest rate of e~ergy 10ss in the se dead layers aiso have a 

hlgher backscattenng probability than hlgh energy e particles. Therefore 

the lcw energy B part~cles have a h~gher probabJ.ll. ty of travers~ng rrore 

dead layers and of 10s1Og more energy ln dowg sa (Trischuk & Kankelei t 

1968; Gils et al. 1972; SChmltz et al. 1972). 
, 

Because of the 4lt geometry of the detectors, e partlcles emitted at 

practically any angle (ll1cltxhngvery shallaw angles) are accepted by the 

detectors. Beta partl.cles ellutted at shallow angles follow longer paths 

through the dead layers and therefore lose more energy than part~cles 

emi tted at éll1g'les close to the perpendlcular to the surface of the 

detectors. As a resul t of these dlfferences ln path length, the energy 

loss of a partl.cles wl.ll be a functl.on of thel.r angle of emisslon. Even e 
partlcles of the same energy wlll expenence cons1<~erably dlfferent energy 

losses depend~ng on the angles of eml.SS10n (Flothmann et al. 1972). Since 

the a.rlgles of eml.ssion of e partlcles that are accepted by the detectors 

depend on the dl.stance between the two detectors, the adverse effects of 

energy losses in the dead layers w~ll he crJ.tically depeooent on the 

separatl.on between the NO detectars (Flothmann et al. 1972; SchlTlltz et 

al. 1972). 

'Ihese energy losses can cause smal1 downward sh~fts ID the energies 

of monoenergetic electron ll.nes (Tr~schuk & Kankeleit 1968, Flothman et 

al. 1972), deterlaratl.On ln the resolution of the 4lt spectrometer as a 

result of the spread ~n energy lasses caused by the d~fferences ~n the 

number of passages through the dead layers (Persson et al. 1971; SchnÎ~tz 

et al. 1972), asymmetries ~n the shapes of,monoenerget~c electron peaks 

(Flothmann et al. 1972) and can even result ln a smal1 satelilte peak at 

an energy lower than that of the full energy peak (Schuperferhng 1974). 

ALI of the se effects will obviously cause a consl.derab1e deformation of 

the shape of the response functl.on of the spectrometer and therefore 

result in important distortions of the true shape:S of a spectra. 
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e·) Imperfect 41t Geometry 
, 

The near irrpossibility of attaining a pe,rfectl4Jl source-detectors' 

geometry with silicon detectors results in serious distortions ta the 

shapes of e spectra. The difficulty in realizing· a 4n geometry stems from 

several factors (GUs et al .. 1972). The finite (however smaU) . thickness 

of the front contacts of the detectors effectively separates tbe two 

detectors and leaves a small gap in the active detector material 

surrounding the source (Schmitz et al. 1972). Another factor is the 

reguirement that the radioactive sources be deposited on, and covered 

with, thin films in arder ta avoid contaminating the detectors by 

depositing the radioactivity directly on their surfaces (Trischuk & 

Kankeleit 1968). The delicat~ nature of the front surfaces of the two 

d~ectors requu-es that they should not come l.nto direct contact with each 
, 

other or with other surfaces (source covering or backingt (Gils et al. 

1972). Finally, the need sometimes ta avoid electrical breakd~ between 

the two detectors places a restriction on hQI,V close to each other they can 

be posl.tioned (Reynolds & Persson, 1965). 

The hni te separation between the two detectors (imperfect 4 Jt 

geometry) brought about by the factors mentioned abové result in quite 

remarkable distortlOns to the shapes of S spectra measured wi th 4 Jl silicon 

spectrometers. In' fact, the measured shape factors of the '8 spectrum have 

values that are function of the separation between the two detectors 

(Reynolds & Persson 1965, Trlschuk & Kankelelt 1968"). 

The e spectrum shape distortions are caused. by 13 particles escaping 

through the gap ~tween the two detectors after they have been 

backscattered from one of the detectors and lost sorne of their energy 

there (Reynolds & Persson 1965). The ~scape of sorne of the backscattered 

13 particles manifests i tse1f as an excess of low energy counts in the 13 

spectrum (up to several percent)~(Reyno1ds & Persson 1965; SpeJewski 

1966). In the spectrwn of a monaenergetic Ilne, the distortion appears as 

a low energy continuum extendlng from the full energy, peak ta zero energy 

(F1othman et al. 1972; Schuperferllng 1975). In the work of Glls et al. 

(1972), an upper permissible limit of 0.05 mm was set on the separation 

between the two detectors of (for detectars of 2 crrr surface area each) 

was set. 

, 
\ 

o 
'v 
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~ f), Source Introduction Mechanism ' 

l AH of the 41t silicon B spectrometer systems mentioned above are 

operated at about 1iqw.d ni trogen t~mperature in order to improve the 

, resolut~on of the detectors For ex ample , an improvernent ln resolu~ion of 

a ~ingJ.e 51 (Li) ~etector from 60-75 keV at 2g' C . to 5. ~ keV at 77K was 

""ob.servéfÙ1 the work of SpeJe'WSkl 1966. The requuement that the 

radioactive sources, which are mounted on extremely thin fllms to minim'ize 

dead layer losses, be introduced from outs~de the spectrometer (where they 

are at atmospheric pressure and room temperature condit~ons) into the t~y 

gap between the two detectors (which are under vacuum and at cryogenic 

temperatures) and he accurately posltloned there, ObVlously compl~cates 

the design and engineenng problems quite conslderably. This is 

especially tru~ in the case of short lived nuclei where the whole process 

of source introduction has to be accanplished as rapidly as possible (Gils 
, 

et al. 1972). As a matter of fact, most of the 41l slll.con spectrometer 

systems are not equipped to hand1e short lived act1v~t1es since the 

detectors have to he warmed up to room temperature and atmospherlc , 
pressure and moved away from each other before a new sourcce can be 

introduced (Reynolds &. Persson 1965; Spejewski 1966; Tr~schuk & Kankeleit , 
1967; Schmltz et al, 1972). 

g) Non-Co~ncident "Y Ray Background 

As in the case of organic scintll1ators, Compton scattering of 

non-caincident ~ rays adds "to the background experlenced by 41 silicon 

spectrometers (SpeJewskl 1966; Schmitz et al. 1975). 

h) SU/mling of Coincident Radlat~on 

As ment~oned ~n the sect~on on 41 scintillation spectrometers, the 

large sol~d angle for radlatlon detection results ~ a hlgh probabil~ty 

for the summlI1g of the energy of the a part1cles W1 th sOOIe or aIl of the 

energy of any coincldent ramatl.on. Such surmnng resul ts in serlOUS 

spectra shape dis tort l ons . (SpeJaYski 1966; Güs et al. 1972; Schmltz et 

al. 1972; Flothmann et al, 1972: Schuperferllng 1975. 

Ta suppress the effects of cèùnCldent "'( ray SUl11llUng, a-y 
coincidence techn1ques using one or NO large N'ar (Tl) r detectors 

surrounchng the 4w: spectrometir have, been utlllzed. (SpeJewski 1966, 

Gils et al. 1972, Schuperferll.ng & Hoffmann 1974). 

Beta decays are always accompan~ed by the c01nc~dent enu.ssion of a 

01' 
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continuous spectrum of 'Y rays. This phenornenon is called internaI 

bremsstrahlung emission and originates from the electromagnetic 

,interaction of the nucleus with eml.tted B particles (Petterson 1965). In 

4. silicon B spectrometry sorne of the lnternal bremsstrah1ung photons will 

j,nteract with the 8 detectors and deposlt sorne or aIl of theu energy 

there in coincidence W1 th the depos1 tl0n of the energy of the B particles. 

The sunmatlon"of energies that en sues causes distortions ln the shape of 

the ~ spectrum that have to be corrected for (Trischuk & Kankelelt 1967). 

i) External Bremsstrahlung EInission 

Because of the hlgh Z of silicon in compar1son w1th organ1c 

scintillators, the phenomenon of bremsstrahll,.lI1ÇJ productlon and escape from 

the a spectrometer is more lmportant in 4n s111con spectrometers. This 
, , 

effect increases in importance W1 th the increase in the endpolnt energy of 

the ~spectrum (Flothmann et al. 1972; Gils et al. 1972). In a 
\ ' 

monoen'èrqetic electron line sp@!trum bremsstrahlung los ses manifest 
~ , 

themselves ln asymnetnes ln the shape of the electron line arrl a low 

energy continuum and even a broad satelllte peak below the full energy 

peak (Flothmann et al. 1972). 

fbe distort1ons to the shape of B spectra resul tlng from 

bremsstrahlung escape are dependent on the exact geometry and' sizes of the 

source and the detectors. An accurate evaluatl0n of the magru tude of the 

effect of bremsstrahlung ·on the shape of the 8 spectrum reqlllres an 

extensivo€ Monte Carlo slmulat10n. US1ng such an evalut10n, special 

correctlons have to :be appl1ed to the B spectrum to rectJ.fy the 

distortions caused by bremsstrahlung losses (Tns~huk & Kankelelt 1976; 

Gils et al. 1972; Weigner et al. 1973). The fallure to apply these 

correctlons can result ln conslderable deVlatl0ns from the true shape of 

the e spectrum, espeClally near the endpo1nt. 

j) Deconvoluting the B Spectrum and Measurement of the Response Function 

of the Spectrometer. 

--------~ Beta spectra measured W1 th 4 n sil1con spectrometers usually have to 
'---. 

he correc~,for the finlte resolutlon of the spectrometer system, 

espec1ally near the eoopc)1nt (Reynolds & Persson 1965; Wlliett & SpeJewSkl 

1967; Tnschuk & Kankelelt 1967; Schm1tz et al. 1972). The dlstortlng 

effects of energy 1055 in dead layers, bremsstrahlung losses arx:l the 

escape of sorne of the backscattered electrons due to Hlperfectlons in the 
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4 t geometry combine to produce asymmetr ies in the shape of the response 

function of 4. sil~con spectrameters (Persson et al. ,1971; Flothmann et 

al. 1972; Schuperferling 1975). 

'!he shape of the resp:mse function can no Iorger be approximated by' 

a symmetric guassian and the exact shape of the response of a partlcu1ar 

spectr~eter has to be determined accuarately ID order to be able to 

deconvolute the measured 8 spectra from i ts chstorting effects 

fSchuperferling 1975), 

InternaI conversion electrons, in coinc~d;nce with the appropriate 

X rays, have been used to measure the response function of 4 11 silicon 

spect.I.:omet~s. The X ray coinc1dence condit1on lS us~ to remove the B 

and r ray background that accompany the convers~on electrons (Persson et 

al. 1971; Flothmann et al. 1972; Schuperferling 1975). '!he problems 

encountered. in using this method for response function measurement are 

discussed 1n deta~l ln the work of Flothmann et al, (1972), Br1efly, the 
, 

major difficulties are: attentuation of the X rays in the silicon 

detectors to such an extent that in order to obtain acceptable c01ncidence 

counting rates the 'separation between the two detectors has to be 

increased to expose the rad10active source to the X ray detector, thus 

al terin;:J the response funct10n of the spectrometer in ~ the process; 

problems of variation' in the coinc1dence count~ng 'eff~ciency wi th the 

deposited 8 partlcle energy; choice of the appropr~ate interna! conversion 

transition with long lived isomenc states in order for the comcidence 

method to be effective m suppressing the B and 'Y rays (Schuperferling 

1975); and finally the problem of 'Y rays causing QOinc~dence counts in the 

X rays detectors after beU"Ig Comptom scattered. fram the e detectors 

(Schupeferling 1975) . 

A Monte Carlo slmulation of the response function has also been 

attempted w~th 1imited success.' (It fa~led to reproduce the shape of 

experimentally measured monoenerget1c e1ectron lines (Schuperferling 

1975», 

2) 4. e Spectroscopy Using the Magnetic Transport Technique 
",,,,r ...... -__ ::; 

In this approach, a strong ~Cyl1ndrically synmetric magnetic :field, 

suppl1ed by a superconducting so1enoid serves as an electron gUide 

transporting the 8 partl.cles fram the source to the detectors and the 
---------- -------

backscattered e partic1es fram one detector to the"other , 'Ibe source is 
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placed at the tenter of the' solenoid, and the detectors are placed along 

the axis of the solenoid on either side of the source separated from each 

other by a conslderab1e distance (,>10 cm). Beta particles emitted fran 

the sourc~' (in a 4x solid angle) follow helical trajector~es in the 

magnetic field and ~e transported to ei ther one of the detectors 

dependulÇJ on the original d~rection m wh~ch they were em~ tted. Beta 

particles that are backscattered fram one detector travel ln the opposite 

direction and are detected by the second detector. The two detectors are 

operated in a summat~on rno::ie and therefore the energy depos~ ted oy ~ B 

particle in both detectors is added up in the same rnanner as m more 

convent~onal 41 B spectrometers. The strong magnetic field conf~nes the 

particles to -orbi ts of small radil 50 that they are intercepted and 

analyzed by one of the silicon detectors. '!he purpose that the magnet~c 

field serves is to allow the otwo sillcon detectors to be physically 

~ se~ated from the source ar:rl fram each other while at the same tlme 

maintaining the 4~ solid angle for Bray detection. 

The separat~on between the source and the detectors resul ts ID a 

small geometrical solid angle subtended by the detectors at the source œnd 

therefore in a reduction in the probabili ty for .., ray detect~on. As a 

conse:JUence of this. the ratlo of the solid angle for the detectlon of B 

rays to that for 'Y rays is greatly enhanced (a factor of 100 or more) and 

quite an effective suppression of the Compton background (caused by the 

interaction of 'Y ra ys with the sihcon detectors) is achieved (Shera et 

al. 1967; Andersen & Christensen 1968; McMillan 1970; Ham~lton 1975). 

In addition to the techn~cal problems of contructing a 

superconducting magnet system wi th the required cryostat and associated 

support e:JUipment (~cuurn 1 power .supply 1 etc.), the 41 detection method 

using a magnetic guide suffers from the sarne difflculties experienced by 

the usual 4 ~ silicon detector arrangemetns (except for problems that are 

caused by -y, ray detection). 

1-------------"-\------"'l11~'e__det_erioratlon in I;~solution caused by signal sunmmg is still a 
, , 

problem (Shera et al. 1967; Hamilton 1975). Moreover 1 the space 

limitations inside the bore of the solenoid requlre that the preamplifiers 

be placed outside the solenold and at a considerable distance form the 

detectors. This ~~ ts in the use of long cables between the detectors 

and the preamplifiers .an:j therefore in a large input capacitance for the 
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preamplifler which in turn causes a degredation in the resolution of the 

spectremeter system (~hera et al. 1967; Andersen & Christensen 1968; 

Anderson 1968). 'lbe resolution of these 411 spectraneters is typically in 

the 10-20 keV range (Christensen & Andersen 1968; McMillan 1970). ".. 
r 

'!he sunmin;:J of electrons (lnternal conversion and Auger electronss) 

emi tted frem the source in çoincidence Wl th the ~ particles i5 a problem 

in these 5pectraneters as weIl (Shera et al. 1967; Hamilton 1975). In 

fact, the conversion electron spectrurn of:ZO 'Bi measured wi th 4 .. sillcon 

spectraneters ,emploYl.flg a magnetic beld al ways conta1ns KK, KL & LL sum 

peaks resultlng from the adchtion of the various components of two 

coincident internaI conversion transitions ln the decay of this isotope 

(Anderson & Chrlstensen 1968). 

A prob1em which 1s peculiar to, this type of spectraneter is caused 

by the long transit ti:me taken by backscattered electrons to travel from 

one detector to the other. Deperding on the distance between the two 

detectors 1 the energy of the a particles uroer study, and the integration 

time of the amplifier 1 up to a few percent of the co~ generated by' 

backscattered a part1cles may fall outside the intergration time of 

amplifier and therefore not be counted. 'Ihis effect increases in 

1mp::>rtance if multiple backscatterings are considered (Shera et al. 1967). 

'!he he1ical paths that the a particles follow in the solenoidal , 
field result in an increase in the energy loss suffered by the B part1c1es 

when they traverse any deërl layers intervenlllg bet'ween the source am the 

detectors . nus 15 a consequence of the increase in the mean path length 

in fue dead layers caused by the splral trajectories that the 6 particles 

are forced to follow by the~ interactIon with the magnetic field 

(Hamil ton 1975). 

'!he treatment of the problem of a particle trajectories in the 

magnetlc field of the solenoids has been qui te ru:hmentary. The 

simplifying assumption of a uniform magnetic field has always beèn used 

instead of using the actual magnetic field geometry generated by the 

so1enoid (Shera et al. 1967; Andersen & Christensen 196B; McMillan 1970; 

Andersen 1974). As' a result of this simplification, there has probably 

been an urx:ierestimation of the signifi~ance of backscattered a particles 

that are not detected in the second detect6r. 'ttlese B particles that miss 

detection are usually backscattered a particles that r~e from ·the 
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surface of the ,detector far away fram the solenoid axis am at large 

ëU'XJles wi th respect ta this axis arrl ther ore fol1ow trajectories wi th 

rérlii 'large enough that they collide with the magnet 's bore or ml.SS the 

second detector altogether (-Andersen & C , istensen 1968). 

. The prob1ems of source detector a~ignment and source introduction 

mechanisms are st~ll complica~erl in spit of the considerable separation 

between the two detectors. 'Ihe space li i tations imposed by the diameter 

of the magnet's bore ~s the cause of these complications . . 
Finally, because of the particular source-detector geometry in 

these spectrameters and the fact that the source' and detectors are 

contained within the solenoid and its cryostar~, these spectrometers ar.e 

not sui table for ~ - ycoinddence stuches (McMillan 1970). 
" 

-'111e Limi.:tations of Silicon ~ Spectrameters 

The major drawback of silicon spectrometers is th~r limit'ed 

sensitive thickness and and therefore the 1imited range of fi decay 

energies that can be studies using them. In the case of Si(Ll.) detectors, 

the restriction on active detector thickness i5 the resul t of Ifhe low 

mobili ty of lithium in silicon and therefore the limi ted thickness of the 

compensaterl region which may be obtained with lithium driftirv;; (Coche & 

Siffert 1968). In the case of diffused junction and surface barrier 

detectors, the limi t on the sensi ti ve detector thickness is set by the 

resistivity of the starting silicon material available arrl by the voltage 

that the detector' s contacts c"an wi thstand before breakdown (Coche & 

Sif~t 1968 P 133). 

J'.' Although Coche & Siffert (1968 p 161) seem to irxiicate that the 

thickness of the canpensated region, obtained by lithium drift, can he as 

high as 10 or 15 nrn, nevertheless sl.licon detectors (lithium drifted or 

otherwise) are availab1e commercially with sensitive thicknesses of up ta 

5 l1I1l only (Haller -o. Goulding 1981, EG&G 1981, H/F 1981, Decker et al .. , 
1982, EMERTEC Schlumberger 1983). A sensi ti ve thickness of 5 !Ml of 

silicon corresponds ta the range of electrons wi th energies to about 2 MeV 

{even a 15 mm thickness 'represents the range of 6 MeV electrons in 

silicon} (Berger et al. 1969 an:l reference 24 therein). For fi particIes 

whose ran;}e in silicon exceeds the thic~ess of the /sensitive layer, there 

15 a smaIl probabiIity that they will ~ stopped in the active portion of 
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the detector ~ loS~ ~heir energy there (low full peak efficiencyl. tt.. 
probabili ty of full! energy deposl tion decreases rapl.dly as the energy of 

the incident a parÙcles .l.ncr,eases (Bertalinl. & Rota 1968; Berger et al. 

1969). This incomplete eneDgy 1055 cau~es severe distorti 

shapes of 8 spectra whose endpol.nt energies are higher th 

energies that'can be completely stapped withl.n 
(\ 

! 

S to the 

the electron 

actlve region 

(Bosch et al ~ 1963). ",~ 
Stacklng several transmissIon type sl1l.con det 1 ~ars l.n a telescope , 

arrangement in arder to obtain a sufflclent senSItIve stop 

energetic 8 particles resul ts in s'everal problems. Operating the 

detectors in a SUffi cOlncidence mode requires that the gains of aIl the 

detectors be perfectly matched. It also results in a deterioration in the 

resolution caused by the Surnming of the signaIs. In aà:1i tion there are 

the problems of distortions of the shapes of 8 spectra due to the energy 

lasses in the dead layers that exist on the front and back contacts of 

each of the detectors that are traversed in the stack. Another problem is 

that of matching the soUd an<fles sill>tended by the act:ive area af each of 

the detectors at the source. USl.ng a small diameter front detector 

resul ts in a large probabl.li ty for energy loss thraugh sidescattering 

while usirq a large diameter bfront detector and colll.mating'O> the ~ 

particles incident on it results in dl.stortions due the detection of e 
partic1es scattered fram the co11imator. In both cases thé solld argle 

for detection is determined by the back detector (the la,st one in the 

stack) • This soUd an:;Jle will be qui te small because of the separation 

between the back detector and the source. 

Another solution for the limi ted thickness of silicon detectors has 

been attempted. In this approach, the 8 rays are made ta enter through a 
, 

fIat edge on the side of the detector (the 8 particles enter the detector 

in a direction parallel to the plane of the contacts on the two faces of 

the detector). The incident a particles thus "see" a thickness af silicon 

almost equal to the dl.~eter of the detector (Marlow & Waggoner 1967; Lund 

& Rlrlstam 1976). However, since the detector is rather narrow (i ts width 

beirq the thickness of the sensi ti ve region 'V 5 nm), there is a large 

pI-obabili ty for sidescattering out of the detector. Tc suppress this 

effect, anticoincidence electron detectors are arranged to surround the 

silicon spectrometer in order to veto any outscatter~ electrons (Lurrl & 



/ 

, , 

j 

-, 

/ 
/ 

-87-
/' 

Ru::istam 1976) r 
. i 

1. 

Future Deve10pments 

Recent reports have demonstrated th~t with the.avai1abi1ity of . 
ultra high purity silicon (100 KG-cm), the '.manufacture of thick (up ta 15 

l'mi), 'total1y dep1eted, si1~con surface barrier detec~ors is now feaSible 
\ 

(Shiraishi et al. 1983 and ref~ences 12, 14 therein). The excellent 

. reso1ution of these detectors (a few keV for l MeV electrons), and the 

feasibility of making extremely thin co~tacts on bath faces of the 

/ detectors (transmission type detectors sui table for. stacking) make these 

newly developed detector~ quite"promising for use as high energy B 

spectrometers . 

Finally. there has been a brief report recently on the use of a a 
spec.trometer CQnsisting of a 10 !Tm thick silicon detector and a thin U50 

an) silicon detector arranged in a telescope configuration (Nitschke 1983). 

Getmanium B Spectrometers 

AlthoUÇJh the very fir.!?t semic6~uctor radiation detector was 

manufactured fram germanium (see McKen~ie 1979), the deve10pment of 

germanium detectors as radiation spectrometers lagged behirx:1 that of 

silicon detectors mainly because of the requirement that germanium should 

be operated at liquid nitrogen temperature. However, during the 1960'5 

arrl early 1970' s germanium y ray spectrometers (first lithium drifted and 

then high puri ty) were developed and gained wide popularity. 

In spite ct the advanced sta:;]es Of developnent that germanium y ray 

spectrometers had reached by 1976, there hirl been only a few reports of 
, 

electron spectra measured wi th germanium detectors. These early reports 

consisted mainly of measurements of internaI conversion electron spectra 

to test the detector 1 s performance and the thickness of the detector 1 s 

contacts (see for ex ample DeLyser et al. 1965; Strauss & Larsen 1969; 

Hansen 1971; Peh1 & Cordi 1975). There were' also reports on the use ~f 
conversion electrons and monoenergetic e1ectron and posiuon beams (fram a 

magnetl.c spectrometer) to measure the average energy require::1 to create an 
\ 

electron-hole pair in germanium and the dependence (if any) of this energy 

on the species of particle depoSi ting the energy (Ewan & Taveooa1e 1964; 

Pehl et al. 1968). Final1y there were reports on the feasibility of using 

1 

" 
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a germanium detector as a e spectrometer or as an internaI conversion 

a electron spectrometer but without rrruch in the way of app1~cations (camp 5. 

Armantrout 1965, Gruhn et al. 1969; Paris 5. Teherne 1969). 

Thiq germanium ,detectors were also used as conversion electron 

spectrometers and 10w energy beta spectrometers ~~ nuc1ear orientation 

studies because of thelI good performance at low cryogenl.c tempe ratures 

«10 K) (Frank et al. 1964; Brewer & Shirley 1970; Hung et al. 1976; 

Vydrik 1977; Boysen & Brewer 1977). However, there had heen no publishe:l 

reports on the use of germanium detectors for precise B spectrometery 

measurements until 1976. 

The development of the -lithium drl.ft processes for' compensating 

ger~um in the sixties made the production of planar Ge(Li) detectors 

with sensitive thicknesses of ~p to 20 lT111 quite feasible (Ewan 1979, Knoll 

1979 P 416). This thickneSs corresponds to the range of electrons of 

about 20 MeV energy in germanium. (According ta Ewan (1968), ta a very 

good approximation the range of electrons in germanium 1.S given by R = E -
, 

0.2 where: R=Range in millimeters, E=Energy of the electrons in MeV. See 

also Evans (1955) p. 625). ThlS energy range'includes essentlally aIl 

known B endp:>int energies. 

However. Ge(Li) detectors are qui te difficult té fabncate 'anj 

han::lle. The high mobility of lithl.um in germanium imposes' that Ge(Li) 

detectors be kept at cryogenic temperatures (tisual1y liquid ni trogen 

temperature) continuously after the 11thium compensation process (Knoll 

1979 p.4l6). Otherwise, if the Ge(Li) detector is warmed up to a room 

ternperature even for a few rm..nutes, the high mobl.li~y of lithium would 

result in the precl.pitation of the ll.thiURl anj the decompensatl.on of the 

sensitive region (Haller 5. Goulding 1981). ThlS l.mplies that" Ge(Li) 

detectors should be mal.ntained 10 the same cryostat in which they were 

mounted immediately fo11owing manufacture. 

Ge(Li) çietectors are aiso very sensüive to any surface 

,contamination and ther,efore 'should be' kept at a high vacuum at aH Ume 

, wi th special care taken to ensure, that ~y c.ondensable gases or vapors in 
" th.e detector's cryostat are elinunated (Camp 5. Armantrout 1965; Boysen & 

Brewer 1977; McKenzie 1979; Haller & Gouldl.ng 1981). Theil temperature 
-

and vacuum requirernents cause severe handling problems and have hampered 

the use of Ge~Li) detectors as B spectrometers. Nevertheless, a Ge(Li) 

... 
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detectar (enclosed in i ts own, separate cryostat wi th a thin entrance 

wirxlow) has been used as a ~ spectrometer (D'Auria~ et al. 1976). 

The developnent of high purity germanium (Ge(HP» detectors in the , 
early seventies elim~nated most- of the hand1ing difficulties encountered 

with Ge(Li)'detectors (McKenz1e 1979, Halter & Goul~ng 1981). High 

purity germanium detectors can be easily recycled to room temperature and 

arf!> less sensit~ve ta suI-face conta1mination than Ge(Li) detectors. 
, 

Ge(HP) detectors are corrvnercially availab1e up to a sens1tive 

thickness of 15 mm which 1mp11es that aIl 6 particles, even t.hose 

em.i tted 1n the most en9l:getic 6 decays, can be stopped w~ thin the 

sens1tive region of the -detector. All of these factors have paved the way 

for the application of germanlum detectors to the field of a spectrometry. 

'!he pioneering work done at the Foster Radiât10n laboratory in the 

mid seventies clearly demonstrated the potent1al of high purity germanium 

detectors as excellent B spectrometers especially for ~tudies of nuclei 

far fram stabi1ity (Moore et al, 1976; Rehf1eld 1977). Prl0r to that, 

there had been on1y one unpub1ished report on an unsuccessful attempt to 

use a germamum detector Ge (Li) for measurements Jof continuous 

(see Otto et al. 1979 and reference 2 there1n). 
" 

spectra 

Since then, the use of h1gh purity germanium detectors 1n ~ 

spectroscopy~ and especially in regions far from stability, has been quite 

widespread. (See the following references for detai1ed instrumentation 

descriptions: Giarard & Avignone 1978; 810nn1gen et al. 1980; Decker et 

al. 1982; Born 1983; Trzaska et al. 1983; Avignone et al. 1983). (See the 

following references for examples on applications in a s~troscopy usil'lg' . , 

Ge(HP) detectorss: Pardo et al. 1977; Wunsch & Wo1lnik 1977; Berg et al. 

1978; Wunsch et al. 1978; Stipp1er et al. 1978b; Keyser et al. 1979; 

Davids et al. 1979; Sollnik 1980; Wo11nik et al. 1980; Munru.ch 1980; AMCO 

6,(1980) pp. 443-449,485-492; Decke'r et al. 19~0, 1981; CERN (1981) pp. 

129-133, ~41-147; Aral. et al. 1981; Pahlmann et al. 1982; Moltz et al. 

1982; Della Negra et al. 1982; Brenner et al. 1982; Iafig1iola et al. 

1983b; Nitschke 1983; A1khazov et al. 1983; B10mquist et al. 1983). 

Even wi th this broad populari ty of Ge (HP) 6 spectrometers, in 

practically all of the cases mentioned above, the use of germanium 

spectrometers was confined ta measurements of the endpoint energy of a 

sing'le branch in the 13 decay. Indeed, only in investigations carried out 
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at this 1aboratory have germanium e §pectraneters been used for branching 

ratios and shape factor measurements (Rehfield 1977, 1978: Hetherington et 

al. 1983~ Hetherington 1984; and a1so in the work 0;' Iafig1iola et al. 

1983b, a germanium B spectrometer was usee'! for branching ratl.O 

measurements). The work of Decker et al. (1982) and Born (1983, 1984) 

(\ c1early shows the sensl.tivity of measurements performed with germanium , 
spectraneters to the deviatl.on of the shàpe of th,e measured B spectra from 

the allowed shape. However, no actual shape factor measurement were 

undertaken in ei ther case. 

In another appll.cation of Ge (HP) detectors to a spectroscopy, the 

shape of the lCM energy (156 keV endpol.nt energy) 8 spectrurn of 14 C has 

been studied using a germanium spectrometer. 'Ihl.S experiment was a 

by-prcxiuct of an investigatJ.on of the carbon impuri t1es in high pun ty 

germanium crystals. 'Ille long 1ived 14 C isotope was used as a radioactive 
\ 

tracer and was l.ncorporated into the d~tector mater1al duru);J the crystal 

growth process. 'Iherefore the measurement was effectl.vely an internaI 

source measurement wi th no neecl for the appl1cation of apy correct1ons to 

the raw data (Haller et al. 1982; Haller 1982). 

The Appeal of Germanium a Spectrometers: 

In ackiit10n to the small dimensions of Ge(HP) detectors (in 

.compar1son to sC1nt1.1lators) and the1r excellent resolution (reso1utions 

of 4-5 keV at 1 MeV have been reported) (Moore et al. 1976; Rehfie1d & 

Moore 1978; Gl.rard & Avignone 1978) they have two other qualities which 

make them ~te attractive as 8 spectraneters. The fl.rst is the 1inearity 

of thelI energy response which has been ver1fied to 200 ppm 1n the case of 

e1ectrons incident on the detector (Decker et al. 1982). '!he second is 

the high full-energy-peak efficiency for 'Y ray detection in germanium 

detectors which allows the use of 'Y l'ays to calibrate the german,l.UJn a 
spectrometers r9-Pidly and accurate1y, especially at high energies (the 

pulse generated by the germanium spectrometer is a' function of the energy 

deposi ted in the detector and 15 irrlependent of the specl.es of radiation 
t 
~iting the energy) (Moore et al. 1976; Wunsch & Wollink 1977; Rehf1eld 

& Moore 1978; Wohn & Talbert 1978; w011nik 1980; Wo11nik et al. 1980; 

Brenner et al. 1982; Decker et al. 1982; Iaf1gl.ola et al. 1983b; Bom,1983; 

Trzaska et al. 1983) • 
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'!he use of high purity germanium detectors as fi s~trometers 

however is hampered by sever al factors: 

1. Law Temperature Operat10n 

Al though Ge (HP) detectors can be stored at room 1 temperature wi thout 

any oo.verse effects, nevertheless they require cooli~ (usually down to 

l1quid ni trogen temperature) for proper operauon; . the 5mall band gap in 

germanium resul ts in a leakage current that 15 too high at roan 

temperature to al10w the use of germanium diodes as roo.iation detectors 

(Gould~ & Pehl 1974). In fact the resolution of germaniwn spectr9ffieters 
" deteriorates very- rapidly as theu termperature ris es above 150 1< because 

of the considerable increase in the leakage current (Goulding & Peh1 1974). 

Therefore, germanium detectors have to he placed in ,a special 

cryostat ~n order to he cooled during theu operation. They also have to 

be operated in vacuum to pronde thermal insulat10n arrl to elim1nate the 

possibili ty of contaminants condensing on the cold surface of the detector. 

As a result of this vacuum requ.J.rell1ent, Ge(HP) e 5pectrometers are 

usually ~talled in a separate cryostat with ,a thin entrance window 

through wru.ch the a particles have to pass before be1ng detected arrl 

analyzed by the spectrometer (G1rard & Avignone 1978; Moltz et al. 1982; 

Trzaska et al. 1983). Typical WHxlOW th1CknesSes are several ter;LS of 

m1crons of a low Z material (alt.Jll1num, titanium, berelium, nickel, or 

my1ar) (D'Auria et al. 1976; Davids et al. 1979; Brenner et a.l~ 1982; 

Decker et al. 1982, Born 1983;, Nitschke 198'3; Arai et al. 1984). Beta 

particle scattering, energy losses, straggling and variation of energy 

losses W1 th incident S particle energy in these windows resul t in 

distortions to the Il spectrum for which correction have to be made, 

especially at low energies. Such corrections are, not easy to calculate 

'. ~eoretlcally wi th precision (Decker et al. 1982; Born 1983). 

2. Problems Caused by the Relat1vely High Z or Germanium 

a) A More Ccxnplicated Response Function 

The hl.gher Z of germanium in comparison to that of silicon or 

plastic scintillators resul ts in: an increase in the backscatteri.ng' 

-.. ---, 
" 



coefficient (a backscatter ratio of about 25%-35% at 1 MeV is observed in 
, \ 

the different Germanium spectrometers depending on the angles of incidence 

and is in agreement with the formula of Kuzminikh &" Vorobiev (1975) see 

Moore et al. 1976; Rehfie1d & Moore 1978; Noma et al. 1983; Born 1983, 

1984), an increase in the amount of sidescattering', an increase in 

bremsstrah1ing production and escape (Berger & Seltze;r- 1965, 1968; 

Grosswend 1974), and an increase in SU pile-up (in the case of pos1.trons) 

(Rehfield ~ Moore 1978; Nana et al. 1983; Born 1983, 1984). The shape .. 

response function of germanium detectors will therefore deviate qui te 

considerab1y from the ideal delta function shape. The determination of 

the shape of, the response function at various energies and unfo1ding the 

distortions 1. t causes to the shape' of the continuous ~ spectrum is a very 

important task in the analysis of data collected wi th a germanium ~ 

spectraneter • 

Different approaches tg the prob1em of the determination of the 

shape of the response function of germanium spectrometers to ~ particles 

have been taken: 

1) Monte Carlo Simulations 

Detai1ed Monte Carlo studies of the response function of germanium 

detector to ~ particles have been performed (Varley et al. 1981; Noma et 

al. 1983). 'Ihese are sophisticated computer simulations which take into 

account aH the possible interactions of the ~ particles and the secondary 

particles that they prcx1uce during their interaction wi th the germanium 

crystal (secondary e1ectrons, positrons and photons). Monte Carlo codes 

designed to simulate one specific type of the "~ partic1e interactions 

(such as 511 summing or sidescatter probability) have also been written 

(Avignone et al. 1981; Born 1984). 

2) Measurement of the Response Function 

Using monoenergetic electron beams from magnetic ~ spectrometers, 

the response functions of different germanium spectrometed to ~ particles 

have been measured (D 1 Auria et al. 1976, Otto et al. 1979, ~lonnigen et 

al. 1980, Varley et al. 1981; Decker et al. 1982). A crucial aspect in 

the measurement of the shape of the response ~unction is the determination 

of the background spectrurn and i ts subtraction from the true spectrum 

generated by the incident monoenergetic electrons in the germanium 

spectrometer. The component of the background that is caused by electron 
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scattering and bremsstrahlung produëtion in the ma~etic spectrometer'is 

part'icu1arly important in this cantext. (Blonnigen et al. 1980; Varley et 

"al. 1981; Decker et al.' 1982) . Furthermore, during measurements of the 

response function of the detectors, special attention has to be paid to , 
reproducing the angles of incidence of the e particles on the f~ce of the 

detector that resul t from the particular source-detector geometry which is 

used. when the actual e' spectra measurements are perfQrmed (D 1 Auria et al. 

1976; Decker et al. 1982). 

The excellent energy resolution of germanium e spectrometers 

requires that the monaenergetic beams used for the response function 

measurements have a very narrow momentum spread (Le. the magnetic 

spectrometer has to have an excellent reso].ution). otherwi~e, particu1ar 

feature& in the shape of the response function would be, smeared out. In 

ëàti tian, the shape of the monoenergetic e1ectron line pr?dUced by the • 

magnetic spectrometer has to be synvnetric with no hic.f. or 10w energy tails 
\) 

which. if present, \II'Ould be sMPerimposed on the response function of the 

germanium detector. 

3) 'l11e Generation of a Semiempirical Response Function 

In this approach, an approximate genéra1 shape for the response 

function' is determined from physical arguments concerning the type of 

interactions between the e particles and the germanium detector. '!he 

different parameters describing the shape of the response function (e.g. 

the relative intensities of the different parts of the response function), 

and the variation of these parameters with energy, are then adjusted such 

that a set of standard B spectra measured wi th the spectrometer can be 

deconvoluted using the same response function after the adjustment (Moore 

et al. 1976; R7hfield & Moore 1978; Rehf~eld et al. 1980; Arai et al. 

1981,1984; Born 1984). 

This appraach is hampered b~the lack of an ade:::JUate set of 

starxiard sources whose B spectra shape have' been accurately measured and 

weIl established, e.spt:cially for- high endpoint energy decays (Moore et al. 

1976). t 
Other teclmigues for analyzing the a spectra measured wüh 

germamum."spectrameters have been attempte:i as well. (Pardo et al. 1977; 

Girard & Avignane 1978; Davids et al. 1979: Avignone et al. 1981; Trzaska 

et al. 1983). These tedmiques do not take into account the response 
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<J 
funètion of the spectrometers (at 1east not c:ù.rectly). They have been 

used mostly for rapid determination of the endpoint energy of the B 

spectrum with modest accuracy and without a detai1ed analysis of the 

spectrum but are too ru:3imentary to be used in shape factor measurements 

or ~en for precise endpoint energy determipations. 

b) High SensitivÙy to 'Y Rays 
"-

The high sensitivi~ of germanium detectors ta 'Y rays requires that 

certain measures be taken so that counts resultirg from 'Y ray detection in 

the germanium ~ spectrometer do net end up distort~ng the B spectrurn to 

such an extent that extraction of any useful information from- it becomes 

impossible. 

In certain cases, the effects of y ray interaction wi th the 

germanium detector are taken into account in the e spectrum deconvolution 

. procedure. However, such an approach requ.ires complete knowledge of the 

decay scheme of the nucleus under study,.and the intens~ t~es and energies 

of th~ "( rays enu.tted frœt the radioactive source and the 'Y ray response 

f~ction of the detector as weIl (Pardo et al. 1977; see a1so Davids et 

al. 1974 for a descrlption of the ana1ysis technique). 

In another approach, the probabi1~ty of 'Y ray 1nteract~ons with the 

detector i5 minimized by USl.ng a detector wi th a small volume and not 

thicker than necessary to stop the most energetlc B part~cles from the 

particu1ar decay under investigat~on (Glrard & AVlgnone 1978). 

A much more frui tful approach to reducing the rustorting effects of 

'Y ray detection is to employ an effective 'Y suppress~on techn~que in 

conjunction wi th the germanium B spectrometer. The mfferent y 

suppression techniques that have been used with germanlum spectrometers 

include: 

1) particle identification using two detectors 10 an llE-E telescope 

arrangement. The !lE detectors that have been trled are: plastic 

scintillators (D'Auria et al. 1976; Otto et al. 1979), a mult~wire 

proportiona1 chamber (Born 1983), thm surface barrier silicon detectors 

(Davids et al. 1979; Shahien 1981; Iaflgl~ola et al. 1983b; Nltschke 1983) 

anœ a thick Si(Li) detector (Trzaska et al. 1983). 
< 

2) Magnetic transport using either an achromatic electron guide emp10ying 

a superconducting so1enoid (Moore et al. 1976, Rehfleld 1977), or a s~or 
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magnet 'Nith a wide (10%) manentum range 'transmission (Blonnigen et al. 

, 1980; Wollnik et al. 1980 r. 
3) 8 -.., coinc1dence methods have been used to eliminate the non co incident 

.., ray backgrourrl am to select specific 8 decay branches in order to 

sirnplify the data analysis (see for ~ample Pardd et al. 1977; Girard & 

Avignone 1978; Moltz et al. 1982; Decker" et al. 1982; Brenner et al. 19S2: 

Avignone et al. 1983). 

2.4 Methods of .., Ray Suppression 1n Energy Sensit1ve Detectors 

One of the major problems encountered with energy depos1tion 8 

spec:trometers is their sensit1vity to "( rays. nus sensit1vity can result 

in a severe contamination of the acClmlUlated 8 spectrum W1 th counts caused 

by the interaction of .., rays, emi tted fran the radioactive source, wi th 

the energy sensitive detector. ,Such effects are quite important 1n nuclei 

far' from stabili ty since their 8 decay usually leacis to intense "( ray 

Emission. 

In order for a .., ray photon to deposit sane,or aIl of its energy in 

the detector material, it has f1rst to transfer th1S energy to one or more 

electrons 1n the detector material (photoelectric or Canpton effects) . . ' 
Alternatively, the photon can create an electron-positron pa1r 1n the 

detector mater1al. '!he charged particles (electrons, arrl' poS1 trons) to 

which the photon energy has been transferred, diss1pate the1r energy as 

they travel through the detector material producing thl7 10nizat1on (am 

the scintillation in scintillation spectrometers) wh1ch provides the 

detect10n s1gnal. 

For a beam of photons incident on an absorber, the ~raction of the 

be~ that interacts wi th the absorber (am therefore causes a signal-if 

the absorber is a detector) 1S given by 

Where 

F=l-e~ 
2.1 

F = The fraction of the photon beam interacting with the absorber 

~ = '!he mass attenuation coefficient for the absorber material o . 
(an 2/g) 

t = '!he mass thickness of the absorber (gzan 2 ) 

" 

• 
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'!he mass thickness (t) can aIso be wri tten as 

t KI P X 

Where 

p = 'lbe density of the absorber material (Q/~') 

x'" 'lbe thickness of the absorber material (cm) 

'!he mass attenuation is given by 

where-

li .. o 
~ -+ 

P 

';Il 

+ --'--
p p 

~ , a , x - 'lbe linear attentuation coefficients resul drg fran the 
, 

photoelectric, Canpton, arrl pair PJ;"oduction interaction 

respectively. 

-' 

'!he compton term (a/p>which dcml.nates the mass attenuation 

coefficient in the -y ray energy re:;ion 0.5 - 2 MeV is practically 

iooeperdent of Z of the absorber for the canmon detector materials (gases 

except hydrogen. plastl.c sCl.ntillator, sihcon, germamum arrl Na!). 

'!he photoelectric term ( T / p )which 15 important at low energies, and 

the pair prcductl.on term(,,/p)which gal.ns importance at energies above"'4 

MeV, can be wr1tten as 

where 
(a/p)= )( (N/A) a .,' 

a't 'ax = '1tIe fundamental compton aOO pair productl.on cross sections per 

atcm 
N i: '!he nunber of atoms per mole = constant 

A .., '!he mass number of the absorber 

'nle furxiamental cross sections a 't'a" can be expressed as foll<JW'S: 
! 

't = constant a 

aX,= constant 

zn/ E ) ) 

'. 
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. Z .., '!he atomic number of the absorber 

E = '!he energy of the incident 'Y ray 

P = A canplicated function of the energy of the' incident 'Y ray 

energy. It incr,eases approximately logarithmically with 'Y ray 

energy but is nearly indeperxient of Z. 

n - An exponent wi th a value between 4-5 depending on the {"'?ay 

energy 

'lherefore . 

(~/p) ::: constant (Z/A) ( Z n-l/E ) 
.".-:/ 

r '( ./p) ::: constant (Z/A) Z P 

~ 

Z/A:::0.45 ± 0.05 for aU elements (except hydrègen ZIA;:::!) 

It 15 clear from the arguments above that in order to minimize the 
~ 

probab1l1ty of r ray interaction W1 th an absorber, the ~ickness 1 density 

arxi atomic number of the absorber have to be made as small as possible. 

('lbe preceedirg developnent closely follows that given by Evans 1955). 

Different approaches to the Problem of 'Y ray suppression have cbeen 
tried. Sorne of these approaches are: 

2 .4.1 The ~:: Absorber Method 

Th1s is one of the'most c~n methods for correcting for the 

contaminat10n of the ~. spectrum wi th counts caused by 'Y rays emi tted from 

the rédioactive source. A low density! low Z absorber (polyethelyne, 

" prespex, lUC1 te, beryllium, carbon, an::i aluminium have been used for 

example), thick enough to stop the most energet1c ~ rays 'emitted in the 

decay, is interposed betw~ the radioactive source and the detector. 

Since no e part1cles will penetrate through the absorber to be detected by 

the e detector, the SPectruln accunu!ated wi th the abosrber in place 

.-
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results fram r rays penetrating through absorber and interacting with the 

detector. 'lhis spectrum is therefore subtracted from the original 

spectrum accumulated by the e spectrometer (containil1ÇJ both ~ and r 
counts) to yield a e spectrum with no .., contamination (see for example 

,Freedman et al. 1956; Ricci 1957; Gardner & Me1nke 1958; Cramer et al. 

1962; Kantele et al. 1964; Persson 1964; Wohn et al. 1972; Bosch et al. 

1973, 1974; Dakubu & GiIboy 1978). 

one of the problems wi th the e absorber methcx:1 is the need for an 

accurète normalization procedure to adjust the 1ntens1ty of the spectrum 

accumulated with the absorber in place, 50 that this intensity corresponds 

to the intensity of the r ray background camponent of the spectrum taken 

without the 'aborber. 

Another problem is caused by the fact that the ~ absorber method 

does not account for' the effects of B -.., sUlmüng (both rarrlom and 

coincident) in the e detector (Kantele et al. 1964). Furth~ore, the e 
ray absorber itself contributes to the background in the-detector. This 

contrib.J.tion comes fram the brernsstrahlunq radiation emitted as the a 
particles are stopped in the absorber, from the annhiliat10n photons 

produced in the absorber if a positron spectrum is urxler stu:lY, and fram .., 

ray scattering in the absorber which can he accompanied by secondary 

electron production (O'Kelley 1961 p. 426). 

Final1y, for highly energetic a decays, the th1cknesss of the 

absorber required to stop the a partic1es cah be large enough that the 

attenuation of the r 'rays by a absorber can he signihcant (see for 

example the calculation of thé r sensit1vity of plastic scintillators). 

A thickness equivalent to 22 nun of alum1num is requned to stop 10 MeV 

electrons. This thickness resu1ts in a 30% attenuation of 1 MeV.., rays. 

Accountug for this attenuation is especially troublesorne in cases where 

collimators are used between the source and the a spectrometer (Persson 

1964) . 

2 .4 .2 e - r Coincidence Methcrl 

Another method for suppressing the effects of .., ray detection in 

energy sens,itive B spectrorneters 15 through the use of B -r coincidence 

. techniques. In this approach the ~ spectrum counts are acccumul.ated only 

if they are in coincidence with the full energy peal< of a r ray detected 



. It 

-99-

in a separate ., ray detector. Such co incident 'Y rays are emitted during 

the deexcitation of the excited levels of the daughter nucleus ~at are 

fed by the e deçay' of the parent. 

The e - 1 coincidence method eliminates most of the distort20ns to 

the e spectrum that would \be caused by the gatin:;; 1 ray if no coincidence 

corxtition was imposed. 'Ibis method also helps l.P suppressing most of the 

aiverse effects of non c02ncident 'Y ray detection. Furthermore, the Il - '1 

coincidence technique is quite useful in el2minating the detection of B 
rays emitted by any radioactive contaminants in the source and 6 rays 

emi tted in the decay of the datx;Jhters of the nucleus whose decay 2S un::ier 

investigation (Brenner et al. 1982). And, if the data acquisition is done 
'r 

in a multiparameter event mode, then the B -'1 coincidence data can also 

be used to verify the B feeding values to the various exci ted states 

(Brenner et al. 1982). 

Both NaI (Tl) arx:i germanium 1 spectrcmeters have been used in such 

coincidence studies. 

In addition to ~e obvious complexity of such a sys~em it suffers 

frOOl several other drawbacks: 

1. Law Efflciency 

The requirement of coincident detection of two radiations (6 aOO-y ) 

in two separate detectors results in a rÈrluction in the efficiency of the 

spectrometer system. 'Ihe efficiency of the B - 1 coincidence set-up is 

proportional to the product of the eff iciencies of the 6 and 1 detectors . 

2. Variation of Efficiency with Pulse Height 

~e possible dependence of the efficiency of the coincidence system 

on the pulse heights of signaIs generated in the B detector can result in 

serious distortions to the shape of, the a spectrum. Such a deperrlance can 

resul t from the details of the work2ng of the coincidence circuit 

(Spejewsski 1966: see aIso Knoll 1979 pp 690-704). 

3. Knowledge of the Decay Scheme 

In order to be able to use the B - 1 coincidence method for 1 

suppression, complete know1edge of the decay scheme. ls needed. This 

requirement cornes about because of the fàct that the 6 -1 coincidence 
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technique is completely ineffective in suppressing the effects resulting 

from the interaction (with the 6 detector) of "( rays that are coincident 

with the "( ray ùsed in gating the a spectrometer. 'lberefore the choice of 

the appropriate gating r ray is crucial. Such a 'Y ray shou1d obviously be 

in ~rOlTpt4iPincidence wi th the 6 decay branch urxier consideration. 

Furthermore, it shou1d not be in coincidence with any other events that 

can result in counts in the 8 spectrometer (e.g. s particles from other S 

branches feeding higher levels that deexci te through a r ray cascade to 

l!1hich the gating r ray belongs, and other 'Y rays in such a cascade) (Gils 

et al. 1972). Using a 'Y ray that is part of such a cascade to t,rigger 

the ~ -' r coincidence resul ts 1n the collection (in the 8 detector) of ~ 

spectrum composed of more than one branch. It also resu1 ts in the usual 'Y 

ray distortions affect in;} the a spectrum (a superimposed background and a 

sumning contribution) caused by the other 'Y rays in the cascade (Pardo et 
li 

al. 1977; Keyser et al, 1981; Pahlmann et al, 1982). 

Gatil'YJ the a spectrun with a sun peak rep):'esenting the sun of the 

energies of àll the· 'Y rays 'in a cascade has' been used in Q 8 rtIasurements 

(Lund & Rudstam 1976). However, unless a very large solid angle for r ray 

detection is available ("4'1), the eff iciency of such a a - r coincidence 

method would' be very' small (as a result of the mu! tiplication of the 

efficiency for detectirv;} the 'Y rays) • The technique of sum peak gating is 

not very useful if the a feeding to each in:Uvidual high energy level 1s 

small. 

Finally, in usirv;} the sum peak as a trigger one is choosirv;} a 8 

branch which is in the low energy re:jion an:i which i5 therefore more 

susceptible to the different causes of distortion (higher energy loss in 

deérl layers, more stragg1ing, higher backscattering coefficient, etc.) 

4. GrouOO State Branches 

The a - 'Y coincidence tec~que obviously can not be usej to 

suppress 'r rays when the ~ branch feeding the ground state of the daughter 

nucleus is sought. H~ever, if a a - r anticoincidence is used, the 

grourxi st;ate branch can he enhanced but without exclusive branch selection 

or very effective r ray suppression. 'Ibis is because the efficiency for r 
ray detection is never 100% (Lund & Ru:istarn 1976). 
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5. Chance Coincidences 

Depending on the count rate and the time reso1ution of the 

coincidence system, sorne of the counts accumulated in the a spectrum will 

result fram accidentaI (as opposed to true) COLncidences between the a,and 

~ branches of the coincidence circuit. The chance-to-true coincidence 

ratio can he as high as several to 10% in a typical a - ~ co incidence 

experiment (Gils et al. 1972; Bosch et al. 1973, 1974; Dakubu & Gilboy 

1978) • 

6. Internal Bremsstrahlung 

AlI a decays are accompanied by the' coincident emission of a 
continuous spectrum of photons extending up to the emp:>int energy of the 

a spectrum. This iXlenomena resul ts from the electramagnetic interaction 

between the emi ttiIX1 nucleus and the a particle am is referred to as 

Internal Bremsstrahlung (Pettersson 1965). 

Photons emi tted during the internal bremsstrahlUIXJ processes can he 

detected in the ~ ray detector aOO result in a a - ~ coincidence. The 
) 

effects of such coincidences have to he taken l.nto aœount when the data 

is analyzed (Bosch et al. 1973). 

1 
7. CanptOI) Background 

The Compton continuum of a high energy ~ ray, detected in 

coincidence with a 6 particle, contributes to aIl the cOincidence gates of 

lower energies. This contribution is especial1y important in cases of low 

intensi ty a branches (Bosch et al. 1963; Persson 1964; Charoenkwan 1965; 

Keyser et al. 1981; Pahlmann' et al. 1982). Sometimes anticompton guards 

(veto detectors) are used around the ~ detector ta reduce the ma~tude of 

this effect (Lund & Ru::istam 1976). 

In 4. e spectrometers usirXJ a - ~ coinci?ence techniques, there- is 

the added possibility of a ~ ray Compton scattering in the a qetector, and 

thert causin;} a trig;Jer signal in the y detector (as a result ~f the wide ' 

energy window settiIX1s that are usually used when low resolution Na! y ray 

detectors are employed). Such events can result in counts above the 

en:lpoint arxi shape distortions of the B spectrum (Rhode & Johnson 1962; 

Spejewski 1966,; GUs et al. 1972). 
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,8. Randan SUrmtirç 
, 

'!he a - "( coincidence technique does not reduce the adverse effects 

of the rarrlom pile-up of pulses in the e spectrometer. 'Ibe importance of 

this effect depends on the ~angles count rate in the e detector and is 

therefore unaffected by he coinc1dence condi tlon. 

2.4.3 Particle Identification Methods 

Particle identification methods have been used to distinguish 

between e rays and photons incident on energy sensltlve e spectrometers 

and therefore to help suppress the detectl0n of y rays in such 

spectraneters. In thls approach a thin detector (AE detector, or dE/dx , , 
detector) is interposed between the radioactive source and the main B 

detector (E detector) where the e partlcles are eventually stopped. This 

li!-E arrangement is referred to as a "tel~çope system." 

Beta particles passing throlÇh the A E detector deposi t some of 

their eneigy there before belng stopped in the E detector where they 

deposi t the rest of their energy. As for "( rays, because of the small 

thickness of the II E detector, there is only a very small probabili ty that 
1 

the photons will interact with it and cause a detect10n signal. 'Iberefore 

by gating the E detector signaIs with the signaIs fram the àE detector, 

events result1Dg fram a rays can be differentiated fram those caused by a 

"( ray interaction in the E detector since the spectrometer will be 

activated on1y if a charged particle passes through the E detector. 

The reduction in the y ray detection p~~babil1ty in a telescope . 
system in comparison to the case when a s1ngle e detector (with the same 

,.-
thickness as the E de~ector) is used is called the "( ray suppression 

ratio. It is equal to the ratio of the prababilty of a "( ray causing a 

deteé:tion signal ln bath the E and 6E detector to the probabili ty of the 

same .., ray causing a signal in the E detector only. 'Ibe "( ray suppression 
, 

in te1escope systems therefore comes about because of the small probabilty 

for a "( ray interaction wi th the &:. detector as a result of i ts small 

" thickness . 

A "( ray interaction with the llE detector is very likely to produce 

signals in bath the tE and the E detectors. For electrons produced by the 

photoe1ectric interaction of a r ray with the âE detector, there is a high 

probabilty that the photoelectrons will be emitted in the forward 
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direction (Le. the original direction of the incident l ray). This is 

,especially true for l ray energ1es above 0.5 MeV (Evans 1955 pp. 695-697). 

In the case when the l ray undergoes' a Compton scattering 1n the 6E 

detector, there is a hl.gh probalnlty for the photon to be scattered either 

in the forward or the backward dl.recnon but a 10w probabili ty for 

scattering s1deways (Le. perpendl.cular to the dl.recUon of the incident'Y 

ray). As a result, the probability for the emission,of a Compton electron 

A is highest in the forward direct10n (Evans 1955 pp. 682-684, pp. 690-692). 

Similarly, for l rays underg01ng pa1r productl.on interactions l.n the AE 

det~tor,· the angular distribution of the em1tted electron-positron p~rs 

(wi th respect to the ulC1.dent photon dl.rec:l. ton) is strongly forward peake::1 

(Eyans 1955 p 703). 

The forward directed secondary electrons that are prod~ed by the 

processes descr~ above have a high probability for ~aversl.ng the small 

thick.ness of the 6E detector arx:l interacct,ing Wl. th the fÈ detector In 

the case of Compton scattering, the forward scattered photons themselves 

can also l.nteract wi th the E detector. Among aIl of these possible 

processes. Compton events. in wtu.ch the incident photon 1S scattere::1 

backwards an::1 a high energy electron is producéd l.n the forward direction 

are the ones wi th the hl.ghest probabü ty for producp:~, signals 1n bath the 

E arx:l 6E detectors (Toriyama et al. 1980; Ohya et al. 1982). 

In comparison to the processes descr~ above (production 1 
forward directoo electrons l.n the 6E detector), there 1.S a negll.g1 

small probability for events in whl.ch the incident l ray passes through 

the E detector without an interaction and then undergoes an interaction 
, 

with the Edetector which generates a detection signal ln bath the E arx:l 
1 • 

I1E detectors. These l.mprobable events €an cause a detection signal in the 

11 E detector as a resul t of the 1.nteraction (wi th the 6 E detector) of a 

photon, Compton sçattered in the backward d1rechon, or a secondary 

e1ectron or positron emi tted from the E detector in the dl.rection of the 

A E detector. '!he occurance of such events is h1ghly unl1kely because of 

the small cross section for the product1.on of backward directed secondary 

electrons, the large thick.ness of the E detector which 1nsures that most 

of the secondary electrons produced in the E detector \hl! be stopped 

there as well, arrl finally the small probability for 1nteraction with thè 

thin âE detector in the case of a backward scatterèd photon. 
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It follows' from the preceeding discussion that, to first order 1 the 

y ray suppres~ibn ratio of a telescope system is equa! to the probabilty 

for a y ray interaction w~th the t.E4detector alone divided by the 
r. 

probability for a y ray interaction in the E detector by itself. 

Us~ng EqUation (2.1), we have 

where 

Fl.' F2 = The probabilty for r ray interaction with the œ. detector a.rxl 

the E detector respective1y (Le. the 'Y ray efficiens of the two 

detectors ) . 

JlI, J.l2 = The mass attenuation coefficient for the !JE detector anj the 

E detector materials respectively. 

1., t
2 

= The mass thickness of the !JE an::i E detectors respectively. 

Theref~~, the 'Y ray suppression ratio = 1- exp 

1- exp 

Hence, if· the E and !lE detectors are manufactured from'-the same 

mâterial, then the s~ppression ratio is simply equal to the ratio of their 
, 

thicknesses (Kantele &'passoja 1971; Dickey et al. 1978; Borovoy et al. 

1979; Ohya et al. 1982).' \Typical 'Y ray suppression ratios for telescope 

spectraneters are of the oxd~ 100. 
\ 

It is quite c1ear then,\that in order to ach~eve a high 'Y ray 

suppression ratio, the LloE detector has to be made from a low Z, low 

densi ty material arrl i ts thickn~S has to be minimized. However using a ~ 
LE detector wi th a small mass thickness resul ts ~n small energy depos~ tion 

by the 8 particles in the lE deteçtor. This in turn causes the signals 

generated by the interaction of the 8 particles wi th the f.E detector to be 

comparable in Bize to the e1ectronic noise in the detector and assoc~ated 

circuitry. As a res'C1l.t there is an increa.se ~n the probability that the 

coïncidence ClIcuit will' be tr:iggered by a noise pulse in the ô.E detector 

(Oickey et al. 19878). '!he use of a very thin semiconductor t.E detector 

can also cause other problems as will be Been later. 

The arguments that have been used above to ca1culate the 
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suppression ratio for 'Y ray originatin; frem the radioactive e source are 

abvious1y not applicable to the calculat~on of the effective suppression 

of r rays which originate frem other sources and wh1ch do nct traverse the 

AE detector (as is the case for the ambient r rays in a high backgrourrl 

area). Telescope systems are most effective when such r rays represent a 

problem since the~r suppression ratios for these r rays is mu~h higher 

than the values that are calculable fran the equations used above (Kantele 

& Passoja 1971). 

The energy loss suffered by B partlcles in pasS1ng throu;Jh the A~ 

detector has to he accounted for accurately so that the energy obtained 

with the telescope system does truly represent the energy spectrum of the 

incident B partl.cles. In practice, there have been two approaches for 

accomplishing this. In telescope spectrometers where the energy loss of 

the B particles in the ~ detector is small (e.g. if the t.E is a thin 

plastic scintillator or a proport~onal counter), then the~~ loss in 

the M; detector (incltrli~ lasses in dead layers such as entr:ànce windows 

an:i reflectors) is calculated and added to the energy of the energy of the 

B particles detected by the E detector. In the second approach, the E -

AE telescope 15 operated in a sum coincidence mode and the coincident 

pulses frem beth detectors are ac1jed to each other to account for the 

total energy of the B particles. 

Bath these methods suifer frem problems which c.an cause distortions 

to the shapes of B spectra measured with' telescope spectremeters. 

1. CoilÏcidence Mode Operatlon 

In this mode, the lIE detector is used simply to gate the E detector l 

in the col.ncidence cucui t . No pulse height information from the hE 

detector 1S retained. The energy loss of the B particles in the AE 

detector in th1S mode of operation is obtal.ned frem a calculat~on rather 

'than direct measurement. 

'lbe problems wi th this approach are: 

a) Deperrlence of the energy loSs on the energy of the incident B particles. 

'lbe energy lass suffered by B particles in passi~ throUJh the E 

is dependent on their ~nitial energy especially for B particle energies, 

.below 0.5 MeV. Therefore addin; Cj\ constant energy correspondi~ to the 

energy loss of minimum iomzing electrons in the AE detector to the energy 
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measured by the E detector (as i5 frequently done: see ex ample Otto et al. 
(.J 

1979) would cause the telescope spectrometer to have a non-linear energy 
.,.. 

response, particularly in the low energy regïqn. 

, Using the Bethe-Bloch formula (see for ex ample Knop & Paul 1965 p. 

12) to calculate the energy loss in th~ AE detector and the dependence of 

this energy loss on the energy of the e particles does not yield very 

accurate results either since the formula holds rigorously only for 

infini tesimal energy losses' (infini tesimal1layer thicknesse,s). The 

Bethe-Bloch formula does not include the effects of the slowing down of 

the e particles during their interaction with the fini te thickness of the 

/.lE detector. Nei ther does the formula take into account the variations in 

energy lossuexperienced by monoenergetic electrons as a result of the 

differences in the length of the paths that they follow in the AE 

detector. (Such path length differences are ca~ed by electron scattering 

in the ~ detector material). The deviations of the actual energy 1055 
-' 

from the energy loss calculated from the Bethe-Bloch formula will be most 

pronounced at low energies where the energy loss is greatest (Born 1983). 

Among the effects causing deviations from the energy loss as 

calculated from the Bethe-Bloch formula, the variation in the energy los~ 

caused by electron scattering in the ~E detector is perhaps the most 

important since i t can cause serious distortions to the shape of the e 
spectrum. Because of the small mass of the electron, i t can suffer 

significant deflections in its interaction with matter and its path as it 

passes through the AE detector can be very tortuous. In fact, the path 

length can be as large as 4 times the thickness of the AE detector (Evans 

1955 p. 611). The energy losses of e particles traversing the AE detector 
, 

will therefore vary widely depending en their path lengths (Beek 1969 Fig. 

2; Hoyle et al. 1983 Figs. 8, 14). Moreover the amount of variation in 

the lengths of the paths of the B particles in the AE detector is a 

function of the prlIDary energy of the e particles. 

Tb account properly for aIl the variations in energy 1955 in the AE 

detector, the spectrum of energies deposited by monoenergetic 13 particles 

in this detector has to be carefully calculated (using Monte Carlo 

techniques for example) at different incident 13 particle energies. '!he 

spectra thus obtained should then be used ta convalute the e. particle 

energy spectrum accurnulated by the E deteetar. 



1 

! 
) 

, 
~ 

~~ 

-li" 

-107-

As an alternative, ~ (1969) usErl a singIe channel analyzer to' 

set a window on the heights of the pulses aecepted in the 6E detector so 

t~at pulSes generated by seatterErl electrons with long path lengths are 

e:keluded. 'Ibis t9chnique of p~e height selection in the Ll.E detect,or has 

alào been used to discriminate against backseattered ~ particles. A m'ore 
.\ 

detailed discussion of the technique will be given later in this section. 

'lbe majo:;- shortcomings of the pulse hieght selection method are the 

reduction ,in efficieny and the dependence of efficiency. on e partiels 

energy as will be shown later. 

b) Straggling 

Even if the effects of large angle seatterings are eliminated and 

- aIl the electrops follow paths of the same length in the t:.E detector there 
o 

would still he large variations in the energy losses experienced by 

monoenergetic electrons passing through the Ll.E detector. These 

differences in energy loss are due to the statistical nature of the 

interactions between the incident a particles and the detector material. 

Sinee the inlividual ionization energy los ses suffered by the electrons 

Cin single collisions) vary over a wide range of energies (frem zero up to 

one half of the electr~n 1 s kinetic erÎergy because of the small mass of the 

electron) the totai energy loss exper:ienced in collision cari be qui te 

,different from one electron to the other. In addition to this, the 

electron may also 10se any fraction of its energy in a radiative collision. 

---According to the treatment of Landau, the spectrum of the energy 

losses of monoenerge;tic a partieles in a thin absorber is a nonsymmetrie 

distribution wi th a peak corresponding ta the most probable energy 1055 

and a fu14 width at half maximum (fwhm) equal \:0 about 20-25% of the most 

probable energy loss. Furthermore, the asymmetry of the distribution of 

energy losses in the thin absorber increases wi th a decrease in the energy 

of the \ineident ~ partiele. 'lberefore for a fixed absorber thickness, the 
1 \ 1 \ 

importance of straggling increases with a decrease in the primary energy 

of the a particles. (Bethe,& Ashkin 1953 FJP. 255-259; Evans 1955 pp. 

621-622; Seltzer & Berger 1974). 
'1\ 

\>-

The straggling of the energy loss of e partieles during their 

pass<:ge through the ÂE detector" has the effect of broadening the 

resolution of the telescope spectrometer in comparison to the resolution 

. of the E' detector alone (!oriyama et al. 1980; Born, 1983). It can also .. 
, 
\. 

" 
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resu1 t in an energy dependent resolution due to thè dependence of 

strëqgling on the incident S partic1e energy (see Toriyama et al. 1980 

Fig. 5) 

2 ~ Sum~cidence Mode Operation 

'!he alternative to calculating the energy loss of B particles in 

the tE. detector and a:iding i t to the measured energy is to operate the tE 

and E detectors in a sun.:.coincidence mode. In this mode, the pulse 

heights from bath detectors are ad:led to each other to account for th~ 

, total energy lest by each iooi vidua1 B particle in the telescope system 

(Kantele & Pas soja 1971; Dickeyet al. 1978; Bor,ovoyet al. 1979; Clifford 

1981; Ohya et al. 1982; Hoyle et al. 1983; Iafigio1a et al. 1983b). 

Scxne of the problems encountered wi th this approach are the usual 

prob1erns encountered when signals frcxn two detectors are SUTmed. 'Ibese 

inc1ude the need for gatn matchirY;;J and stabilization (Iafigio1a ,et al. 

1983b) an:l the deterioration in resolution due to sunmi~. '!he problem of 

gain matching over a wide energy ran;e is ccxnp1icated ~ther in this case 

as a resul t of the small thickness of the tE detector and therefore i ts 

smal1 full energy peak efficiency for high energy (above 0.5 MeV) 

conversion e1ectron lines. As for the deterioration in reso1ut~on, the 

prob1em is most severe in te1escope systems where the tE detector is a 

semiconquctor detector. The 1argest contribuhon to the resolution of 

these detectors- cornes from electronic noise which increases rapidly wi th 

an increase in the value of the capaci tance wi th which the input of the 

preamp1ifier is loaded.' (Knoll 1979 pp. 651-652). The small thickness of 

the semiconduct-or t:E detector resu1 ts in a large capaci tance and therefore 

in a signficant deterioration in resolut~on (Kantele & Passoja 1971; Ohya .,. 
et al. 1982). (The large capacitançe causes an increase ~n the rise time 

of pulses generated in the /:1!. detector as well (Knoll 1979 p. 652). 'Ihis 

in turn resul ts in the use of long reso1 vin;} times in the E- [§. coincidence 

circui t and ther~ore in an increase in the ratio of rarxiom to true 

coincidences • It can alsé cause problems if the telescope spectrometer is 

used in timing ar:çlications (Kante1e & Passoja 1971». Using!:lE detectors 

wi th smaller surface areas helps to reduce the capaci tance but also 

results in a lower e~ficiency (sma1ler solid ëm;Jle) arrl an increase in the 

side scatter~. 

. ' 
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Fina11y, when operatirç the telescope system in the sum~oincidence 

rilode, one has to account also for the smali energy losses in the two extra 

,dea:1 1ayers (on the front and back of the Mt detector) that are aCkled ~, a 

result of the introdùction of the .ôE detector. 

Attemptil'l1 to alleviate the problems resui ting from the use' of thin 

semiconductor detectors by increas ing the thickness of the lIE detector has 

the following disadvanta;Jes: 

- A reduction in ~he y ray suppresion capability of the telescope 

spectrometer. 

- An upward shift in the spectrometer 1 5 Iow energy eut off t9 higher a 
particle energies. 

- A stron;J dependence of the transmission of the .ô E detector on the energy 

of the transmi tted s particies. 

- An increase in the sc;attering of a particles during their traversaI of 

the âE detector resul ting in an energy dependent spectrometer efficiency 

(Born 1983), 

Problems Experienced by Telescope Spectrc:rneters in General 

Telescope a. spectrometers, indpendent of the type of the E or .ô E 

detectors used or whether they are operated in a slml-coincidence or la 

coincidence, mode, suffer fram severai problems in common wHh each other: 

I. 13 l Summing 

a) Coincident l Rays 

Telescc;>pe spectrometers are not effective in suppressirq the 

detectl.on of co~ncident 'Y rays if they strike the detector simul taneously 

wi th their coinciden t a' particle. Such a si tuat~on occurs when the 

c, coincident a and 'Y rays are both emi tted into the hni te sohd angle 

subtended by the telescope at the radioactive source. The 6 ray then , 
triggers,; the coincldence clrcuit and the energy depesi ted by the 6 and y 

rays is detected s~ultaneously and summed. '!he probabllity for the 

cx:curence of such events is proportl0nal to the square of the solid arçIe 

which the telescope subtends at the source. 'Iherefore in order to reduce 

the effects of coinc~dent 13 - l surrunin;J the solid angle of acceptance of 

the telescope spectrome~er has to be mërle qui te small resui ting in a 

1 
\ , 
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decrease iB the spectrometer 1 s efficiency. 

Of>, , h.. 

hl Non-Coincident "f Rays 

Telescope spectrometers are 1neffecti ve in suppressl.l"~ a - "1' rarxiom 

pile-up caused by the detection of a e particle am a "1' ray in the 

D spectraneter in ~/period of time shorter than the resolvmg time of the 

coincidence circuit. Therefore the 'Y suppress10n capab111·ty of telescope 

spectraneters is effectively count rate dependent (especially at high 

counting rates) (Borovoy et ~l. 1979). 

2. Scattering from Solid Materials in the Vicinity of the Spectrometer 

The ërldi tion of a 6E detector between the source arrl the main a ray 

detector 1ncreases the probabil1 ty of a ray scattering from the lIE 

detector mounting aOO connections (Born 1983). Very effective collimation 

is needed to reduce such effects. It was found necessary to use active 

col1imators (p1astlc scintil1at10n veto detectors) 1n order to avoid the 

use of thick 1nactive co1l1lT1ators from which 8 particles can scat ter 

(Kaina 1977; Kal.I1a et al. 1977; Clifford 1981; Born 1983). 

3. '!'he Dependence of the Telescopes Efficiency on the Energy of the 

Particles 

> 7he detection efficiency of a telescope spectrometer for e . ( 
particles is dependent on the energy of the 1ncident B part1cles (see for 

examples Toriyama et al. 1980 Fig. 5; Clifford 1981 F1g. 3-6; Ohya et al. 

1982, Fig. 6; Born 1983). This energy dependence can cause serious 

distortions to the shapes of continuous ~ spectra and canplicate 

measurements of shape factors. 'Ille variat10n 1n effic1ency with e 
particle energy is caused by three distinct effects. 

a) Law Energy Cut Off 

As a resul t of the f1ni te thickness of the !lE detector, the 

te1escqpe spectrometer will have a 10w energy eut off limit corresponding 

to the energy of ~ particles whose range in the AC: detector material is 

equal to the thickness of the 6E detector. Beta particles wi th energies 

~ess than the low energy threshold are not transmi tted through the 6.E 

detector am therefore are not qetected in the E detector. Hence if the 
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. 
telescope l.S operated in a coincldence mcde gated by- signaIs frem both 

detectors, counts resul tU19 frcm such low energy S particles are not 

acC\I\'IUlated. 
1. 

Typl.cal values for L'loB detector thlcknesses are 200 \lm for silicon 
l', 

detectors and 0.5 mm for plastlc scintl11ators. These thicknesses 

correspond ta the rarge of S parücles~f energles of 175 keV and 220 keV 

respect::ively. 

b) Energy Dependent Transmlsswn of the L'.E Detector 

Even for B rays whose range exceeds the thlckness of the L'. E 

detector, sorne of the incident 8 particles will not be transmitted through 

the L'.E detecctor. The reason for this lncanplete transmlssion 15 that 

sorne of the incident B particles are back.scattered frorn the t.E detector 
\ 

while seme of the other incldent S partlcles are canpletely stoppe::i in the 

6E detector as a result of the long path 1engths that they follow inothe 
" 

L'.E detector (caused by large an:jle scatterio:J) (see Kantele & PassOJa 1971 

Fig. 2a, Ohya et al. 1982 Fig. 2). 

As an example 1 usi1'1ÇJ the empirical formula of Tabata am rto 

(1975), for a beam ~ 1 MeV e1ectrons perpendlcularly incident on a 200\lm 

thick silicon detector, about 4% of the incident electrons are not 

traœmitted thrm.:gh the detector. (The percent age is higher for oblique 

incidence ~1es (Tabata & rto 1976). 'Il1e frachon of transml. tted 

electrons is aIso a function of the incident electron energies arrl 

increases wi th a decrease in the energy. 

The energy dependence of the transmission of B part1cles through 

the œ detector can cause serious distortions to the shape of the B 

spectrum measured wi th a te1escope sys tem. 
A-

c) Scatteri1'1ÇJ in the 6E Detector 

A beam of electrons pasS1ng through a thin absorber (such as the Œ 

detector) wl11 emerge wi th a certain ~ar spread as a result of 

scattering. Because of this angular spread 1 sorne of the B partic1es that 

are transmi tte:1 throtgh the œ detector miss the E detector al together . 

The shape of the angular distribution of the B particles emerging fram the 

fi. E is dependent on their primary energy (Seltzer & Berger 1974) (more 

forward directed at higher incident energies). Therefore the percentage 
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of B particles missirç the E detector and the efficiency of the tel:escope 

are energy dependent as well (Oickey et al. 1978; Born 1983). 

The Use of Telescope Spectrometers to Reduce the Effects of Backscattenng 

Telescope 6 spectrometers have aIso been used to reduce the effects 

of B particle backscatterin;} fran the E detector. This is accomplished by 

makin;J use of the fact that the energy 1055 per umt path 1ength for a 
partic1es is nearly independent of thelr energy for energies above about 

(}...5 MeV. 'Ihus by selecting the t.E pulses 5uch that the only events 

retained are those where the eneFCJY loss in the AE detector corresponds to 

'the most probable energy loss of minimum ionizing a partlc1es passirx;J 

throu:;}h the t.E detector, i t is possible to discriminate agalnst 

backseattered a particles (which would have a high energy 1055 due to the 

double passage through the 6E detecctor) (Knott et al. 19709; Kantele & 

Passoja 1971), .,: "-
The AE pulse height selectlon also improves the ~ ray suppression 

of the E - 6E telescope. '!he improvement in ~ ray suppression is achieved 

because of the fact that the most probable 'Y ray interactions with the ôE 

detector are Compton scatterings. The spectrum of energies deposi ted by 

the Compton events in the 6E detector forms a fIat contlnuum most of wh:Lch 

is discriminated against lf a pulse height window is set on the ôE 

detector (Knott et al. 1970; Kantele & PassoJa 1971). 

Furthermoré, the pulse height selectlOn methcd ean be useful in 

eliminating the coincident surnrnJ.ng of B partieles and conversion electrons 

sinee the amount of energy deposi ted by two partieles passsing through the 

6E detector falls outside the window set on the pulse height ln the E 

detector (Michaelis et al. 1969). 

The dJ..fficul ties encountered wi th the pulse helght select10n 

technique are: 

1. Reduction in Efficieney 

The efficieney of an energy sensitive B spectrometer with an ideal 

antibackscatteri~ system is lower than the efficiency of the sëlTle 

spectraneter without the antibackscattering by a factor equa1 to the 

backscatterirx;!' coefficient. This is due to the fact thé1't no information 

fram events in which the a particles are backscattered is retained or used 



-113- ' 

'in the spectrum analysis. 

2. Variation in the Energy Loss of Monoenergetic 8 Partie1es in the 

~ Detector 

Even for monoenergetie 8 partic1es incident on the l!,. E detector, the 

energy 1055 experienced by the different partic1es varies greatly as a 

result of both straggling and the large difference in the path 1engths of 

the 8 particles in the œ detector. The pulse height selection method 

discriminates ~éllnst any events ~n ,which the~e had been a large energy 

loss in the ~ detector, wi thout distinguishirg between single pass or . 

backseattered events. Therefore, there 1S a reduction in the 

spectrorneter 1 5 eff1cieney for detecting events in which thea particles are 

not oackseattered out of the spectrometer sinee sorne of the single pass 

events are also re)ected. 

3. Dependence of the Efficiency on the Energy of the 8 Particles 

(see Kantele & Passoja 1971 table 1). \ -

'Ibe energy depen::ience of eff.:j..ciency is caused by two effects: the 

first is the dependence of the backseattering coefficient of 8 particles 

on _their energy. 'Iherefore, even for a spectrometer wi th an ideal system 

which rejects only events in which backscattering takes place wh05e 

rejection is 100% effie1ent, the efficiency i5 energy dependent. 

'Ibe second effect results from the deperrlence of the shape of 

spectrum of energy lasses of monoenergetic 8 particles pass~ng thro~h l!,.E 

detector on the primary energy of the 8 particles (Berger et al. 1969~ 

Seltzer & Berger 1974). 'Ihus the pereentage of s1ngle pass events wi th a 

high energy loss wluch are inevi tably discriminated ~ainst by the pulse 

height slect10n method is also a function of the incident 8 particle 

energy. 

4. Inapplieab1li ty of the technique at Law Energies 

At energies belC1li 500 keV, the energy 10ss of 8 particles per unit 

path length is strongly dependent on the 8 partic1e energy (Evans 1955 p. 

609; Knop & Paul 1965 p. 13). Therefore the pulse height selection method 

for discrimination a;;ainst backscattered. electronS is impraetical. 

/ 
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5. '!he Escape of Backscattered a Particles 

Dependirç on the salid angle subtended by the IlE detector at the 

position of the E detector, some of the backscattered a particles can 

escape from the spectrometer wi thout travers1I'19 the IlE detector a secord 
" time, thus reducing the effect~veness of the pulse he~ght selection methcd 

for rejecting backscatterErl a particles (Kantele & Passoja 1971). Also, 

since for a low Z materia1s (Z ~ 30) the arx::JUlar dl.stribution of 

backscattered electrons (at saturation) is dependent on the prirnary energy 

of the incident a particles (Tabata 1,967 and reference 8 therein), the 

fraction of backscattered a particles escaplng detection wll1 he energy 

dependent as weIl, resulting in distortions to the shape of the a spectrum. 
~ 

2 .4.4 Gamma Ray SUppression Using Magnetlc Fields 

The bending of a particle trajectories in magnetic fields has been 

exploited in many 'Y ray suppression schemes that are used in conjunction 

with energy sensitive a detectors. Among energy deposition a 
spectrometers, semiconductor detectors and particularly silicon 

spectrometers have been the ones most widely usErl wi th magnet~c f~eld 'Y 

ray suppressors. .'1 

The differentiation between 'Y ray and a ray trajectories as they 

traverse a magnetic field located hetween the radiOactive source am the 

energy sensitive detector is the basic property that is, used in magnetic 'Y 

ray suppression. In most (but not al!) cases the a particle trajectories 

are bent on an arc of a circle (due to the magnetic field) which allows 

one to interpose a r ray absorber along the straight line joimng the 

source am the detector ~n order to shield the a ray detector. 

Energy sensitive a ray detectors utllizing a magnetic held for 'Y 

ray suppression mffer from the hybrid S spectrometers descnbed 

previously in two main aspects. The fust is that unlike hybnd 

spectrometers, the magnetic field in 'Y suppressors is not used in the 

determination of the momentum of the a particles (i. e. no measurement of 

the magnetic rigidity is performed). '!he m'agnetic field serves simply to 

transport the B particles to the energy deposition B spectrometer where 

the energy determination takes place. 

'!he second aspect in which magnetic 'Y ray suppressors differ from 

hybrid B spectrometers is that the magnetic field is usually held constant 

" 
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\ 
in a suppressor am varied in hybrid spectrometers. 'I1ùs is not always 

the case (as will be seen later in this section); Since sorne magnetic 

transpàrters have a narrow mcxnentum r~e at a constant magnetic field 

value, the field value has to be varied to cover the full manentum range, 

if a study of a wide energy spectrum is attempted. 

Many of the basic 1deas u.S~ in the design of magnetic 'Y ray 
1 ~'t , 

su.wresors were taken from conc~pts' ~hat had been developed in conjunction 

wi th magnetic B spectrometers. SCflle of the most corrmon magnetic r ray 

suppression methods Wl.ll be discussed in what follows. 

, 2.4 .4a 1. Extended Focal Plane Deviees 

There are two types of these energy dispersive devices: 

l ) Sector Ma:;JTlets 

Sectér dipole ma;;;nets which fecus e particles of different energies 

alorg an exterrled focal plane have been used as magnetic 'Y ray 

su-r;:pressors. A large area energy sensl. tive 8 detector (usually a silicon 

spectraneter) is placed at the focal plane such that i t co vers a large 
-' 

port~on of the focal plane arrl therefore rece1ves a wide band of electron 

energies s1multaneously. 

'Ihe use of sector magnets in 'Y ray suppression offers several 

advanta:;)'es (Mlcd.jenovic 1979). One advantage is that l:x:lth the source arrl 

the detector are in a field free region which provides easy access to both 

of them. A secorrl advantage 1 ar1ses from the fact that positrons arrl 

electrons are deflected 1n differerit directl.Orls 50 that intense conversion 

electron lines do not hamper measurements of weak positron adi vi ties . 

Another benefit derived from the use of sector magnets is the ease of 

selection of a mornentum rarge covering a regl.on of interest through the 

use of sli ts or baffles. 'Ibis allows one to study a specifie part of the 

~ spectrurn ( e.g. the erx:ipoint) wi thout the problems of pile up caused by 

intense emission of low energy 8, particles and electrons. Stronger sources 

aD:i higher counting rates in the region of interest (hence shorter 

collection times) can therefore be used. 

Other crlvantages associated wi th the use of sector magnets inclu:le 

excellent y ray suppresion arrl small angles of incidence of e particles on 

the detector surf ace. Because of the particular geometry of sector 
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transport magnets, very effective r ray shieldil'X] can he used between the 

source and the detector wi thout interfering wi th the 6 ray transmission of 

th~ magnet. 'Ihe small an;rles of incidence on tœ surface of the detector 

can be accomplished by orienting the detector such that the ~ particles 

are incident perpendicularly -(or nearly sa) on the detector (Mladjenovic 

1979). The degree ta which this is achievable depends on the orientation 

of the focal plane with respect to the central ray and the wldth of the 

transmitted momentum band. '!he small angles of incidence of the ~ 

particles reduce the probabi1ity of backscattering from the detector. 

Sorne of the difficul ties encountered wi th the use of sector magnets 

as mc3ÇJetic i ray suppressors are: 

1. '!he limited momentum range that can he covered wlth sector mëqnets at a 

constant magnetic fleld value (l:l. p/p = 7% ln the work of Sakai et al. as 

quoted. in Mladjenovic (1979), 8% in the work of Cambi et al. 1972, and 18% 

in the work of Fazzini et al. (1983». '!he limi ted momentum range is 

caused. by the physical extension of the focal plane on the one hand and 

the limited surface area of semlconductor detector on, the other (Cambi et 

al. 1972; Fazzini et al. 1983). 

To increase the wldth of the momentum band (ôp/p) that'can he 

investigated with sector magnets, one can use elther smaller magnets with 

smaller radii of curvature am therefore smaller dispersl0ns (the radius 

of curvature is 4 cm in the work of Cambi et al. 1972, lt is 14 cm in the 

work of Sakai et al. as quoted by M1adjenvoic (1979», or detectors wi 1:h 
larger surface areas (Fazzini et al. 1983). '!he problem Wlth the use of 

smaller magnets is the reduction in source size and therefore the 

luminosity of the spectrometer-transporter system (Mladjenovic 1979). '!he 

use of larger surface area detectors is limited by the availability of 

such detectors (the surface areas of the detectors that have been used 

are: 100 mm in the work of Cambi et àl., (1972) and 500 mm
2 

in the work of 

Fazzini et al. 1983) and by the prob1ems of increased sensitivity to r 

rays of the larger detectors (FazZlni et al. 1983) ~ 

2. Difficul ties w.t th the fringing magnetic fields which increase in 

importance as the width of the gap between the màgnet poles is increased. 

As a resul t, magnets wi th smaller gaps have to be used resul tlllg in the 

low transmission values that are typlcal for sector magnets « 1%) 

(Mladjenovic 1979; Fazzini et al. 1983). 
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3. Prob1ems of a particles scattering from the wal1s of thé vacuum chamber 

and from the baffles that are used to define the a particle trajectories 

(Cambi et al. 1972). 

4. '!he dependence of the focusHlg properties of the sector magnet .on the 

position of the focus along the focal plane (i. e. on the e particle 

energy) (Fazzini et al. 1983; see also Armini et al. 1967). 

5. COmpllcations in the response function of the energy sensitlve a 
detecto~ resul tirg from the energy dependence of the position of the eiJ.try 

p::>ints of a partlcles into the detector. 

Due ta all of these problems, the use of sector magnets in ..., ray 

suppresslon has been limited to in-beam conversion electron studies (Cambi 

et al. 1972; M1adjenovic 1979; FaZZlnl et al. 1983). Sector magnets have 

also been used in "orange" systems ta increase efflciency. In these 

systems several sectors are arrarged syrrrnetrically in the azimuthal 

direction around an axis W1 th the source placed on the synmetry axis aOO a 

separate detector for each sector (Mladjenovic 1979 and references 34, 35 

therein) • 

b) Semicircular Magnets 

A semicircular hemogeneous field magnet has also been used as an 

extended focal plane B transp::>rter (Catura 1965). In this case, bath the 

source and the detector are placed in the uniferm magnetic field .(along 

the focal plane), and an energy range is selected. by pl-rcing a baffle in 

front of the detector. 

Like sector më:qnets, semiclrcular magnets have the advantages of 

e1ectron poSl tron separ atwn arrl goOO :r ray shielding. Semicircular 

mëgI1ets have the added advantage tha1; the fi, particles enter the detector 

perpendicular to lts surface and therefore suffer less backscatter~ng. 

The perpenchcular incidence resul ts from.'. the fact that the focal (!:>~ane of 

semicircular magnets 1s perpenchcular te the trajectories of the fi, 

particles. 

Semicircular magnets alse suffer frem many of the problems 

encountered wi th sector magnets lncludir);;f low transmisslon (0.3% in the 

work of catura 1965) arrl narrow momentum band width (t. pjp = 8.8% in the 

. work of Catura 1965). Ta overcome the drawbacks of a hmi tej momentum 

range, Catura (1965) used a swept magnetlc field ta cever the full S 

spectrum. 
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2.4.4b "Mini-Orange" Transport Systems 

"Mini-O:çange" transport systems resemble the h~gh transmission 

"orange" (toroidal) type ~ spectrometers. (For a detailed description of 

oraI'XJe 8 spectrameters see for examples Sie:::Jbahn 19,65 pp. 119-139; 

Mloojenovic 1976 Chap. 11; Mladjenov~c 1979). In bath cases, a toroidal 

magnetic field is generated by sever al sector magnets that are arranged ln 

an azimuthally symmetric conf~gurat~on around an axlS on which both the 

source and the detector are posi tioned. A lead r ray absorber is placed 

alo~ the symmetry axis between the source am the B detector to shield 

the detector. 

In the mini-orange systems, small permanent magnets are used, 

instead of electramagnets, to generate the magnetic field. The toroidal 

magnetic field produced by these permanent magnets is no longer used to 

resolve electrons of different energles. Instea:l it is used simply to 

transport electrons from a wide energy range by causing electrons emitted 

fram the rad:ioact:lve B source to converge onto' the detector in a fasmon 

somewhat analcçous to the action of an optical lens (Van Khnken & Wisshak 

- 1972, Van Khnken et al. 1975). The toroidal më9Ileti~ fleld also acts to 

separate the posltrons fram the electrons by'bending the trajectories of 

particles of one charge sign toward the detector and those of the opposite 

charge away tram the detector. 

Because otXthe focusing actlon of, the magnetic fle1d of mlnl-orange 

tr ansport ers , the number of 8 particles incident on the detector is 

considerably larger than that determlned by the geometriéa! SOlld angle 

subtended by the detector at the source (see Ishii 1975 Fig. 6 for 

example). Therefore the source and tJ:le detector can be separated by a 

considerable distance without an appreciable loss ln transmisslon. At the 

same time the small geometrical saUd angle subtended by the detector at 

the source and the attenuating effect of the r ray absorber result in a , ' 

large reduction in the flux of r rays incident on the detector (Van 

Klinken & Wisshak 1972). However, due ta the dependence of electron 

transmission arrl the r ray attenuation on the energy of the electrons and 

the 'Y rays respectively, the Emllancement in the rat la of electrons to the 

r rays incident on the detector (the r suppression ratio) is energy 

dependent in mini-orange systems. Typical values of the 'Y ray suppression 
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ratio vary between 300 and 25 for energies betweem 0.5 and 1 MeV (Ishii 

1975) • 

Different shapes and types of permanent magnets have been used in 

the construction of mini-orange systems. '!he most popular type of 

permanent màgnetS used. have been smc~ because of i ts attractive magnetic 

characteristics (high rernnance, near constant magnetization for large 

denagnetizing fields, and i ts avail abili ty 1n the form of small, thin and 

strorg permanent magnets (see Van Klinken et al. 1975 Fig. 10: Ishii 1975 

Fig. 2». '!he small size, low priee and simplici ty of mini-orange systems 

have made them quite ~puliIT (Mladjenovic 1979). 

Problems Encountered wi th Mini-Orange Transport Systems: 

Despi te their attractive features, there are sorne major problems 

encountered wi th the use of mini-oranJe transport systems in ~ 

spectroscopy. Sorne of these prob1ems are: 

1 1. low Transmission 

Typical values for the maximum transmission of mini-orange 

transport systems are usually less than 10% (Van Klinken et .al. 1975; 

Neumann et al. 1979) and can even be less than 1% (Van K1inken & Wisshak 

1972; Ishii 1975). 

2. Narrow Momentum Band and Strong Dependence of the. Transmission on the ~ 

particle Energy 

'Ihe transmission of mini-orange transport systems is quite strong1y 

deperrlent on the energy of the incident ~ particles. '!he exact dependence 

of transsmission on energy is det!mnined by severa1 factors including the 

geometry of the set-up (the dl.stances of the source and the detector from 

the magnets, d1ffiensions of the detectors and magnets, shape of the 

magnets, etc.) and the strength of the ma:;rnetic field (Van Klinken & 

Wisshak. 1972, Van Klinken et al. 1975). In general, the transmission 

versus energy curve is asymmetric Wl. th a sharp low energy cutoff. It is 

also characterized by a broad maximum wi th a full width at half maximum 

(fwhm) of a f~ hun::lred keV (Van Klinken & W1sshak 1972 Figs. 4, 5; Van 

K1inken et al. 1975 Figs. 2, 7, 8, 14; Van K1inken et al. 1978 Figs. 4,5; 

Neumann et al. 1979 Figs. 2, 4). 
1 

Increasing the momentum range of the transmitted electrons (Le. 

the width of the transmission curve) requires the use of magnets of 
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special shapes, the use of fewer magnets (so that the defocusing influence 

of non toroidal field components becomes more noticeable) or the use of a 

non-symmetric configuration wi th vary1.ng gap widths between the magnets. 

In aIl of these cases, the shape of the magnetic field becomes more 

complicated and harder to calculate. Moreover, the peak of the 

transmission curve is shifted to lower energies (Van Klinken & Wisshak 

1972; Van Klinken et al. 1975, 1978). 

3. Law Transmission at High Energ1.es 

As a resul t of th~ particular shape of the transmission curves of 

mini-orange systems, the transmission at electron energies above 'V 2 MeV 

is quite small. Therefore sueh systems are not very suitable for the 

studyof energetic 8 particles. 

'!he peak of the transmission curve can be shifted to a limi ted 

extent to higher energies. '!his shift-,'to higher energies can usually be 

accomplished by increasing the source and detector d~stances from the 

magnets or by increasing the strength of the magnetic field through the 

use of more magnet1.c material (increasin9 the number of magnets or thel.r • 

thickness). 'lhese steps, however, resul t in a sigmf icant reduction in 

the overall transmission and in a decrease in the width of the 

transmission curve (Van Klinken & Wisshak 1972; Van Klinken et al. 1975; c 

Ishii 1975; Neumann et al. 1979). 

4. Problems Caused by the Use of Permanent Magnets. ,~ 

a) The dependence of the magnetic properties of the permanent 

magnets on their history and on the ambient temperature. 

b) The difficulty involved in calculating the exact shape and 

strength of the magnetic field generated by the permanent magnets. This 

difficulty is brought about by the complicated fashl.on in which the 

permanent magnets are magnetized. 'Il1erefore when a calculation of the 

transmission curve of a mini-orange system is attempted, it is necessary 

to use a crude appronmat1.on of the shape of the magnetic field (e.g. 

purely toroidal fields) (Van Klinken et al. 1975; Ishii 1975). 

Considerable discrepencLes between calculated and measured transmission 

curves have been observed as a resul t of the rough approximations used ih 

calculating the magnetic fields (Van Klinken & Wisshak 1972; Neum~ et 

al. 1979). 

5. Ganvny Ray Related Background 

P. 
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'!he -':f ray background is caused mainly by two effects. '!he first is 

the penetration of high energy î' rays through the central absorber. The 

second effect is the production of secondary electrons through, the 
• 

interaction of r rays wi th the magnets (smCCS has a high densi ty and a 

high effective Z) or other parts of the transport system that lie between· 

th7 source and the detector (van Klinken et al. 1978; Neumann et al. 1979). 

6. Beta Partic1e Scattering fram the Magnet Surfaces 

The large surface areas offered by the multiple magnets that are 

used in a mini-orange system resu1 t in a large probabili ty for the ~ 

particles to sc~tter fram these surfaces. am reach the detector a{ter 

their energies ,have been degraded (Van Klinken et al. 1975) ° 

7. Trochoidal Orbi ts 

Electrons that reach the detector after executing multiple loop in 

~e mcqnetic field (trochoidal orbi ts) cause irregularities and 

'tluctuations in the transmission cur~e. ~uçh irregularities are quite 

hard to detect (Van Klinken et, al. 1975). ,.. 
8. Large Angles of Incidence on the Detector 

"" " As a resul t of the large angles of incidence of ~ partic1es on the 

detector in a mini-orange system, the-probability for e particle 

backscattering is qÙite large (Van Klinken & Wisshak 1972;'Van Klinken et 

al. 1975). Special detectors with unconvenhonal shapes (e.g. conical or 
, 

cylinderical sensitive surface) have been propossed and used to reduce 

backsçattering (Van Klinken et al. 1915, 1978). 

As a resu1 t of aIl of these difficulties that are experienced by 

mini-orange transport systems, the use of such systems in the field of 6 

'spectroscopy has not· been popular .. , Be1;,a spectra measuremen,ts wi th 

mini-orange systems have been undertaken mostly to determine the 

transmission curves of mini-orapge spectrometers (Van Klinken 5. Wisshak 

1972; Van Klinken et al. 1975. JI 
Q' 'i'''f,lJ. 

:;~) 

2 .4 ° 4c Arclmomatic MëgI1etic Transport Systems 

There are four types of these non dispersive magnetic transpo~t 

systerns O \ 

a) Triple Focusing Systems 

Triple focusing transport systmes are genera11y constructed from 

\ 
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, 
fIat, uniforrn field niagnets. '!he deflection angle cf a beam of electrons 

passing through such a system is greater than 180 a. The action of the , 
magnet resul ts in triple focusing: double-focusing in space (axial-and 

radial directions) and momentum focusing at the locaüori of the energy 

sens~tive detecttor. 'Thus unlike the ,çç.se of extended focal ;plane devices, 
r 

a wide range of energies can be accumulated with a small surface area 

detector. 

Triple focusing systems usually have ~ energy dispersive 
<0 

interrnediate focus where the width of the momenturn band can be set with a 

diaphragm system (EJiri et al. 1976; MladjenoV1c 1979). Tnple focusing 

systems with reasonably wide momentum bands have been constructed (~p/Pav 

= 10%, 40%, 57-80%, and 140% in the works of Bionnigen et al. 1980; Ej~ri 

et al. 1976; Nagai et al. 1982; and Komma 1978 respectiveIy). 

Sorne of the other advantages of tr~ple focUSUlg spectrometers. are: 

- Large distances between the source and the detector which allow 

excellent r ray shielding of the detector (Blonnigèn et al. 1980; Wol1nik 

et al. 1980). 

- El~tron-pos~tron separation as a result of their d1fferent deflection 

- fu.reetions. 

, - The possibility of orient~ng the detector such that the.electrons have 

perpendiculaf'incidence onto the detector surface thus reduc~ng the 

percentage of 'backscattered electrons (M1adjenov~c 1979; Nag~ et al. 
1982) . 

- Sharp time sl.gnals generâted by the electrons l.nCl.dent on the detector 

as a result of the~r weIl defl.ned traJector~es and the sma1l d~fferences 

in, path length between part~cles of dl.fferent energl.es. Moreover, the 

time signaIs generated by the electrons may be well separated from those 

due to '"1 rays ongl.natl.ng from the source (as a resul t of differences l.n ' •. 

the time of flJ.ght). 'Ihese excellent unung charactk~stJ.cs of tnple 

fOCUSl.ng systems are qulte important l.n cOl.ncl.dence measurements (EJirl. et 

al. 1978). .. 
- Elimination of l.ntense but urrlesued parts of the spectrum thrO\.çh the 

selection of the transmated momentum band (Korrma 1978). Tlu.s can be qtllte 

useful ln el~l.natlng the effects of pJ.le-up 10 stud{es of endP010t 

energl.es of B spectra (B10nrugen et al, 1980; Wollru.k ~t al. 1980). 

The major d~fflctulies encountered wlth tr~p1e focusl.ng systems are: 

- The requirement of a tr~p1e focus of small phys~cal extenslon l.mpOSes 
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stringent restrictions and tolerances on the design and construction of 

the magnets. The et;fects of the fringing field of the magnet are 

especially important in this context (Ej~ri et ~î. 1976; Komma 1978; 

Blonnigen et al. 1980; W011nik et al. 1980; Naga~ et al. 1982). 

- The restricted momentum band nature of triple focusing spectrometers 

rénders them incapable of covering the full energy range of a high 

endpoint e spectrum at a fl.xed magnetic field value -' for a spectrum wi th a 

6 MeV endpoint, the 10w energy cutoff is about ~ MeV even f~r the wl.dest 

band system ln use 6P/Pav= 140%). '!lus quahty makes triple focusing 

systems unattractive for shape factor measurements. 

- Their small soUd angle of acceptance. 'fuis is perhaps the most serious 

drawback of trlple focusing systems. Typlcal values for transmission are 

less than 0'.5% resul tl.ng in very low efficiences. 

2) Boomerang Systems 
'il 

In these zero dispersion systems, bath the radioactiave source and 

the energy sensitive detector are placed ln a homogeneous magnetic field. 

The source and the detector are positloned one above the other (in the 

case of a vertical magnetlc fJ.eld), along a straJ..ght lJ.ne parallel ta the 

dJ.rectlon of the magnet1c f1eld such that eiectrons emltted fram the 

source are focuse:j at the detector 1 s location after a deflectl.on of 360 0 

(hence the name "b::>omerang" systems) (Elbek 1967; ParlS & Treherne 1969; , 
, 

Ploçhock1 et al. 1971). 

The operat1on of the l:oomerang transport systems lS based on a 

characterlst1c property of the unlform magnetlc fleld. The traJectory of 

a charge:j partlcle, e!1ll. tted ln a plane perpendl.cular to the unlform 

magnetlc f1eld, describes a clrcle that passes through the palnt of 

eml.SSl.on and lS tangent1al to the orlglnal dlrectlon of emlSSlon. 

'Iherefore, B partlcles eml tted ln dlfferent d1rectlons ln a plane 

pel;'perl<llcular to the magnetlc held of the l::oanerang system 1 are focused 

~ back to the source poslt1on after one complete revolutlon lrrespect1ve of 

the1r energy or angle of emlSSlon ln the plane (MladJenovlc 1979). By 

acceptl.ng 6 partlcles w1th a sma11 component of veloclty parallel to the 

magnetl.c fleld d1rectlon, the non dls~rss1ve focus at 360
0

15 extended 
~ 

above the pas 1 tl.on of the r adJ.oactl. ve source. If an energy sens1 t1 ve 

detector 1S placed at thlS ,,}ocatlon 1 then the f)Jll energy range of the 
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focused a particles cari be studies simul taneously • Because of the 

source-detector separation, a r ray absorber can be inserted between the ,. 
source and the detector to shield the detecctor (Elbeck 1967). Another 

attractive feature of boomerang systems lS that electron-posltron 

differentiatlon can be easily achleved by accepting only particles that 

have the correct sense of rotation ln the magnetlc fleld (Paris & Treherne 

1969; PlochQCkl et al. 1971). 

Sorne of the difflculties encountered with boomerang systems are: 

1. Law Effectlve Transmlss10n 

Boomerang systems provide momentum focuslng and spatial focusing in 

the radial direction only (no axial focuslng' at aIl) and therefore have 

inherently low transmission in cornparlscn to triple focuslng devices. 

Because of the lack of axial focusing, the non dispersl ve image (f6rmed at 1 

• 360 0

) has a large physical extenslon in the anal direction and can not ~be 

fully contëUned wi thin the surface area of the detector. As a resul t, the 

effective transmissl0n of the spectrometer is qw.te small (less than 0.2% 

in the work of Plochockl et al. 1971). 

In order to 1ncrease the transmission of a boomerang system, Elbek 

(1967) proposed the use of a detector wlth a cyllnderlcal sensltlve 

surface so that S partlcles emltted in any r~:hal dIrection can be 

detected. This, hawever, 1S achleved only at the expense of the loss of 

the ablilty to dQstlnguQsh between pos1trons and e~ectrons. Furthermore, 

ev en wlth cyllnderlcal detectors, the transmlss10n of boomerang systems ~. 

stl11 expected to be qulte small (Elbek 1967). 

US1ng fIat semlconductor detectars wlth larger surface areas ta . 
Increase the effectlve transmlSSlon results ln a derloratlon ln res01utIon. 

2. DIfflcultles wlth Momentum Band SelectIon. 

As a result of the wlde angles of acceptancce ln the radlal 

dIrectIon, the Intermedlate (energy dlsperslve) focus at 180 lS no longer 

weIl deflned. Hence only a rough energy se1ectlon through, the use of 

baffles 15 possLble,at thlS locatIon. 

3. Inadequate ï Ray Shleldlng 

'!he small source-detector separatlOn (35 mm and 15 nm ln the works 

of ParIS & Treherne (1969) and Plochockl et al. (1971) respectlvely) does 

not allow for' adequate absorber thlckne5s and therefore the '( ray 

suppresSIon lS not very effectIve (Plochockl et al. 1971). 

-, 
" 

" 
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4. Large Angles of Acceptance and Incidence 

The large angles of acceptance in the radial d~rection (up t~ 90 
a 

if i flat detector is used and 180 0 .with the use of a cylindrical 

detector) are reproduced as angles of inc~dence on the detectors surface. 

The large angles of acceptance aggrevate the problems of energy loss and 

scatter~ng ln the source and the source back~ng. The large angles of 

inc~dence result ln an lncrease ln backscattering fram the detector and a 

deter~oratlon in resolutlon as a result of the lncrease in energy loss in 

the detector's entrance wlndow. 

5. Dependence of TransmisslOn on Energy 

As a result of the energy dependence of the effective axial solid 

angle of acceptance (Paris & Treherne 1969), the transmission of boomerang 

systems ~s strongly dependent on the ehergy of the transmitted e particles 

(see Plochokl et al. 1971 F~g. lB). 

6. Dependence of Tlme of Fhght on Energy 

For a charged partlcle moving in a uniform magnet field, the time 

taken to complete one revolution ~s given by (Jackson 1975 p. 581) 

where 

T := 
2 l[ E 

ecB 

T = The tlme requlred ta complete one revolutlon 

E = The total energy of the charged particle (kinetic + rest mass) 

e = The charge of the partlcle 

B = The magnetlc fleld value 

c ;: The spero of llght 

S~nce aIl of the B partlcies execute only one revolutlon ln the 

homogeneous magnetlc fleld of the boomerang system, the~r fl~ght times are 

uxlependent of the radlal or aXlaljangles of effilSS1.0n. However, as is 

eV1dent from the equatlon above, the tlme of fl1.ght of the B part~cles lS 

deperx:1ent on the energy of the B part1.cIes. nus tlme dependence can 

cause problems ln tlmln 9 and êOlnCldence experlments espec1ally when 

boomerang transport systems Wl th weak magnetlc flelds are used. 

3) TrochOldal Gllldes 

The bas1C prlnclples of the trocholdal mot1.on of electrons ln 

m~etlc flelds Wl th aZlmUthal symmetry apd hlgh f1.eld' grachents (B CE 

• ... 

-n 
r 

, , 
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n ~ 1) have been qui te thoroughly studled and applied to the deslgn of 

e1ectron-posi tron separa tors , palr spectrometers, and a few magnetlc !) ray 

spectrometers (Malmfors 1958; Malmfors & Nllsson 1958; Siegbahn 1965 pp. 

139-=145; Mladjenovic 1971 pp. 58-64; Mlad]enovic 1972 pp. 596-602; 

Mlad]enovic 1976 pp. 201-220, M1ad]enOV1C 1979). 

The ht9h transsmlsslon and low dlsperslon propertl.es ot trochoida1 

e spectrometers made them qul.te attractlve for use as magnetl.c 

transporters l.n cOn]unctlon wLth energy sensl.tl.ve detectors (trochoidal 

guides) . 

Trochoidal transport systems are achromatl.c steering devlces in 

which the electrons are guQded in the frl.nging fl.eld of a cyl1ndrica11y 

symmetric magnet. These e1ectrons travel along the arc of a circle from 

the source to the detector fol1owing tra]ectories consistlng of multiple 

loops with a precesslng center of gyratlon (Watson et al. 1966, 1967; 

Allan 1970; Gono et al. 1975; M1ad]enovic 1979). 

\ 

The motion of the electrons ln the hl.gh gradl.ent field lS a 

superposltion of a trocholda1 motlon ln the median plane (the magnetlc 

symmetry plane between the pole faces the magnet) and a vertJ.cal 

oscll1atlon about this plane (Malmfors 1958). In other words, the 

electrons trave111ng ln the frlnglng fleld reglon of the radlally 

decreasIng magnetlc fleld experlence two types of drlft motIon: an 

aZlmuthal drIf along the cIrcumference of the magnet and a vertlcal drift 

consisting of a splralllng motlon about the magnetlc fl.eld 11nes. The 

fleld Ilnes are high1y convergent ln the frlnging fl.eld reglon near the 

magnet 1 S pole tlp5. Therefore, dependlI1g on thel.r anal angles of 
A 

eml.SS10n, sorne of t~e electrons reachlng thls regl.on are reflected back to 

the medl.an plane because of the magnetl.c mlrror effects (Watson et al. 

1967). The magnetlc ml.rror effect thus causes a vertlcal osclilatlon 

about the medlan plane and results l.n an effectIve aXlal focuslng at 1/2 

period of the vertlcal osclilatlon (Watson et al. 1966). 

In the radlal dl.rectl.on, the acceptance SOlld angles lS 180
0 

(i.e. 

any e1ectron emltted ln the medlan plane LS accepted lrrespectlve of lts 

angle of emlSSlon in the plane) (Watson et al. 1966). Therefore the 

transmlsslon of trocholdal guldes lS usually qulte hlgh and can ldeally 

reach 30% or hlgher (see Watson et al. 1967; Allan 1970 Fl.gs. 4-5; Gono et 

al. 1975). 
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Sorne of the other attract~ve features of trocholdal guides include: , 
- An energy independent transmisslon and a broad momentum range (Watson et 

al. 1967; Allan 1970; Gono et al. 1975). Moreover, the transmlss10n lS 

independent of the angular separat10n between the source and the detector 

(Allan 1970). 

- Electron-posltron separation. The directlon of the aZlmuthal precession 

of the partlcles ~n the magnetic f1eId depends on the1r electrlc charge, 

therefore only part1cIes of one charge s~gn are transported to the 

detector (Allan 1970; Gono et al. 1975). 

- EffectIve ~ ray shie1ding. As ment~oned before, ln trochoidal guIdes, a '--
partlcles are steered around the arc of a cHcle from the source to the 

detector. And Slnce the transmISSIon lS independent of the 

source-detector angular separatlon, very effectlave ~ ray shield~ng of the 

detector can be achleved by provldlng a large angu1ar separat~on between 

the source and the detector (usuaIIy > 90°) and pIac~ng a y ray absorber 

along the str~ght l~ne extending between the source and the detector . . 
Sorne of the problems ehcountered wlth trochoidal guides are: 

1. The Dependence of Transmlsslon on the Dlmenslons of the Magnet. 

Unlike other types of magnetic ~ spectrometers, trocholdal orblt 

spectrometers have transmlssions that are dependent on the phyls1cal 

~mens1ons of the spectrometer (Malmfors 1958). Sim1larly, the 

transm1ss1on of trocho1dai guldes 15 aiso dependent on.t~e Slze of the 

magnet used, spec1flèally Its radIUS of curvature and pole gap wldth 

(Watson et al. 1967 eqn. 8; Gona et al. 1975 eqn. 9). 

2. The Dependence of the Image W1dth on Energy. 

The w~dth of the Image produced by the trochOldal guIde for an 

electron poInt source lS approximately equa1 to tW1ce the radius of 

curvature of the electrons ln the magnetic fleld of the guIde (Watson et 

al. 1967). The wldth of the Image lS therefore dependent on the magn~tlc 

rigldlty of the 8 part1cles and hence the1r energy. As a resuIt, if h1gh 

energy B part1cles are to be studled wlth trocho~dal transparters, one has 

to use elther very hlgh magnet1c flelds or large surface area detectors 

(the magnetic rlgldlty of a 10 MeV electron lS about 35000 guas5 cm). 

Dlstortions ln the shape of the magnetlc fleld due to saturatIon 

effects ln the magnet pales at h1gh magnet1c flelds 11ffi~t the strength of 

the màgnetlc flelds that can be employed in trochOldal gtUdes. On the 
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other harrl the use of large area sem~conductor detectors ~s limi tet::i by 

their aVa11ab~lity and by the deteriorat~on ln resolut~on resultlng from 

, the~r large capacl tances. 

The use of a detector whose w~dth ~s less than the wldth of the 

~mage at the ~ghest electron energy under study results ~n an effect~ve 

transm~sslon which lS energy dependent and WhlCh has a sharp drop at high­

energ~es (Allan 1970 F~g. 4; Gono et al. 1975 F~g. 5). 

3. '!he Dependence of Time of Flight on a Partlcle Energy 

The t~me of fl~ght of a part~cles from the source to the detector 

in trocho~dal systems ~s ~ndependent of the~r ln~tlal dIrection of 

emisslon. However, the transIt tlme ~s strongly dependent on the energy 

of the B partlcles (Malmfors 1958; Watson et al. 1967 eqn. 4, Table 1; 

Allan 1970 Flg. 6; Gono et al. 1975). In fact, trochOldal 8 spectrometers 

were f~rst proposed as tlme of fllght spectrometers (Malmfors 1958; 

Malmfors & Nilsson 1958). VarIatIOns ~n the tlme of fllghtof 8 part~cles 

can cause problems ln tlming exper~ments and especlally cOlnCldence 

clrcuits (Allan 1970; Gono et al. 1975). 

4. Large Angles of Inc~dence on the Detector. 

Slnce aIl angles of emiss~on, ln the medlan plane are acccepted, the 

angles of 1ncldence on the detector w~ll vary ,greatly. Sorne of the 

electrons WIll Implnge on the detector at very shallow angles resultlng ln 

an increase ~n backscatterlng (Gono et al. 1975). 

5. The Increase in the Effectlve Ttllckness of Dead Layers. 

Because of the trocho~dal mot~on that the B partlcles execute in 

the magnetic fleld, thelr paths ln any dead layers that they traverse are 

qulte curvet::i. This results ~n an increase ln the effectIve thlckness of 

the dead layers as seen by the a partlcles passing through them (Allan 

1970). Moreover, for a low energy electron, the rad1us of curvature of 

the trocho1dal orbit can be larger than the dnft dlsplacement along the 

rad1al path after one revolutlon. ThlS causes low energy electrons to 

traverse a dead layer several tlmes 10s109 energy and scatterlng every 

tlme they re-enter the dead layer (Watson et al. 1966; Gono et al. 1975). 

'!he "magniflcation" of the thlckness of the dead layers that 

results from the two effects descnbed above lS strongly dependent on the 

energy of the B particles. It has been observed to cause a detenoratlon 

in resolutlon, energy shifts, low energy talls ln the spectra 'of 
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monoenergetic e1ectron l~nes, a reduction in eff~clency and an energy , 
dependent transmission (W~tson et al. 1966, 1967; Allan 1970; Gono et al. 

1975) . 

6. Problems w~th the Radioactive Sources. 

Slnce trocholdal transport system accept electrons em~tted in the 

backward as weIl as the forward direction, seme of the accepted e1ectrons 

will traversé the source and the backlng at least once. Furthermore, sorne 

of the low energy electrons traverse the source and the backing several 
\, 

times (as explalned above). The source back~ng therefore represents a 

dead layer through wh~ch sorne of the electrons must pass. In fact, the 

attenuation of low energy electrons (as a result of thelr multiple passes 

through the source backing) was used to li ml t the transmlSSl.On of ,the 

trocho~dal ~de at lowenergies (Gono et al. 1975). In addition, unless 

extreme care is exerclsed in the design and posltionlng of the source 

ho1der, sorne of the electrons (especially at low energ~es) can colllqe 

with lt and undergo large energy losses and scatterlng (Watson et al. 

1967; Allan 1970). 

7. COlncident Summing 

As a resu1t of the large solid angles of acceptance of trocholdal 

guides, cOlncldent summlng of converSlon electrons and 8 particles can 

becorne a senous problem (Allan 1970). 

4) Solenoidal Tranposrt Systems 

al M<x:hfid Lenses 

Lens type 8 spec~rometers have been modified for use as magnetlc 

transport systems and operated in cOn]unctlon wlth energy sensitive 

detectors (Plcone et al. 1972; AVlgnone et al. 1973). The shape of the 

magnetlc fle1d lS malntalned but the momentum selectlon sllt lS elther 

removed completely (Plcone et al. 1972) or rep1aced wlth a w~de pass 

baffle (AVlgnone et al. 1973). The spectrometer can then be operated ln a 

hlgh transmlsslon, low resolutlon (wlde band) mode relylng on the energy 

dlspers~ve detector ta analyze the 8 partlcle energles. The 'Y ray 

absorbers that are usual1y p1aced along the 3X1S of 1ens 8 spectrometers 

are retalned to help ln the suppression of 'Y rays. 

The transmlss~on of the modlfied lenses is typlcally a few percent. 
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The momentum band, transported at a constant magnetlC field value, is 

usually qulte narrow (~E/E = 14% ln the work of Plcone et al. (1972)). 

Therefore, the magnetlc fleld value has to be swept ln order to be able to 

cover the' full energy speétnlITl under st'1ÔY. 'Ihls in turn resul ts ln 

problems of normalizatlon of the dlfferent segments of the spectrum. 

Nevertheless, the narrow band nature of the mod1fie9 lenses can be qulte 

useful in reducing the effects of pulse pl1e- up caused by the lntense 

emisslon of low energy electrons. 

The problems of m(xhfied lens transporters are qu1te slITular to 
" those of hybr1d spectrometers. In fact the only d1fference between these 

spectrometers and the hybrld spectrometers descrlbed previously lS that in 

the modifled lens type, the determinatlon of the e partlcle energy is 

performed excluslvely ln the energy sen51tive detector wlth no reliance on 

the measurement of the magnetic rigldlty. 

b) Axial Magnetic Guides 

Burglnyon and Greenberg (1966) were the first to suggest the use of 

strong, cylindrlcally symmetrlc magnetic fleld as a hlgh transmisslon, 

broad range electron transporter to gulde electrons from a radloact1ve 

source to an energy senslt1ve detector. In that work, bath the 
" radl0active source and the detector were placed ln a ~form magnet1c 

fleld WhlCh acts as an electron gulde ma1ntaln1ng a hlgh transm1sslon for 

electrons but at the same tlme allowlng the source and detector to be far 

fram each other in order to reduce the SOlld angle for y ray detectlon. 

In the partlcular set-up used by Burglnyon and Greenberg, the magnetlc 

fleld was generated between the pales of a cylindrlcally symmetr1c, 

iron-core magnet. The detector was or1ented wlth its sensltlve surface 

paraI leI to the dlrectlon of the magnetlc fleld and a small y ray shleld 

was placed between the source and the detector. However, that speclflC 

source-shield-detector geometry resulted ln a strong dependence of 

transmlsSlon on the energy of the B partlcles lncludlng osclilatlons ln 

the transmlss10n as a funct10n of energy at hlgh B partlcle energles. 

Follow1ng the ploneerlng Clted above, the use ofaxlal magnetlc 

fields as electron gu1des became qui te popular. In most case!'), the strong 

magnetlc fleld lS generated by a long solenold and the de~ector lS 

on.ented Wl th l ts sensl tl. ve surf ace perpen<ücular to the magnetlc fleld 
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d1rection (Burson 1968; Goudsmlt 1969; Mlchae1is et al. 1969; Kotajlma & 

Berlnger 1970; WaldsChm1dt & Osterman 1970; Morozov and Pelekov 1972; 

K1ank & Rlstlnen 1972; Morozov 1973; KOnl]n et al. 1975; Llndbald & Llnden 

1975; Haml1ton 1975; Fromm et al. 1975; Popeko et al. 1976; Moore et al. 

1976; Hung et al. 1976; Maté et al. 1978; Backe et al. 1978; Hagemann et 

al. 1979; Arvay et al. 1980; Ercan et al. 1981; Henry et al. 1982; 

Guttormsen et al. 1983). Solenoidal magnet1c transporters have aiso been 

used ln cOn]unct1on with 4rr semlconductor S spectrometers (Shera et al. 

1967; Andersen 1968; Andersen & Chr1stensen 1968; McMl11an 1970) (see the 

sectlon on 4 rr slllcon spectrometers for a detalled descrlptlon). Axial 

magnetlc gtlldes have been used for ln-beam measurements, USlng neutron 

beams fram reactors (Burson 1968; Goudsmlt 1969; Mlchae11s et al. 1969; 

Popeko et al. 1976) and proton or heavy lon beams fram accelerators 

(Burglnyon & Greenberg 1966; Kota]lma & Berlnger 1970; Klank & Ristlnen 

1972; KOnlJn et al. 1975; Llndbald & Llnden 1975; Maté et al. 1978; Backe 

et al. 1978; Arvay et al. 1980; Ercan et al. 1981; Henry et al. 1982; 

Guttormsen et al. 1983). 

AXlal magnetlc guldes used ln cOn]unctlon wlth semicondcutor S 

spectrometers have resolutl0n, transmlss10n, and lumlnoslty values that 

are comparable to the high transmIssIon, large orange type magnet1c S 

spectrameters (Andersen & Chrlstensen 1968; Burson 1968; Ham11ton 1975). 

However, the mu1tlchannel nature ofaxlal magnet1c guldes results ln much 

higher flgures of merlt than those for magnetlC spectrometers (von Egldy 

1969) . 

The spectrometer system on WhICh thlS thes1s repcrts 1S compcsed of 

an axla1 magnetlc transport system used ln cOn]unctlon wlth an energy 

Sensl tl ve Ge (HP) S detec:tor. 

Beta partlcles emltted fram a r~hoactl,:,e source placed on the axis 

of the solenold follow hellcal tra]ectorles as they splral around the 

m~etlc fleld ll.nes of the solenold. An energy dlsperslve detec:tor 

p1aced on the soienold aXIS Intercepts these tra]ectorles, detects the S 

partlcles and analyzes thelr energy. The radll of the hellcal orblts of 

the B partIcles are determlned by the energy of the S partIcles (thelr 

magnetlc rlgldlty), thelr angle of emlSSlon w~th respect to the solenold 

axis, and the s trength and geometry of the maç;netIc fleld. In order to 
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achieve an energy 1ndependent transmIss1on, the rad1us of the ~ detector 

should be larger than the maXImum dlameter of the helical orb1ts of the 

most energetic e particles under study. Therefore a strong magnet1c field 

is needed to confine the energetlc 8 parhcles to orbI ts small enough ln 
, 

diameter that a detector wlth a resonable slze surface area can be used to 

the study e spectra WI th h1gh endpolnt energles. Both normal and 

superconduct1ng solenoids have been used to furn1Sh the requ1red magnetIc 

fields. Typical f1eld strengths achieved are ~everal k1loguass for normal 

magnets and several t\ns of klloguass (several tesla) for superconductinq 

magnets. 'Il 

The wldespread use of transport solenolds can be attributed to 

their many attract1ve features some of WhlCh are: 

1. High Transmis1son 

Very high transmIssion values for e part1cles can be ach1eved with 

transport solenoids. Typ1cal transm1ssion values for a slngle solenoid 

vary from 4% to 40% (Goudsm1t 1969; Kota]lma & Beringer 1970; Morozov & 

pelekhov 1972; Konl]n et al. 1975; Popeko et al. 1976; Moore et al. 1976; 

Hagemann et al. 1979) and values as hlgh as 50% can be easily ach1eved 

(Morozov 1973; Andersen 1974). Transm1sslon values exceedlng 50% can be 

obtalned with two soleno1dal transport systems (magnet + detector) placed 

on e1ther slde of the source (Maté et al. 1978; Arvay et a~. 1980). A 

100% transmiss10n (i.e. 4x detectI0n) can be reallzed Wlth a slngle 

transport system wIth two detectors on elther slde of the radIoactIve, 

source (see section on 4rr SIlIcon spectrometers for full detaIls). 

The hIgh effIcIency of soienoldal transport systems makes them 

Ideal 1nstruments for cOlnc1dence measurements. They have been frequently 

used ln electron-gamma c01ncIdence experiments (Burson 1968; GoudsmIt 

1969; Klank & RIstlnen 1972; L1ndbald & LInden 1975; KOnl]n et al. 1975; 

Popeko et al. 1976; Backe et al. 1978; Arvayet al. 1983); Henry et al. 

1982; Guttormsen et al. 1983) and electron-electron COlnCldence 

exper1mehts (Maté et al. 1978; Array et al. 1980; Guttormsen et al. 1983). 

In the latter case, the source lS sandw1ched between two transport systems. 

2. Broad Range arrl Energy Independent TransmIss10n 

If a comblnatlon of a strong magnetic f1eld and a large surface 
1 

area detector are used, th en the transmISSIon of a solenOldal transport 

system is Independent of the energy of the e partlcles (see Arvay et al. 
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1980 Fig. 10). '!he range of transml tted l3 parti2lr energj.es extendss fr""1 

zero up to a maximum value determlned by the radius of the detector and 

the strength and geometry of the magnetlc fleld. Since magnetic flelds of 

'5 tesla can be easlly achieved with modern superconducting solenolds, and 

Ge(HP) detectors wlth surface areas of 2000 mm 2 (2.5 cm radlus) are 

c~ercially avallable, l3 partlcles of energies up ta about 18 MeV can be 

studles with an axial gw.de system. 

3. Gocx:l 'Y Ray Suppression 

The large dlstance separatlng the radloactlve source from the 

detector in a solenoidal transport system, ranglng form 10 cm to 50 cm for 

the varlOUS eXlsting sytems, results ln a very small geometrlcal solid 

angle for y ray detectlon. The y ray suppression ratio (the ratio of the 

solld angle of acceptance for l3 partlcles ta the solld angle for 'Y ray 

detectlon) varles from several hundred to 1000 or more (Morozov & Pelekhov 

1972, Maté et al. 1978, Arvay et al. 1980). The use of the large surface 

area detectors that are needed to study hlgh energy l3 decays would of 

course result ln an lncrease in the solld angle for y ray detectlon. 

Secondary electrons that are produced by 'Y rays lncldent on the 

walls of the spectrometer chamber ln the regi:on between the source and the 

detector have a small probablilty of reachlng the detector ànd 

contrlbutlng to the background. The magnetlc fleld of the solenoid forces 

any electron emltted frem the chamber walls to foilow a hellcal,tra]ectory 

wTIlch lntercepts the chamber wall after one revolutlon. There the 

electron scatters again undergolng sorne energy loss and follows a tighter 

orblt before lts next coillsion w1th the wall. Th1S process lS repeated 

until the electron loses aIl of 1ts energy and lS stopped in the chamber 

wall. Because of the large source-detector d1stance, the probablil ty of 

the Compton electron belng lntercepted by the detecctor before 1t is 

stopped ln the wall lS qulte small (Burglnyon & Greenberg 1966; K1ank & 

Rlstlnen 1972; Llndbald & Llnden 1975; Hung et al. 1976. 

Problems encountered Wl th axlal gulde systems 

Ll.ke any other l3 spectroscopy system, axial ma;Jnetlc guldes suffer 

from certaln problems and llmltatlons sorne of WhlCh are discussed below 

(see aiso Mlad]enOV1C 1979). 

1. Large Angles of Acceptance. 
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With a uniform magnet~c field of suf!icient strength, the 

transmission of an axial transport system is as high as 50%. In this 

case, all of the B ~àrt~cles em~tted ~n the d~rection of the detector at 

any angle (from 0° to 90°) with respect to the solenoid axis are 

intercepted by the detector. Such large angles of acceptance can cause 

problems s~nce they result ~n an increase in scattering and energy lasses 

in the source and the detector (L~ndbald & L~nden 1975; Popeko et al. 

1976). The large angles of acceptance can also cause problems w~th 

coincident summ~ng of B particles and conversion electrons (M~chaelis et 

al. 1969; Konljn et al. 1975). 

In order ta overcome the problem of large acceptance angles, the 

particular profile of the magnetic f~eld of a soleno~d can be used to 

limit the angles of acceptance. Ta achieve this, the ra~oactive source 

is placed at a location along the axis of the solenoid where th~ magnetic 
, 

field ~s less than ~ts maximum value, with the max~mum magnetic f~eld 

location ly~ng somewhere between the source and the detector. In this 

configurat~on, the magnetic m~rror effect, which is produced by the 

variat~on of the magnetic field strength along the axis of the solenoid, 

causes electrons that are em~tted at large angles,w~th respect ta the 

soleno~d axis, to be reflected back or botteled out of the solenold. The 

max~mum angle of acceptance then is glven by: 

9= -1 ( BB Z 
Sln 

o r 2.2 

where 

9 = The maximum angle of acceptance 

Bz = The magneti~ f~eld strength at the locatlon of the source 

B = The maxlmum value of the magnetlc fleld along the solenoid axis 
o 

(Michael~s et al. 1969; Goudsmlt 1969; KotaJ~ma & Beringer 1970; Morozov & 

Pelekhov 1972; Klank & Ristl.nen 1972"; Llndbald & Linden 1975; Guttormsen 

et al. 1983). Ta first arder, the angles of acceptance are aIs a e,nergy 

independent. 

The use of the magnet~c m~rror effect ta llm~t the solid angle of 

acceptance ~s qulte an elegant solut~on, espec~ally Slnce it avo~ds the 

use of baffles from wh~ch B partl.cles can scatter. 

2. Large Angles of Incidence 

, 
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The large angles of incidence of ~ particl~ on the surface of. the 

energy sensitive detector in axial guide systems represent a probfem for 
------~ . 

two reasoI;. The first is the deteriorat~on lin resoluhon resuJ,. t{ng from 

the increase in the effectlve thickness of the detector's eI}trance wlnd?W 

as seen by the 13 particles which 

and more important effect is the 

particles from the detector as a 

incidence. 

are incident at large angles. The second 
'~ 

~ncrease in the backscattering Of~~, 

result of the increase in the angles 'èf~~ 

, '----. 
In analogy ta the large angles of acceptance, the problem of large ~ 

o 

angles of incidence
o 

can be sol ved by plac~ng the detector ~n a lower 

mag~etic field region along the ax~s of the solenoid. 'The maXl.mum angle of 

incidence in thlS case is also gi ven by equat~on (2.2) where B z now is 

the magnetic f~eld at'the detector's location (Klank & Rlstinen 1972; 
, ~ 

Lindbald & Linden 1975; Popeko et al. 1976; Guttormsen et al. 1983). 

If the locat~on of the maximum magnet~c field value Iles somewhere 

between the source and the detector 1 then the pos~ tlon'ing of the detectqr 

in a low field region has the added advant;age 'that seme of the B particles 

that are backscattered from the surface of the detector w~ll be reflected 

bàck to the detector. nus ~s agal.n the resul t of the m~netlc mirror 

effect that ~s eXl,?erienc;:ed by the backscattered parücles ~n travelling 

fram the low'magnetlc, field at thé location of the detector to the 

location of the maximum f~eld value. 'The re-entry of these reflected 6 

partlcles into the detector Increases the probab~l~ty that they will 

deposit their full energy in the detector (Guttormsen et al ~ 198'3; 

Hether~ngton 1984). 

However, the lower field value at the detector' s position results 
{) 

in an increase in the radli of the orbi ts of the ~ 'partlcles. '!he ra:hus 

of an electron's orbit is given by (Jackson 1975 pp. 588-593; Guttormsen 
" et al. 1983) 

where 
<:..~ 

r ::: The radius of the orbi t of the S parhc1e at the location of the 

detector. 

r 0 ::: The radius of the orbi t of the 6 particle' at the location, of the 
• 
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(' 

magnetic fl.eld maximum 

Bo = The maxl.mum value of the magnetlc fle~d 

Bz = The value of the magnetic fl~d at the detector' s. locaüon. 
, .. 

Therefore, detectors with larger surface area have to be used lf they are 

tO be located in a lower field reglon. 

3. Problems wlth Dead Layers. 

'!he hehcal trajectones of, e partlcles ln the magnetlc field of a 

solen9id force them to follow curved paths ln any deërl layers Intervemng 

between the source and the detector. '!he curved paths comblned Wl th the 

large angles of accept:ance and lncldence resul t ln an lncrease in the path 

lengths of e partlcles ln' the dead layers'< and therefore ln an Increase in 
.{. , 

the energy 1055 and scatterlng experlenced by the e partIcles. 

consequently, i t is qw.. te advantageous to have the source an:j the detector 

in the same vacuum chamber with ~o e~trance WlrldowS separatl.ng them fraT! 

each other. Such an arrangemel\'t'1..nowever, can resul t ln dlfflCUl ~les when 

cooled detectors are used and when' the ~ source lntroduct1on lS te be --
performed rap1dly ~ frequently. 

5. Dlfficult1es Assoc1ated wlth Electron-Posltron Dl.fferent1at1on 

Since the ocly dlfference between the traJector1e5 of electrons and 

positrons lS the sense of rotatl0n about the magnet1c f1eld llnes, 

particles of eJ.ther charge wlll be transported by the axIal guides. nus 
". 
lack differentlat10n between electrons and pos~ trons c~cause problems 

when nuclel wlth weak posltron actlvlties and lntense conversl0n electron 

"em1SSlon are urxier study. 

Helical baffles that dJ.stlngu1sh bètween the two chàrge states have 

been used to overcome thlS problem. Theu use, however, results ln 

sever al drawbacks. 'Ihe hellcal baffles transml t partlcles of the rlght 

t:harge only ln a narrow momentum band. 'Iherefore ln order to stu:lY a wlde 

energy range 1 the magnetl.c fIeld of the transporter has to be Vdrled over 

." a wide rangE? 'IhlS ln turn introduces the problems of normal1zatlon of 

the different segments of the spectrum and the problems of variatlons ln 

the transmlss10n of the baffle wlth the magnetlc fleld strength . 

- 'I11e use of the charge selectlOn baffle reduces the overall transmlssion 

of the QU.1de system qmte cons,iderably (KonlJn et al. 1975; Backe et al. 

1978) . 

- 'I11e hellcal baffles provide large surface areas fran whlCh the a 

'. 
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The hlgh transm1SS10n - broad band nature ofax1al glUde systems 

and the extenslOn of the range of transm1 tted a particles down to zero 

energy 1 can resul t ln h1gh countlng rat~ in the detector am severe 

spectral mstortlons due to pulse plle-~p. Th1S 1S partlcularly 

problematlc ln cases where there lS an lntensi ve emlSS10n of low energy 

electrons (A~er electrons or lntense law energy 6 partlcles). 

The flux of low energy electrons inc1dent on the detector can be 

signlflcantly reduced by placH19 a small d1ameter cucular baffle on the 

solenold aX1S between the source and the detector.. Such a baffle, \.,. 

however 1 would also stop sorne of the h1.gh energy 8 partlcles am resul t ln 

oscl11atlOn5 ln the value of transm1ssion W1 th changes ln the B partlcle 

energles. A sweepu19 m~etlc fleld cOlTltXlnent (Wl th aIl the assoclated 

problems) has to he mtp:x:luced to smooth these osclllatlons. In addl tlon 

ta the overall transmisslon at hlgh energ1es lS reduced conslderably by 

the lntroductl0n of the baffle (KotaJlma & Bennger 1970; Klank & Rl.stlnen 

1972; KonlJn et al. 1975; Llndba1d & Llnden 1975; Backe et al. 1978; Arvay 

et al. 1980). Another lmportant drawback of US1ng a small dJ.ameter baffle 

on the solenold axlS lS that the baffle lntercepts most of the 8 part1.cles 

wlth small acceptance an;les whlle allowlng partlcles wJ.th large angles of 

acceptance ta pass thrOl.gh (Klank & Rlstlnen 1972). As a result the 

fract.1on of B partlcles that backscatter fram the detector lS lncreased. 

Anal gu.1des can also be operated ln a long lens mode such that 

~ey . transml t onl y a weIl def1ned manen tum band. The narrow band 

transm1.SS10n can be achleved by lncorporatlng a set of mamentum selectlon 

baffles ln the transport system. OperatIng the solenold as a long 1ens, 
'" . 
however, reduces the overall transmlsslon of the system ~d reqw.res that 

the magnetlc fleld be swept ln arder ta cover a wlde momentum range CBacke 

et al. 1978; Ercan et al. 1981; Henry et al. 1982). 

6. TllTll.ng Problems 

Beta partlcles trave1l1.~ between the source and the detector in a 

solenolda1 transport system fo110w hel1.cal trajectorles that can be of 

conslderab1e lelXTth. Moreover, the lengths of these tra]ectorl.€S vary 

conslderab1y even for B part1.cles of the same energy. The f11.ght paths 

are longest for particles eml tted at the maxlmum acceptance àngle and' 
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shortest for partlcles erni tted along the axlS of the--soienold. As a ~ 

result, the t~e of fl1ght between the source arxi the detector lS qui te 

+ong am varlable dependulQ on the len;th of the speclflc tra]ectory, 

consequently no sharp tl./Tle slgnal is procluced (Ml.chael1s et al. 1969). 

'The long tl.rne of flight and i ts varlatlon Wl th energy can èause 

problems ln 4 K systems USIz:x;} anal gu1des (see sect10n on 4 K s111con 

spectrometers and Shera et al. 1967). It can also be a problem in 

measurements of short nuclear lifetimes and cOIncldence exper~ts 

(Kon1]n et al. 1975, Llndskog & Svensson 1976; Kantele et al. 1982). 

7. Ccmplications in the Deternllnatlpn of the Response FunctIon of the ~ 

Detecter 

The deperxience of the points of entry of B partlcles into the 

detecter on theu energy 1 and the large angles of lllcidence canphcate the 

calculatlons of the res~nse !unctien of the detector (usin;; Mate Carlo 

~hniques for example). , 



-139':' 

CHAPTER 3 

niE SUPERCX>NDlJCTING MAGNET SYSTEM: 

'!HE SOLENOID, THE CRYOSTAT, AND 'mE SUPPORT STRUC'IURES 

3.1 Design Aims 

As was mentl0ned ln the first chapter, the present spectrom~ter 

design 1.5 based on an ide a that has been trled and proven ln a previous 

superconducting solenold spectrometer Whlch was constructed and used at 

th1.S 1ab (Moore et al. 1976). '!he méiUn motl.vat.lons behind the design of 
• the present spectrometer were: resolvlng the problems encountered wlth 

the former, enhanCl11ÇJ the capablhtles of the whole system f\lI"ther and 

improving the mobl1lty, flexLbllity and adaptabll1ty of the spectrometer 

ln general. 
'" The former spectrometer employed a 13. 6 ~m long verücal so1enoid 

Wlth a usable bore of 3.67 cm dlameter (Flg 3.1). The maXlmum operati~ 

magnetlc field produced by the solenoid was 4.3 tesla at 120 ampere 

(Rehfleld 1977). The cryostat deslgn was a conventl0nal one uS1ng llquld 

nltrogen cooled radlat.lOn ~elds. Both the radloactlve source and the 

detector were contal.ned wlth1n the cold (ll.quld hellum temperature) bore 

of the solenold. The detector was malnta1ned at llquld ID trogen 

temperature by mounüng 1 t on the end of a cold flnger attached to the 

ligu1d nltrogen reservolr. The enhancement rat10 of B rays to 1 rays 

lncldent on the detector was al::out 50. 

Based on the experlence galned from operatlng the prevlous vertlcal 

spectrometer, sorne of the mal.n problems ldent1fled were: 

(1) 'The lnconvenlence of uSlng llgul.d m trogen cooled heat shl.elds. The 

shl.elds and the llquld n1trogen reservolr add extra we1ght to the 

total we19ht of the spectrometer and therefore restr1ct lts mobllity. 

(2) '!he vert1cal conf1gurat1on of the spectrometer. Th1S compll~~es the 
- . 

engineerlng problems of the source lntroductlon mechanlsm especlally 

if the spectrometer lS sltuated ln an area where space lS Ilmlted. 

The vertlcal he1ght of the system places a demand for large overhead 

space and makes the system qu1te awkward to operate. These are very 
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Figure 3.1 

Sectional view of a previous superconduct1ng sOlenoid beta 

spectrometer developed at th1S laboratory 
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important considerations if experiments are to be performed at 

different 1aborato~ s~tes. 

The presence of theJsource and the detector inside the low 

temperature part of the magnet. Th~s hampers access to the detector 

,for i ts al1.gnment, var~at~on of ~ ts paSl hon along the axlS of the 

soleno~d, or for electron~c connectlonS. 

Introduc1.ng call.bratl.on sources Wl th long half II ves into the bore 

·of the solenold resulted sometlmes, through accldents, ln the 

contamlnat1.0n of the spectrometer wl.th long 11.ved activJ.ties. In 

order ta remove such actlvltles, the whole magnet system has ta he 

dismantled to clean or replace the contaminated parts and then 

rebuilt afterwards. 

Along the line of solv~ng these problems, sorne of the developrnent .. 
-goals of the present spectrometer were: 

(l) Ta change the cryostat desJ.gn in such a, way as to eliminate the need 

for the hCJUld n1. trogen cooled shlelds. 

(2) Ta achleve a hlgher magnet~c held ln a soleno1.d of great~r length. 

The hlgher magnetlc fleld enables one to study B transl hons Wl th 

higher epdpOlnt energ~es (for a flxed detector surface area), whlle 

~ncreaslng the dlstance between the source and the detector results 

J.n J.mproved supress~on of r rays and therefore less r ray 

contanunatlon of the 8 spectrum.' 

(3) The use of a magnet Wl. th a larger dl.ameter, room temperature, bore. 

The large d1.ameter slmpllf~es qu1.te a f&oN eng1.neerl.ng problems and 

perml. ts the use of detectors of larger surface area. The ruameter 

of the detector ~s a maJor factor ln determln1.ng the maxl.mum energy 

of th~ beta rays that can be stuched W1. th the spectrometer. The room 

temperature bore allcws the separatlOn of the saurce----qetector 

assembly from the magnet part of the system. ':"hls ln turn 

facill. tates access ta the source and the detector poSl. tl.ons and eases 

the problems of varyl.ng the locatlOn of elther one of them w~th 

respect to the other or Wl. th respect ta the magnet~c fleld. Gaimng 

thls ease ln access lS cruclal Sl.nce dlfferent source lntroduct~on 

methods and dlfferent detector systems are contemplateà. for use ln 

conJunctlon wlth the new magnet. The room tem[.l€rature mre also has 

the advantage of rendenng the superconductUlQ solenold system 
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comp1etely independent from the rest of the spectrometer and thus 

freeing i t for other uses in the lab as a high fl.eld magnet. 

(4) To have the whole system l.n a horl.zontal conflguratlon for ease of 

adaptl.on to dlfferent experlmental set-ups and convemence durH19 

operation. 

(S) Increaslng the vers atl. ht y and mobül.ty of the system. TIns 15 qUJ .. te 

necessary Sl.nce lt 15 the norm ln stuches lnvolvulg nuclei far from 

stabihty that experl.ments have ta he carried out at varlOUS remote 

locatl.ons. These l.nclude aceelerators, reactors and l.sotope 

separators (often ln on-ll.ne eombl.natlon wlth an accelerator or a 

reactor) wherever the method of productl.on of 'the desl.red isotope is 

aVal.lable and most suited for the specl.fl.c spectrometer. 

3.2 The Choice of a Superconductl.ng Solenold 

The use of a superconductl.ng solenol.d instead of a water cooled 

normal conductor type l.S even more ]ustl.fied l.n the present spectrometer 

than it was ln the prevl.ous one because of the larger volume and hl.gher 

intensl ty of the desl.red magnetlc fle1d. '!he chal ce of a superconductl.ng 

co!.l 15 more attractl.ve on the baslS of slmpler desl.gn, lower cost, 

mobl11ty, compactness, lack of requl.rements for complicated water eoollng 

facl.lltles and hlgh power current supplles (Montgomery 1969, p.37). (For 

a detailed eomparlson of the merlts of superconductlng vs. normal magnets 

see Wcx::d 1971.) 

The use of a normal solenold cooled WI th a cryogenIe flUld (llqul.d 

ru.trogen or llquld hydrogenl represents an even less attractIve optIon 

than anomal magnet. '!'tus 1S because of the soph1stl.cated deslgn 

req\ll.red and the fact that cryogemc magnets suffer from most of the 

drawbacks of both the superconductl.ng and normal types (P arkl.nson & Mulhal 

1967, p.S, 13, 69; Montgomery 1969, p.218; Taylor & Post 1962). 

The use of rare earth permanent magnets was also gl. ven sorne 

cOn5l.deratl.on. However, because of several factors lncludlng: the hl.gh 

l.~tl.al cast, the lnflexlblll.ty of the deslgn, the magnet welght, the 

dell.cate nature of the rare earth magnets, thel.,!:' temperature dependence, 

. the lower magnetl.c fle1ds attal.nab1e and the need for a~rate magnetlc 

fl.eld mappl.ngs, l. t was concluded that the dl.sadvantages of the use of such 

magnets far outwelgh the advant~es. 
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" 
3.3 '!he Solenoid 

'The solenol.d used l.n thl.s· spectrometer was suppll.ed by Canada 

Superconductor & Cryogenl.cs Canpany Ll.rnl. ted (CSCC 1. Sorne of the relevant 

parameters of the solenol.d are l1.sted l.n Table 3.1. The soleno~d ~s wound 

from a vapor deposlted (CVDl nlobium tln (~3Sn) compos~te conductor tape 

W1 th a rectangular cross sect1on. The crlt1cal temperature of Nb:3 Sn ~s 

18.3 K (Dew-Hughes 1979, p.1431. The structural element ln the nbton lS 

a substrate of Hastelloy ln the center. The claddUlg lS made up of two 

layers of hl.gh conductl.Vlty copper (CSCC; Brechna 1973, p.20). The copper 

cladding proVldes the achabat1C (enthalp1c), dynam1c and eryogeme 

stabl.lizatlon requlred for the satlsfactory performance of the 

superconductor (Wood 1971, p.304; Hancox & Catteral 1971, p.536; Brechna 

1973, p.22, 301; Parkinson & Mulhal1967, p.113). It also l1.ml.ts the 

voltages developed dunng a quench (Iw~a &. Montgomery 1975, p.436). 

Sorne of the parameters of the superconduetor tape appear ln Table 

3.2. 

The superconductl.ng tape 1.S wound around an anodlZed alum~num 

bobl::nn (see Table 3.1 for dl.mens1.ons ,. The electrl.cal contacts for the 

solenol.d are 10cated on an ~nsulator rl.ng (1/4 ~nch thl.ek bakelitel w~ch 

is flxed to one errl of the bobb~n. The curren t 1~ads of the magnet are of 

the vapor co01ed type supphed by Amerlcan Magnetl.Cs Ine. (Type L-l50). 

Each current 1ead ~s connected to the corresp:lnchng soleno~d contact by 

two bus extenslOns. The extensl.ons (supplled by I\MI) are compnsed of a 

h~gh transltl.on temperature superconductl. ve Nb 3Sn tape sanàwlched between 

copper strlps. The bus extenslOr.s are JOlned by a wccd' s metal solder to 

the soleno~d contacts. 

The rated fle1d of the magnet was 7 tesla (nomlna1) at 150 ampere 

current. Commlsslonlng test performed wlth the solenold lnstalled a 

temporary llquld hellum cryostat verlfled that the solenold can be 

operated at 150,ampere. However, durlng the lnltlal testlng of the magnet 

after lt was lnstalled ln the present cryostat 1 lt was found that the 

solenold conslstently quenched (lost lts superconductlvlty) at about 115 

ampere (a detalled descrlptlon of tr~ pracesses lnvolved ln a quench lS 

glven ln another sectlon or th1S chapter). Slnce the quall.ty af the 

wood's metal solder ]Olnt 1S suspect, and because lt lS located ln a hlgh 

! 
/ 
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Table 3.1 Parameters of the SUperconduchng SOlènoid, 

Windl.ngs: lerx;th (cm) 

l.nner,d~ameter (cm) 

outer diameter (an) 

NtJnbers of turns (alOr1g' the ax~s) 

Number of layers (rad~ally) 

Bobb~n: dl.ameter of bore (an) 

length (cm) 

t 

25.4 

10.8 

15.0 

100 

100 

17 

27.3 
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Table 3.2 '!he Superconducting Composite Ribbon 

Ribbon th~cknesss (cm) 

Ribbon w~dth (cm) 

Copper clad:hn:J th~ckness / 

Substrate 

r _ 

0.021 

0.230 

0.005 

Hastelloy 

(a mgh strength 

mcke1 alloy) 
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magne~~c f~eId reg~on, the quench was probably ~n~t~ated at the contact as 

a resui t of the solder changlng from the superc~nductlng to the normal 

state. 

The soleno~d was therefore usually operated at a current of 100 

ampere produc~ng an ax~al,magnet~c f~eId of 4.4 Tesla at Its centre. 

Tests ~nd~cate that the soleno~d would operate sat~sfactorlly at currents 

of up to 110 ampere. 

The ~nductance of the soleno~d was calculated to be 4.7 henry using 

the method of Grover (1964, p.105). Th~s value was aiso verIfIed 

exper~mentally by mon~tor~ng the voltage across the soleno~d whlle the 

current lncreased at a constant rate. From the rate of current change 

(0 .056 Ampere/sec) and the voltage (0.25 ± 0.01 volt), the ~nductance ~s 

est~mated to be 4.5 ± 0.2 henry in a<fI"eement w~th the calculahon above. 

Rap~d changes ln the current tlow~ng through a superconductll'lÇJ 

magnet lead to excesSIve flux JumpIng and the generatlon of heat winch can 

dr~ve parts of the wind~ngs back ~nto the normal (res~stive) state (Wood 

1971, p.302; Wlll~ams 1969, p.41; Park~nson & Mulhal 1967, p.112). 

Therefore the charg~ng of the ma:::jnet (buüd up of the magnet~c fIeld and 

current) was done at a conservatl ve pace. 'The rate of change of current 

was usually llm~ted to arx:>ut 3 ampere per mInute. However, charglng rates 

of up to 6 ampere/m~n ( ~O.5 volts Induct~ve voltage) have been used 

w~thout an Indlcat~on of exceSSIve flux Jump~ng (wh~ch would manlfest 

1 tself ~n rap~d voltage changes across the solenold). The current can 

therefore be tak~n up to ItS operatlng value (100 amp) ln about 15 m~nutes. 

3 . 4 The Curren t Suppl y 

Two types of current supphes were usErl. The flrst conslsted of 18 

storage cells from 3 large truck batter~es (2 volts per cell) connected ln 

parallel w~th each other and ln ser~es wIth bath the soienold and a large 

carbon rehostat that was used to vary the current (Park~nson &. Mulhal 

1967,p.61). 

In sp~te of the true D.C. nature of the current they supply (l.e. 

no rIpple nOIse) and the~r low ~nItlal cost, the ~mpractIcalIty of the use 

of these batterIes (the need for frequent adJustments of the rehostat, 

heavy we~ght, ma~ntenance requlrements, corros~ve flu~ds and fumes 

ernanatlng fram the cells) and the~r unsUl tabülty for extended operatIon 

.' ,[1' 
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(l~mited charge storage capac~ty) led to the testlng of an electronic 

power supply as a replacement for the batter~es. 

The power supp1y chosen was a Hewlett Packard ~ode1 6260B. Its 

operatlon in conjunctlon wlth the superconducting solenold was quite 

satisfactory Wl th good current regulation and long term stabih ty • No 

signlficant increase ln the electronlc nOlse,of the Bray detector or its 

?Ssoc~ated count~ng clrcu~try was observed_durlng the operation of the 

power suppl y . 

A heat sook reverse diode was lnstalled across the output terrnnals 
\ 

of the power supply to protect it from the effects of') high voltages that 
1 

might be generated in the magnet durlng a quench (Don~~eu & Rose 1962). 

The magnet current was measured from the voltage drop ac;,ross a 0.1 

mllliohm shunt resistor ln serles wi th the solenold. The accuracy of the ' 

current determinatlon and reproduclblilty i5 about l ampere, however its 

stability and regulatlon are much better. 

3.5 The Cryostat 

The superconductlng solenold employed in thlS spectrometer 15 

cooled by lmmerslng it ln liquid helulffi during its operatl0n. Therefore, 

a sui table cryostat for holdulg the llquid hehum had to ~be designed w 

accordance wi th the general guldellnes outllned in the beglnnlng of thlS 

chapter. 

'!he cryostat design used (flgures 3.2, 3.3) lS a pool type 

reservolr at atmospherlc pressure. The cryostat reservoir 15 a horizontal 

cylinder wlth an eccentrlc c~rcular hole runn1I1g horizontally along Hs 

length. The reservoir lS enclosed ln a vacuum chamber and lS he Id in i ts 

position by six vertlcal sta~nless steel support tubes. The cryostat lS 

btlll t from several pieces of po"llshed stainless steel (type 304) welded 

together (TIG Welds). 

Stainless steel lS the conventlonal choice ln cryostat deslgn 

because of ltS excellent mechanical and thermal propert~es (Wigley & 

Halford 1971). These ~nclude a low thermal conductlvlty, a low thermal 

contractlon coefficient 1 and a hlgh tensile strength (Wigley 1971). Type 

304 stalnles$ steel was used because of lts non-magnetlc nature (low 

magnetlc permeablilty and susceptlbillty) (Wlgley 1971, p.60; Wh~te 1968, 

___ ~~"'(; Colllngs & Hart 1979). 
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l Figure 3.2 

Sectional view of the present superconducting solenoid 

spectrometer (side new) 

1 

, . 
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FJBUre 3.3 

Sectiona1 view of the present superconduct~ng solenoid 

spectr~ter (front v1ew) 
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The soleno1d 1S enclosed wi thin the he.lium reservoir W1 th the 

1n$l.de diameter of the bobbl.n tightly f1tt1ng around the outside diameter 

of the honzontal bore of the cryostat. Th1S, ln addl t10n to the téflon 

wedges inserted hetween the cryostat waiis and the solenold, flxes the 

soleno1d 1n 1ts pos1t10n. The eccentr1c locat1on of the solenol.d (Flg. 

3.3) places 1t low ln the cryostat ~o that 1t lS possLble to cont1nue 

operating untl.l the reserV~)l.r 1S nearly empty. 

The S1X sUPPJrt tubes from wh1ch the cryostat 1S suspended aiso 

provide access to the magnet and the l1qu1d hel1um reservo1r. 'Ihese tubes 

pre utl.l1zed as follows: 2 tubes are taken up by the magnet current 

leads, oné tube is used ta place a l1qu1d hell.um level meter into the 

reservol.r, one tube 1S used as a condult fbr the Ieads to d1fferent 

sensors in the cryostat (a cryothermometer, a magnetores1stance, leads for 

measurl.ng the voltage drop across the soleno1d), one tube for ll.quid 

cryogen fllll.ng and the Iast tube is used as a hel1um vapor vent. 

The level of ll.quid hell.um l.n the "cryostat was monitored w1th a 

superconductl.ve f1lament level sensor (flgures 3.2, 3.3). The monitorl.ng 

of the temperature lns1de the cryostat was done W1 th a plat1num reslstance 
• 

cryothermometer mounted on one end of the solenold" boblnn. Both the level 

meter and the cryothermometer were SUppl1ed by American Magnet1cs Inc. 

The llquld capac1ty of the hellum reservolr lS about 18.5 Ilters and its 

total surface area 1S about D.56m 2
• 

The 1ntrOductlon of cryogen1c flUlds lnto the cryostat causes 

thermal contract1ons WhlCh m1ght lead ta mlsal1gnment of the dl.fferent 

parts of the system. The data of W1gley (1971, p.301) for the total 

linear thermal contractl.on of type 304 ~alnless steel, c~lned w1th the " 

dl.mensl.ons of the cryastant and the support tubes lndlcate that the aXl.S 

of the soleno1d w1lI he dlsplaced by no more than l mm from the axis of 

the room temperature bore after he1ng cooled down to llqw.d. he11um 

temperature. 

3 .6 '!he Vacuum Chamber '-

'nle bcdy of the vacuum chamber lS constructed from welded alum1num 

while the top 11d 1S made from stal.nless steel. The cryostat support 

tubes are welded ta th1s Ild and therefore the whole magnet system can,be 

removed from the vacuum chamber by l1fhng the l1d. A sta1nless steel 
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tube makes up the .t'oom temperature free bore of the magnet system. 

Rubber (Buna - N) "a" rings were used for aU demountable, J;'oom 

temperature seals. The free volume of the vacuum chamber ~s about 145 

lüers. A pressure of 2.5 X leT l Pa (~2 x 10· 5 torr) ~s malntal.ned in the 

vacuum chamber by evacuating H through a 2.5 cm pump out port. Thps port 

is connected through a 10 cm long pumPl.ng hne to a small àl.ffusl.on \pump , ~ 
which is egu~pped with ll.qwd mtrogen coo1ed baffles. The pressure 

insl.de the vacuum chamber was measured w1th a cold cathode l.onl.zatl.on 

guage (PIG) sl.tuated at the pump out port. A complete descnpt~on of the 

vacuum system of the whole spectrometer 1S given in chapter 5. 

The overall duoensl0ns of the magnet system are arout 56 cm 

dlameter and 72.5 cm helght. The free room temperature bore of the mêÇnet 

has a dl.ameter of about 7.3 cm. The masses of the various parts of the 

magnet system are gl.ven l.n Table 3.3. The total mass of the whole system 

l.S less than 125 kg whl.ch makes l t qtll te mobile and eases the structural 

reqw.rements on the frame needed to support l. t . The mass of th~s 

spectrometer system represents only a small fraction of the mass of 

magnetl.c beta spectrometers (se; for example Langer & Cook 1948; Wegstedt 

1957; S~egbahn et al. 1964). 

3.7 Thermal Insulatl.On and Heat Transfer in the Cryostat 

Because of the low heat of vaporlzatl.On of ll.quid heliurn (2.6 

Joule/cm 3 or 0.72 watt.,-hr/llter) (Rose-Innes 1964, p.140), even a small 

arnount of heat lnput illtO a reservo1r contêU.nl.l'~ ll.quld hehum woulà cause 

excessivé bOl.hng and ra~ild consumpt10n of the hqul.d nehtun. The low 

i::x:)l.lH~ p:nnt of hqmd hel1um (4.22 K) (Rose-Innes 1964, p.140) 

compllcates the thermal l.nsulat10n problems further. Tt results in a 

large temperature d1fference between the l1qu1d he11um reservo1r and the 

enVlronment and therefore a hlgh heat ~nput lnto the reservolr unless 

specl.al precaut10ns are taken. 

Hence the alm of the cryostat deslgn 1S ta ell.mlnate, or reduce to 

a ml.~, all possible sources of heat leak lnto the hellllrr. reservOl.r ln 

-order to pralong the operatlng tl.me of the magnet as much as possl.ble. 
\ 

The sources of heat flow ll.nto the cryostat can be summarlzed as follows 

(Wex1er 1961): 

( l ) CorrluctlOn ao:J convection through the gas l.n the space surrounchng 

\ 
\ 

r 
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Table 3.3 Masses of Different Components of the Ma;;net System 

çomponent Material Mass r (kg) 

Cryostat Stainless steel 12.5 '. 
Solenoid windings Assumed.'copper 20.7 

Soleno~d bobb~n '" Alum~num 1.,3 

Vacuum chamber Stain1ess steel 43.8 

Vacuum chamber lid Stainless steel 44.1 

Rean temperature bore tùbe Stainless steel 1.3 , 

total 123.7 
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the cryogen~c reservoir. 

(2) Sohd conduct~on alo~ the tubes supporting the cryostat. 

(3) Heat radiat~on through the aperture of the tubes connected to the 

cryostat. 

(4) Cond1,,1ct~on a10ng the magnet current leads. 

(5) Joule heatux; of the current leads when electnc current ~s flQ\olJ.ng 

through them. 

(6) A.C. losses whenever the current ~n the solenold is changing. 

(7) Radiant heat incident on the helium reserV01r walls. 

(8) Conduct~on of heat through any mater~al ~n contact with the 1iqu~d 

he1lum reservo~r. 

In what follows each of these sources wl11 be cliscussed in the same 

order 10, whlch they appear a1:x:lve. 

3.7.1 Gas Conduct~on and Convention 

'Ille thermal leakage caused by heat transfer through the gas is 

reduced to a negllglble amount by enclosing the cryostat 1n a high -vacuum 

tank. At the operahng pressure of this vacuum chamber (2.5 x 10-1 Pa) 

direct heat transfer by the res1dua~ gas ~s totally ~nsl.gmfl.cant (Scott 

1959, p.144-147; Kropschot 1962, p.154-156l. However, the contrLbutlon of 

gas conductl.on t~ heat f10w across the mulUlayer superl.nsulaUon used in 

th~s cryostat ~s more s~gnl.fl.cant and will be dlSCUSSed at length later ~n 

this section. 

3.7.2. The Support Tubes 

3.7.2a Conduction 

In order to reduce the amount of heat conducted along the support 

tubes_r-__ they were constructed from th~n walled (0.05 cm wall thl.ckness) 

stalnless steel plpes and made as long as 15 çompatlble wüh the 

constraints of the genera1 deslgn (atout 40cm long). 

Since for SOlld conductlon (Whlte 1968, p.213) 

W K(t) A (dT/dl) 3.1 

where 

\ 

.. 
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W = The rate of heat flow by solid condUction 

K(T) = The thermal conductivity of the tube material 

A = The cross sectl0nal area of the tube wall 

dT/dl = The temperature grachent along the length of the tube. 

By using stalnless steel tubes K(T) lS made qulte small (Wlg1ey 

1971, p.304); USlng thln walled tUbes mlnlmlzes (A); and final1y by 

lncreaslng the length of the tubes (dT/dl) lS decreased 81nce the total 

temperature change acr08S the length of the tube 18 hxed (room 

temperature to liquid hel1um temperature). 

In addition to these measures, the e,ffluent hehul'n vapor from the 

reservolr is vented through two of these tubes (the ones houslng the 

magnet current leads) to he1p remove some of the 'heat conducted along the 

tubes. 'Ule heat exchange betweeen the rlsing cold vapor and the stalnless 

steel tube walls reduces the heat lnput into the liquid; qw. te conslderably 

(Scott 1959, p.239-242). 

In order ta estlmate the heat lnput lnto the. 11quid hellum 

reservoir caused'J, by solid conductlon along the support tUbes 1 the method ' 

of Conte et al. (1970) was used. In thelr work, the authors take lnto 

account the varlatlon of thermal conductlvlty of stalnless steel wlth 

temperature. Followlng thelr approach, the amount of heat conducted by 
, 

the stalnless steel tubes used ln our cryostat was calculated and the 

results are glven ln Table 3.4. 

These values overestlmate the heat flux conducted through the 

support tubes; they do not take lnto account the vapor coollng of two of 

the tubes Slnce lt was dlfflCUlt to estlmate the efflclency of the heat 

exchange between the gas and the tubes (Con te et al. 1970). A bet ter 

estlmate of the total heat conducted down the tubes would be perhaps 

around 0.6 '\" 0.55 watt (0.8'\" 0.75 hters of llquld hellum/hr). 

3.7.2b Thermal Radlatlon 

To estimate the heat load on the llquld hellum cryostat caused by 

rachatl0n through the aperture of the sUPPJrt tubes 1 we flrst assume a 

"wors t case" condl tl0n. In thlS case, the apertures of all the tubes are 

assumed to be exposed ta black body radlatlon at room temperature (l.e. 

the tubes are assumed to be open to the atmosphere Wl th no covers or plugs 

on top). The lnslde surfaces of the tubes are assumed to be sF€CUlar 

reflectors wlth very law emlss1vlty therefore causlng all the rad1atlon 
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Table 3.4 Heat Conducted by the Supp:>rt 'IUbes 

Nunber of Diameter Heat conducted Total heat 

tubès (an) per tube. fwatt) conducted (watt) 

l 1.6 0.19 0.19 

2 1.3 0.15 0.30 

3 1.0 0.11 0.33 -
total 6 0.82 

- Vapor cooliD:J was not included 

- AlI tubes have a length of 38.7 am-and wall thickness of 0.051 cm, 
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incident on the top opening of the tubes to he funnelled down te the 

cryostat. In th~s case, the heat ~nput from, this source can he calculated 

from the Stefan-Boltzman Radlatlon 1aw (Whlte 1968, p.230). 

where 

W = The rate of heat input (watt) 

€ = emissivity of the radiant surface (assumed 1 here) 

a = '!he Stefan-Boltzman constant 5.67 x 10- a W/m 2 K4 '(Anderson 

1981, p.4) 

T 2 = '!he temperature of the hot emithng surface (300 K) 

T 1 = '!he temperature of the cold absorbUlg surf ace (4.2 K) 

A = The surface area of the top aperture of the tube 

3.2 

The resul ts of this "complete funnell~ng" ca1culat~ons appear in 

Table 3.5. 

In reali ty the heat input from th~s source is much less than the 

est~mates above. '!he top openHlgS of two of the tubes are covered w~ th 

pohshed brass plugs. The surfaces of these plugs have an em~sslv~ty of 

about 0.05 or 1ess (White 1968, p.220; Thornton 1971, p.495; Scott 1959, 

p.347; Kropschot 1962, p.l54; Monlar 1971, p.210). Three of the other 

tubes have lnserts 1ns1de them (two m.:qnet current 1eads and one llqw.d 

he11um level sensor) whlch act as rad~atlon traps reduclng the rad~atlon 

heat flux p1ped down the tubes (Whlte 1968, p.53). Furthermore, the 

lnside surfaces of the tubes were not pollshed but were dlffuse reflectors 

wlth hlgh em1ss1v1ty. ThlS coupled wlth the length of the tubes (~40cm) 

results ln the funnell1ng of on1y a small fractlon of the ref1ecteà 

rachatlon only. 

If one assumes that no ref1ecteà rachat~on lS transml tted through 

the tubes and that the surfaces of the tubes are non rachatuq u.e. "best 

case" cond~ tlon), then the amount of radlant heat that reaches the bottom 

of the tube wlll be that em1tted ln the small S011d angle subtendeà by the 

10wer openulg of the tube at the upper aperture. In th~s case me rachant 

heat reachlng the bottom of the tubes l5 (Conte-et al. 1970) 

E (J .; ( :'2" - "T'io 
·1 

J. 

__ 0_ 

2 l 

3.3 
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... 

Table 3.5 Estimates of Heat Transfer by' Radiation throU;h 

the Support Tubes 

Nunber of Diarneter Heat transfer Total heat 0/21 (reduct1on 

" (cm) tubes per tube transfer per tube factor) 

(complete (complete (absorb1ng 

funnelhng) funnell1ng ) walls) 

(watt) (watt ) , 

1 1.6 0.09 0.09 2.1xlO- 4 

2 1.3 0.05 0.10 1.3xlO· 1o 

3 - 1-.. 0-~ __ ,_, ;'- 0.03 0.09 7.5xlO- s 

--
6 0.28 

1:' 

.. 
• \ 

.. 
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where aIl the paramete,rs are the same as tl)e ones defined ln 3.2 and n ~s 
\ 

the solid angle subtended by the bottom opening at the top of the tube. 

where 

( l ~1'2l 
1 ? J \ 1 + L 

r = The radius of the tube 

L = The 1ength of the tube 

3.3a 

The results of applyl.ng 3.3 ta the cryosfat descrl.bed here are 

gl.ven ln Table 3.5. They show that the rad~ation flux will be reduced by 

a factor of aOOut 5000 or more compared to the case of complete 
, 

f~elll.ng. If th~s was the case, then the contr~but~on of radl.at~on from 

the aperture of the tubes ta the total heat flux would be completely 

negl~g~ble. However, the ~ns~de surfaces of the tubes are not perfectly 

aœorbulg and the actual s~ tuat~on l~es somewhere between the t'Wo extreme 

estlmates (Kuraoka et al. 1979). 

The adàUt~onal heat radlated by the ~nslde wa11s of the tubes 

themselves can be accounted for as well. In the case of a tube wlth 

dlffuse reflectlng or black walls, Pèrlmutter & Slegel (1963) show that 

w~th negl~g~ble solld conduct~on (nct a tota11y unreasonable approx~mat~on 

for thln walled stalnless steel tubes), the total amount of heat rad~ated 

through ~he low temperature aperture 15 less than 5% of the total heat 

lnCldent on the hlgh temperature aperture ~f the ratlo of length to 

dlameter of the tube (L/2r) exceeds 20 (wh~ch lS the case ln our 

cryostatJ. For specular reflectlng walls, the authors show that the 

rachat~on heat reachlng the l.ow temperature aperture lS less than 50% of 

radlant heat lr.cldent on the hlgh temperature aperture ~f the em~sslvlty 

lS O.l. or h~gher. 

After accountlng for ail of these effects, the amount of heat 

rad~ated down the tube ~s estlmateà ta be less than 0.1 watt (about 0.1 

l~ ter of hqu~d hel~um/hr or 'less) . 

3. 7.3 The "1agnet CUrrent l.eads 

The current leads chosen for th~s solenold are the hel~um vapor 
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. 
cooled type similar to those described by Efferson (1967). The helium . 

vapor emanating from the boil~ng liqu~d passes through cooling channels in 

, the leads. The large heat capac~ ty of the vapor is used to extract some of 

the Joule heat generated by the current flow~ng through the leads and sorne 

the heat conducted by the leads. The heat flow lnto the cryostat per pait 
of leads at the operat~ng current (100 amperel ~s about 0.25 ~ 0.3 watt 

(liqu~d helium consumption of about 0.35 ~ 0.4 liters/hr) and 30-40% of 

this value when no current is pass~ng through them (AMI l, p.9,). 

3.7.4 A.C. Lasses 

A.C. heating, caused by changes ln the magne~~c field of thè 

soleno~d whenever the current is varied, can provide a significantly large 

heat load on the cryostat system and has therefore to ~ considered 

carefully (Colyer ,1967). The A.C. heating lS caused by several factors. 

The first factor is common to aIl superconduct~ng, current-carrying 

elements and results from the presence of normal-state reglons in the 

superconductor when it ~s p1aced in a magnetic field above a few 

k~loguass • Any movement of the magnetic flux caused by vary~ng the 

transport current ln the superconductor results in heat generation in the 

normal-state reglons (Iwasa & Montgomery 1975, p.449). Another factor is 

the A.C. heatlng due to eddy currents that are set up by the varylng 

magnetlc fleld ln the normal conductor matrlx (the claddlng) surrounding 

the superconductor (Brechna 1973, p.250). This is especlally lmportant in 

our case Slnce the solenold was wound from a slngle fllament tape rather 

than a tWlsted multlfllamentary composlte wh~ch would have reduced the 

effect. Heat lS also generated by eddy currents flowing ~n the metallic 

parts of the magnet and the cryostat (normal conductors) when the solenoid 

current (and therefore the magnetlc fleld) lS chang~ng (Brechna 1973, 

p.274). These parts lnclude the alumlnum bobbln arounq which the soleno~d 

~s wound and the stainl~ss steel reserVOlr that surrounds the magnet. 

It ~s quite dlfflcult to calculate a reasonably accurate estimate 

of all thèse A.C. effects. Order of magmtude calculatlons of the heat 

d~sSlpated ln the magnet due to some of the factors ment~oned above is 

g~ven by Smlth and Lewln (1967). Fo110wlng thelr method, the rate of heat 

generat~on by ,the.A.C. loss ln the superconductor material ltself lS 
~ 

ca1culated ta be of the order of 0.1 watt durlng the 15 mlnutes it takes 

r 
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to charge up the magnet to full field. Contributions from the other 

factors are harder to estJ.mate but in general the heat load resu1 ting from 

tpelr effects increases as the rate of current change is lncreased. In 

. the magnet described in this thesis the hehum consumption l~creased quJ. te 

perceptib1y during the tJ.me when the solenbld current was being ch~ed' 

This ~as evident from the incréased frost formaÜon on the vent llnes 

. nd l , h l d h l 1.-.-. l f" 1 lcatlng an lncrease ln t e J.qul e 1\,lrTl '-'-'lof rate. 

3.7.5 The SuperinSulatlon 

rnstallation 

As mentioned earlier in this chapter, replacing the hquJ.d mtrogen 

cooled radiatlon baffles was on: of the' major ëllms of the new cryostat 

design. In arder to be able to achieve tms, laminar mul tllayered 

rachation shields were. These mul tJ.ple layers 1 when used in combinatlon 

with high vacuum, are commonly referred ta as sùperlflsulatlon. The type , 
chosen was NRC-2 superlnsulation commerclally supphed by KST Co. It is 

made up of mylar fO?-ls 0.0064rml (1/4 mü) truck each, wlth hlgh pUrlty 

alumlnum deposlted on one slde to a thlCJcnesSS of a1::X:JUt 250 Â. 

The foils are wrapped in success1ve layer~ <troUl"rl the cold surfaces 

of the cryostat,' thproughly covering the ~iqw.d hellum reservolr 

(including the oore) and the supp::>rt tubes. Each layer 1S mërle up of 

several separate pleces taped together ta f 1 t the shape of the cryostat. 

The joints between these-1':teces are lap )Olnts Whlch were ,,",offset in 

successJ.ve layers durlng app11catlon. ThlS type of ]Olnt (staggered'lap 

joint) 15 consldered to be one of the_most efflclent Joints wlth respect 

to 'thetmal' cOnductlvl ty (Prlce 1968; Hamnond 1971): 'The SUCCesSl ve layers 

were fastened to each other uslng a metallJ.zed polyester adheslve rlbOOn 

DM #850) (see flgures 3.4,3.5), 

The consecutlve layers of lnsulatlon applled around the support 
) 

tubes dJ.d not all extend to the same helght of the tube, rather each 

successive layer was terrnlnated at a Sllghtly hlgher palnt along the tube 

than the preceedlng layer, Thus each layer wou1d reach only to the point 
~ 

at which the temperature of the tUbe wall ~s the same as the rest of the 

" extended layer. Thls'conflguration e11minates any lateral canduct~on ln 

the superinsulatlon (KST). The offsetting of the succeSSlve layers was 

, ' 
,. , " 
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Figure 3.4 

Photograph of tg1e hq\lld he1ium cryostat showuç the' mul tl1ayer 

superlnsu1ati9n (side view) 
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Photograph of the liqw.d helium cryostat sh~lllg tbè multilayer 
Sllper1n8ulat1on (front vlew) 
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done only approx.1mately Slnce the profüe of the t~ature varlatlon 

across the thlckness of the multllayered superLnSulatlon ~lanket cou1d not 

be easlly detel:mlned (Hanmond 19ï1; Kropschot 1961) . 

. The oottom parts of the 1nsulatlon layers covenng the support 

tubes formed Sklrts whlch were lnter1eaved W1 th the rest of the 

superlnSulatlon at the reqlons where the tubes penetrated lt. nus was 

done 1n arder to elLmlnate the adverse thermal effects of penetratlons 

through the superli1SUl~t'lon (thermal shortu~) (pnce '& Lee 1967). 

. The number of layers of supennsu1ahon used was 80. each lf175talled 

J.ndlvldually. The aV,erage thlckness of the mu1 tllayered blanket was about 

3.75 01'1 on the otltslde surfaces of the cryostat and al::x:lut 1.25 cm around 

the oore. The resultulg paclu~ dens1tles are 60 layers/cm coverlng an 

area of about 1000 tn1 :.1 arxj 20 layers/cm coverulg an area of about 4600 

01'1 2. The total mass of the superlnsulatlon used 15 aOOut 0.4 kg. 

Heat Transfer ln tlÏe SuperlflSulatlOn 

Because of the hlgh reflectance (low emlSslv1ty) of the alumlnum 

deposlt and the low thermal ~onduct1vlty between successlve f011s, the 

superlnsulat10n layers act as thermally floatlng rad1at1on shields: each 
o 

shleld reflects a large part of the radiatlon lncldent on lt arxj radl~tes 

the rest te the next layer. By haVlI'X;j a large number ef such sh1elds ln 

serles. most of the heat lnc1dent ln the form of electrom~netlc rachatlon 

lS be reflected back ta the warm outer surfaces. The thermal conduct1v1 ty 

between nelghbourlng layers 15 m1n1m1zed by crlnckl1ng the fOlls 50 that 

the area of contact between the layers lS reduced (Balley 19ï1, p.ISl). 

Thus, after eqtUllbrlum lS reached, each fOlI establlshes ltself as a 

constant temperature shell (1.sotherm) around the cryostat. 

In our cryostat, the multllayer super1nsulatlon 1S the only means 

of reduclng the heat radiat10n lncldent on the surface of the cryostat 

from the room temperature vacuum chamber walls. It 1.S also the only 
• 
matenal (bes1des the support tubes) that comes in contact wlth the llquld 

hel1um reservOlr. Therefore careful deterlUlnat1on, and reduct1on, of the 

heat transfer threugh the superinsulatlon lS necessary ln order ta 

ci}cumvent the effects of two of the heat input sources l1.sted ln the 

beginning of this section (points (7) and (8)). 

The heat transport through the multlple layers superinsulatlon 
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arises from (Kropschot 196~): 

(1 j Heat corxiuct;~qn by the res1dual gas between neig~i~ layers 

(2) Solld conduct~on across the layers 

'(3) Heat radiatlon across the superlnsuùation. 

3.7.Sa Resl.dual Gas 

At low pressures, when the mean frèe path of the gas molecules 15 

large compared to the dl.mens1ons of the space ln -whlCh they are travelh~ 
\ ~ 

(free molecular f10w reg1on), the rate of heat transfer ~ween two 

paral1el surfaces due to gas concructlon 15 glven by O<ropschot 1962, 
, 

p.lSS): ~ 

, where", 

~ '!he rate of heat transfer 

A =~ surface area 

Cl ... A1i\acccmnodatlon coefflclent whlch deperds on the Specles of 
\ 

gas and temperature of the surface (Scott 1959; p.147) 

P '" The pressure of the gas 

G :: A constant whlch depends on the type of gas 

T 2' Tl = The temperatures of the hot and cold boundarles between which 

heat lS conducted, respectlvely. ' 

'!he extenslon of th1S formula to mul tllayered superlnSUlatlon lS 

gl ven by RuCCla et al. (1967). However, thlS extens10n d1d not prove to 

be useful ln our case due to lack of knowledge of the values of severa1 

parameters ap~ar1ng ln the formula glven by the authors. 

In genera1, the heat transported by~ conductlon ln multllayer 

super1nsulatlan decreases as the absolute pressure of the gas between the 

, 1ayers is 1a,..rered and becomes qu1te small below 0.013 Pa (10 ... 4 torr) 

(Leonhard & Tatro 1970; Kropschot 1961; Hnll1cka 1~60; Getty et al. 1966; 

Barron 1972). 

At an lnter1ayer pressure of 10-4 torr and lower, the gas 

conduct1Qn w1thin the lnsulat10n is the result of a process of free 

molecular flow and an effective thermal conductivity can be ascrl.bed to 

the gas. The effective t'hemal conductivity has a value of the arder of 
\ 

0.1 j.I w/cm K at 10 -4 torr and decreases linearly with pressure <Scurlock & 

\ 
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Saul1 1976; Barron 1972). 

The heat flux due to gas conduction can be calculated from 

theeffect1ve thermal conductl.vity attnbuted to the gas as follows: 

W 
A K ( T2 - Tl 

= t 
3.5 

where (wa~ \Il = The rate of heat input due to re5ldual gas conduction 

A =: The area covered by the superinsulatlon (cm 2
) 

t =: 'nle thickness of the supennsulatlon (cm 1 

T 2 = 'nle hot boundary temperature 300 K 

Tl = 'nle cold I:oundary temperature 4.2 K 

K =: effectlve thermal conducÜV1ty due to the gas = 0.1 u wjcm K 

For the superlnsulatl.on used ln the cryostat descrl1:::ed ln tru.s 

theslS, the resldual gas conductlon calculated from equatlon 3.5 amounts 

to about 0.07 watt lf the lnterlayer pressure 1S 0.01 Pa or less (<10-" nm 

Hg). 

Measurernent of the pressure ln the tank surrounding the 

superinsu1atlon does not provlde a reahstlC estlmate of the pressure in 

the lnterspaces Wl thln the ll1Sulatlon (Prl.ce 1968). In genera1, the 1ocàl: 

l.nterlayer pressure whl.ch lS respons.lble for the gas conduction lS 

conslderably hl.gher than the pressure measured ln_ the vacuum cantawer 

(Black & Glaser 1961; Barlcerek & Rafalawlcz 1976). The relatlonshlp 

between the two 15 determned by the dlfferent parameters of the 

partlcular set up (geometry, outgasslng, pumpwg speed, etc.) 

(Mlkhalchenko et al. 1976; Coston 1966; Prlce 1968). 

The maJor causes of the hl.gh resldual gas pressure ln the 

superlnsu1at10n are the outgasSlr1g from the large surface areas of the 

foils (Prlce 1968; Scurlock & Saul 1976; Leonhard & Tatro 1970) and the 

tortuous path that the gas mo1ecules have ta follow through the 

multl.layers befare being removed from the system. Because of the lap 

j01nt cPQflguratian used ln installing the multl.layers in our cryostat, 

the eva~ated gas must chang~ direction ln each lapped layer before being 
\ 

remove:l. This reduces the pumping speed and results in high interlayer 

pressures. 

In order ta reduce the rate of autgassing from the superl.nsulation, 

.. 
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repeated ~ges WIth dry, room temperature, nitrogen gas were used (PrIce 

1968) followe::l by long per~ods of cont~nuqus pumpu\g. The dry mtrogen 

purges help to remove the absorbed water vapor mo1ecu1es from the metalllc 

surfaces of the superwsulaUon wlthout the mtrogen itself beUlg 

preferentla11yabsorbed (Kutzner et al. 1973). 

'!he ul tlmate operatulg pressure at talned was a1::out 2. S x 10 -] Pa 

measured ~n the vacuum chamber. At th~s value, the lnterlayer pressure l5 

probably hlgher than 0.01 Pa and therefore the contr1.h.ltlon of gaseous 

COOOuctIon to heat transfer lS conslderably Iugher than the 0.07 watt 

estlmate .aOOve. 

3.7.Sb Sohd ConductIon 

Solld conductIon ~n the mult~layer superlnsulatlon l5 the resu1t 

of: coOOuctlon from one layer to another across the surfaces of these 

1ayers at the polnts of contact, conductIon along the lnctlvldual layers 

themsel ves (Kutzner et al. l-9 73), and conductlon across any Impun tles or 

cryopumped gases that bndge the gap between succeSSlve layers (Kropschot 

- et al. 1960). 

Solld conductIon ln the superlnsulatlon ~s domlnated by the contact 

resistance between nelghbourlng layers. The thermal conductance across 

each polnt of contact depends on the area of contact (and hence the 

mlcrostructure of the llayers) and. the lcx::al mechanlcal pressure (and 

therefore the wrappIng layer denslty) (Scurlock & Saul 1976). Slnce the 

thermal contact between a:1Jacent fOlls lS an lmportant factor ln 

conductlve heat transfer, lncreasIng the packlng denslty results ln an 

lncrease ln the conductl ve component as a resul t of an lncrease ln the 

number and 'lntenslty of contact poInt (Brechna 1973, p.460, 461). 

Rigorous treatment of the SOlId conductIon problem ln 

superlnsulatlons lS not poSSIble (Barron 1972). ThIS lS especlally true 

ln the case of crlnckled alumInIzed my1ar because the conductIon takes 

'. place ln contact poInts between ~lternatlng layers of dlsslmllar materlal5 

(aluminum and mylar) (Getty et al. 1966). In additlOn the temperature 

var~es across the thlckness of the superlnsulatlon caus~ng varIations ln 

the conduct~on coeffICIent (Balcerek & RafalowlCz 1976). The v~iatlon of 

the thermal conductlVlty of the contact points wlth temperature 15 not 

very well understood (Kropschot 1961). 
.1 
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If one assumes that the~eI11lal conduct~vity coefficl.ent between 

two succ'ess1.ve layers 15 urlependent of temperature, an approxl.mate 

expressl.on for the arrount of heat transferred by sol1.d conductI.on across . 
the s~rl.nsu1at~on, can ·be Wrl. tten as follows (Getty et al. 1966): 

w = 
( N + 1) f(r) 

where 

W = '!he rate of heat transfer due to comuctlon 

A = '!he surface area covered by the supennsulatl.on 

T2, Tl = '!he hot and cold ooundary temperatures respectl.vely 

N = The number of supecl.nsulat1on layers 

3.6 

f(r) = A term represent1ng the total local res1stance to Conduc~lon 

heat flow. It 1.S made up of contr1butlons from both the SOlId 

conductl.on ln the alum1num deposIt, and the contact res1stance 

between ne1ghbouru1Çj layers. It generally decreases w1th 

1ncreas1ng wrapp1ng dens1ty. 

However, because of the assumpt10ns made ln the derlvat10n of the 

formula, the d1ff1CUlty ln determ1n1ng f(r), equat10n 3.6 serves only 

to 111ustra the general trerd and can not be used for an accuri;lte 

determ1nat1on f the contr.lbut1on of SOlld Conductlon. 

In gener , the contrlbut1on of solld conductlon decreases wüh 

temperature, ther~e conduct1on 1S the dOlunant factor ln heat transfer 

l.n the l.nnermost laye s wh1le rad1at10n lS more Important ln the outer 

ones (Leonhard & Tatro 970). Over the whole th1ckness of the 

super1nsu1atlon, est1mat for the contr1butlon of SOlld conduct10n vary 

between 20%-80% of the to l heat transfer across the supennsulatlon. 

Thls fractl.on lS dependent n severa1 factors 1ncludlng the type of 

superinsu1at10n, the pack1.ng dens1ty and the boundary temperatures (Getty 

et al. 1966; Prlce & Lee 1967; Thomas & We1tzman 1967; RUCCla et al. 1967, 

Kutzner et al. 1973). \ 
In order to minimlze the contrl.but10n of SOlld conductl.on to heat 

transfer in the multilayer insul~t10n, each layer was 1nstailed separately 

instead of wrapping the mu1tilayer\ around the cryostat ln a spiral 

fashion. The installation of indl..Adual layers reduces conductlon from 
. \ 

one layer to another (Hofmann 1970).\ In additl.on, only the min1mum 
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pack~l'X1 densHy (number of layer per an) needed for dimenslonal stabÜHy 

(20 1ayers/cm) was used around the surfaces where space was not restrlcted 

(the outer surfaces of the cryostat). Where space was restrlcted (along 

the bore), the layer denslty used (60 layers/cm) was the one that results 

ln the lowest overall effectlve thermal conduCtlV1ty (lncludlng the 

radiatl.on contnbutlon) (Hnlhcka 1960, KST). \ 

The method used ta wrap the superwsulatlon (no exposed edges, 

1nterleaved sklrt ]Olnts around penetratlons) e11m1nates the heat transfer 

that results from "end effects". nns 1S the 1ncrease ln the amount of 

heat transported by,the superlnsulatlon when the edges of the layers are 

" exposed ta room t,@ffiperature (Getty et al. 1966, !<ST). The 1ncrease lS 
! 

caused by sal1~~conductlan parallel ta the layers and by rad1at1on be1ng 

f~elled ln the space between the reflectlve layers (Vlle; & Caston 

1968). The rad1atlon contrlbut1on lS qultè slgnlflcant slnce the edge of 

a stack of superlr1Sulatlon 1ayers represents an absarblng b1acJd:x::xjy ta the 

1~~1dent radiatlon (Barron 1972, KST). The heat Input due ta edge 

eitects. 1.f not de al t W1. th appraprlately, can cause a serlOUS , 
deterloratlon of the Insulatlng prope~t1e5 of super1nsu1at10n. ThlS 15 

because of the h1gh effectIve parallel thermal conductlvlty of 

superinsulat10ns (typlcally three orders of magm .. tude greater than the 

transverse COnductIV1ty (Vllet & Cos ton 1968; Kutzner et al. 1973; Barran 

1972; Long 1972). 

Ra.:hatlon 

The pr1mary functlon of the super1nsulat1on 1S to act as a set of 

succesS1. ve shlelds to reduce the amount of heat transferred to the 

cryostat by means of electro~agnet1c radlatlon. Th1S reduct10n resu1ts 

from the fact that the temperature dlfference between succeSSIve layers 1S 

qulte small. And, Slnce accord1.ng ta the Stefan-Boltzman law (3.2) the 

amount of heat transferred by racüatl.on 15 very stronly dependent on the 

temperature dlfference, the heat radiated from one layer to another 1.n the 

superinsulatlon is quite small. 

For a number (N) of racllation sh~elds, the Stefan-Boltzman 1aw can 

be wr1tten as fo11ows (Kutzner et al. 1973; Gettyet al. 1966): 

w 3.7 
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W = The rate of heat transfer due to radl.at~on 

a == The Stefan Boltzman constant = 5.67 x 10- a W m-~ K- 4 

N == The number of super~nsulat~on layers (the number of freely 

f1oat~ng rad~at~on sh~e1ds ~s N - 2 s~nce the 1ayers adJacent 

to the warm and cold surfaces are not cons~deroo freely floating 

(Caren 1968; Brecha 1973, p.459) 

T 2' T l = The temperature of the hot and co Id boundar~es respectlvely 

A = The area covered by the super~nsulatlon 

= The em~ss~v~tles of the two s~des of the radlat~on sh~elds (the 
'--

mylar and the alumlnlzed' slde). 

ThlS formula ~s only an approx~mat~on ~n the case of 

superlnsulat~on Slnce the d~fferent layers are not truly thenmally 

floating (sorne conduct~on takes place between layers). In addlt~on the 

èmlsslvltles of the dlfferent layers are not ldentlcal (as th1S formula 

assumes). The ernlSS~ V~ ty changes from one layer to another' due to the 

dlfference ln temperature among the folls and the dependence of the 

em~SSlv~ty on temperature (Kropschot et al. 1960). A deta~loo d~scussion 

of the Ilmltatlons of (3.7) lS glven ln Caren (1969). 

Nevertheless, the trends ~ndlcated by the formula are val~d. 

Increaslng the number of sh1elds results ~n;' the reduct~on of the amount of 

heat transferroo by rad~at~on through the superinsulatlon prov~ded that 

the lncrease does not result ~n a hlgher pack~ng denslty and therefore a 

larger contrlbut~on from SOlld conductlon. 

The estlmates for the contr~tlon of rad~atlon to the total heat 

flow ln superinsulat~on vary qu~te w~dely (Black et al. 1960; Kropschot 

1961; Adelberg 1962, p.369; Kutzner et al. 1973; Getty et al. 1966; Price 

& Lee 1967; Thomas & We~tzman 1967; RUCCi~ et al. 1967). Th~s 

contribut~on ~s quite dependent on the type of superinsulation used 

(emissivity of the rad~at~on shields) and the character~st~cs of the 

set-up (boundary temperature, temperature profile across the 

superlnsulat~on, number of layers, etc.l. 
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Overall Performance of the Supen.osulatlon 

For standard condJ. tions of oourrlary temperatures (300-77 K, 300-2 

K, 300-4.2 K) and a thlCknesS t of the super1nsulation, it is conveOlent 

to deflne ap effectIve thermal conductivity ~ that wIll take Into account 

the different modes of heat transfer. Ke lS deflned by 

W '= 

where 

w = 'Il1e rate of heat transfer across the superInsulatIon 

Ke = The effective thermal conduCtIV1ty of the super1nsulation 

T 2' T l = 'Il1e hot and cold ooundary temperatures respect 1 vely 

t = The thIckness of the super1nsulatlon 

3.8 

The Just1f1catlon for us1ng such an effectIve thermal conductlvlty 

lS based on the rèsults of experIments WhlCh show that the overall heat 

transfer lS 1nverse1y proportlonal to the thICknesS of the multllayered 

superInsulatIon blanket, when aU other parameters are held constant 

(Hn1llcka 1960). The reason for th1S lS that, to a fIrst approX1matIon, 

the contrlbutl.ons of rad1atI0n and conduct1on heat transfer 1nc~ease 

llnearly Wl th the thIckness of the lnsulatlon (asSum1ng a constant packlng 

dens'lty) (see euqatlons 3.6, 3.7). Therefore the apparent thermal 

conduct1v1ty should be 1ndependent of the thlckness (Kropschot et al. 

1960). It must be k-ept ln mlnd that thlS effectIve thermal conduetlvlty 

is merely a mathematIcal convenlence and app11es only between spec1flC 
'" boundary temperatures and for a specIfle packwg layer densl ty (Hmllcka 

1960; Ade1berg 1962, p.369; Bal1ey 1971, p.lS1; Adelberg 1967). 

Experlmental data on the effectlve mean thermal conductlv1ty of 

NRC-2 type supennsulation are avaliable for I::oundary temperatures of 

'~00-77 K (HnIllcka 1960; Monlar 1971, p.209; Leonhard & Tatro 1970, KST; 
'<, 

Pnee & Lee 1967; RUCC1a et al. 1967; Nast & W1ll1ams 1967; Thomas & 

Weitzrnan 1967; Vllet & Cos ton 1968; Getty et al. 1966; Hammond 1971; 

Barron 1972) or 77-4.2 K (Leung et al. 1980). In our cryostat the 

boundary temperatures were 300-4.2 K. In general, however, decreasing the 

temperature of the cold boundary of the multl1ayered,superlnsulatl0n 

results ln a decrease in the effective mean thermal eonduetlvlty (Riede & 

,Wang 1960; Kropschot 1961; Blaek & Glaser 1961; Caren 1969; V1.~~t & Coston 
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1968). A possi~1e reason for~this is the decrease in the emissivity'of 

a1uminum with temperature (Kropschot et al. 1960). Another reason is the 

increased cryopumping effect of the 1ayers adjacent to the low temperature 

boundary as the temperature of the boundary is reduced (Black & Glaser 

1961). Because of the decrease in the effect~ve thermal conductivity when 

the temperature of the co Id boundary ~s lowered 1 estimates taken from the 

published values for boundary temperatures 300-77 K w~ll probably 

overestlmate the heat flux into the helium vessel through the 

superinsulation. Indeed even for identical cond~ tions of boundary 

temperatures and packing denslty the pubhshed values are not in goOO 

agreement. 

Prlce & Lee (1967) give àn emplrlcal formula for heat transfer by 
l , 
ra<l1atlon and conduction in NRC-2 superinsulation which seem~ to agree 

wi th most of the available data. '!he formula can be wri tten (after ëI. 

Sllght mcd.ification to convert to MKS uni ts ) : 

where 

w T
2

4 
- T1

4 ) 5.98xI0- 6 d' 18 ( T
2 

- Tl ) 
------+ ---------@.9) 

A ( N - l ), 

W == The rate of heat transfer (watt) 

A == The surface area covered by the superinsulation (m2
) 

N = 'Ihe number of superlnsulation layers 

n = The layer packlng d~nslty (layers/m) 

CJ = The Stefan Boltzman constant 

T 2' Tl = The temperatUl'es of the hot and cold boundaries respectively 

82 == The emissivltles of the two sides of the radiatl0n shleld. , 
TIns formula \'J'as used to calculate the total rate of heat transfer 

~ 

across the superinsulatlon ln our cryostat. Total number of layers N = 
80, and boundary temperatures of T2 :;:: 300K and Tl = 4.2K were used. 

Several values for the emissivlty of the two surfaces of singly alum~nized 

mylJ sheets slmilar ta the on es used appear ~n the publlshed li terature 
1 

(Ruccia & Hinckley 1967; Vilet & Cos ton 1968; RUCCla et al. 1967; Barran 
1 

1972;1 Hammond 1971; Caren 1969; Getty et al. 1966; Hmlicka 1960). The 

values chosen for the calculation abo've were El = 0.04 tor the aluminized 

J 
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> side and E2 = 0.3 for the mylar surface. The formula was app11ed 

separately for the two ragions of the cryostat surface which are cov~ed 

~ith superinsulation of different layer densitles. 

For the regions of thé cryostat covered wlth sU~lnsulatl0n at a , 
packin;1 denslty of 20 layers/an (l.e. the outer surfaces) 1 the rate of" 

"reat transfer lS 0.40 watt/m 2, whl1e for the rE;lg10ns covered with, 

- superinsulation, at a pàchng denslty of 60 layers/an (Le. the bore) the 

rate of heat transfer is 0.88 watt/m 2. Thus the ,total rate of heat 

transfer through the supennsulation is estimated ta be 0.27 watt v'(0.4 

liters of liqu1d helium per hour). It should be kept in mind that 

equatl0n 3.9 used for this estlmate does not take into account the 
• 

variatlon of emissivity with temperature or the contribution of residual 

gas conduction. 

3.8 The Overall Heat Input into the Cryostat 

'lbe overall heat input lnto the cryostat system lS sUlm1arized in 

Table 3.6. Other sources of heat input not lncluded in the table are 

negliglble. These l.I1clude: the 11quld helium level meter which results in 

a liquld hellum consumptl0n rate of about 0.02 11tresjhr (0.015 watt heat 

lnput) (AMI 2); the cryothermometer, whose heat wput lS about 0.005 watt 

(maxlmum current of about 50 mA, reslstance 2 ohm at 4.2 K (Ger'ald et al. 
" 

1981»; and flnally the heat disslpated by the passage of current in the 

leads connected to these and other sensors which lS the order of 

microwatts (~50 mil11ampere current, 38 B&S copper leads (see White 1968 

p. 231». 

3.9 Performance of the Cryostat 

3.9.1 Precoollng 

'lbe temperature of the cryostat (and the solenold Wl thln i t j was 

first reduced using l1quld n1trogen (a cheap coolant) before the 

introductlon of 11quld hellum lnto the~ryostat. Great savlngs in the 

amount of l1quld hel1~requ1red to cool and hll the cryostat can be thus 

achieved. TIns lS because of the rapld decrease ln the speclflC heat of 

mater laIs at low temperatures WhlCh resul ts ln a decrease ln the total 

enthalpy of the system. Therefore after coollng Wl. th hq\.ud Dl. trogen the 
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, ' 

\--- Table 3.6, Sunmary of Sources- of Heat Input into the Cryost~t -Source Heat Input (watt) 
,r 

Support tubes ( racli ation) 0.1 

SUpport tubes ( cOnduction) 0.6 

Super~nsulation(total) 0.27 

Më:Çnet current leads (J.OO amp) '0 .. 30 , 
Total 1.27 

1.27 watt = Liquid heHum consumption rate of 1. 75 litresjhr 

• • 

' . 

.. 



i 
i \ 

, 

-
-174-

total enthalpy that has to be removed before the system reaches liquld 

helium temperature is qui te small and less hellum h,as to evaporate ln the 

process-of coollng (Rosenberg 1971, p.88; Rose-Inns, p.41l (Table 3.7), 

Hence before every run, the cryostat was flrst fllied wlth liquid 

n~ trogen and left for several Hours to reach thermal equlllbIilum. The 

! l~quid nl trogen was then removed from the cryostat Just prlor to the 

in~tiatlon of llquQd helium transfer. 

The latent heat of vaporization of hellum is guite 10w, whlle the 

change ln enthalpy of the hel1.um vapor as' l t warms up to room temperature 

,15 much larger. Therefore i t lS necessary to ensure that the cold gas. 
, 

generated by the rapld eva[X)ratlon of l1qUld hellUrn before the system 

. reaches 4.2 KilS used to cool the cryostat and the solénold. To achleve 

th~s, the opemng of the liquld hel1um transfer tube IS placed at the 

bottom of the cryostat 50 that the rlsing vapor sweeps by the solenold and 

the warm parts of the cryostat and cools thern (Brechna 1973 , p.3S8). In 

additl0D, the helium fl11lng is carrled out slowly partlcularly at the 

start of the illl to allow the cool1ng capacl tles of the llquid and vapor 

to be utll1Zed more full Y (Whl te 1968 , p. 63) . 

3.9.2 Liquld Helium Consumptlon 

The liquld capaclty of the cryostat lS calculated to be about 18.5 

l~ ters. ThlS was venfled by measurlng i t Wl th l1qw.d ni trogen. However, 

with liguld he11urn , the cryostat lS usually fl11ed up wlth about 16.5 

Il ters only. Tlus IS because of the large losses assOClated wi th 

overfillu19 wlth l1quld hel1um Whlch prevent further transfer of the 

liguld efflciently (Wexler 1961, p.IS3; Fuller & McLagan 1962, p.230). 

A total of about 35 llters of llquld hellum was requlred for a fl11 

startlng at llquld Dl trogen ternperature. Out of this total about 18.5 

Il ters were lost durlng the fl11. The 10ss can he attnbuted to the 

fol10wlOg: 

(l) The evaporatlon 1055 of llquid hel1um durlng the cool1ng of the 
, 

cryostat and the solenOl-d from llquld nl trogen to llqu~d hel~um 

temperature. 

(2 ) 
"- ""-

The evaporatlon loss'qurlng the coollng down of the llquld helium 

transfer ll.ne from room ternperature ta 4. 2K, 

(3) The heat 10put lnto the llquld hellurn assoclated Wl. th the transfer 
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Table 3.7 Entha1py Changes for Dlfferent Temperature Changes 

Component 

Mëqnet windl.I~s 

. So1enold bobbln 

------- Cryostat 
--------------,~-----------tota"'T--- -____ 

Maten.a1 

Assumed copper 

A1uminum 

Stain1ess Steel 

---- ~ ___ ~ __ 1 

- ----------. 

Mass 

(kg) 

20.7 

1.2 

12.5 

43.4 

---------

Entha1py Change (kJ) 

300-77 K 80-4 K 40-4 

1490.7 124.6 12.6 

90.6 11.6 0.9 

943.7 72.1 4.9 
-"--

2525.0 208.3 18.4 

------------------------

K 

~------

\ 

.. 

- Data for entha1py changes are taken from CRC-49, and Fuller cS. McLagan 

1962 p. 231 

,,- For type 304 staln1ess steel (18-8 steel), values used are those for 

~-iron as recommended by Wig1ey cS. Ha1ford (1971 p. 316) 
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line. 

Of these three factors, the first is by far the most seriouS. 

USlng ,the values for the enthalpy change glven,in,tab1e 3.7, the 

heat.of vaporlzatlon of hellum (2.6 J/cm J), the change of enthalpy of the 

hellum vapor between 4.2 K and 80 K (17.5 JI (cm J of hquld helium before 

evaporation» (Hoare et al. 1961, p.359) and assuming that the 18.5 liter 

loss was aIl due to evapOration durlng the coollng down of the solenold 

and cryostat, the effIcIency wlth which the coo11ng capability of the 

hellum vapor wa5 used lS calculated to be 17%. This value is perfectly 

wlth'J.n the accepted range (Fuller & McLagan 1962; Montgomery 1969, p.186>' 

The consumpt1on'rate of llqu1d hel1um after a flll.1S complete ls 

measured by monItor1ng the level of the lIqu1d in the cryostat vs. tlme.1 

The llquid hel1um level sensor posltlon 15 shown ln flgures 3.2, 3.3. The 

calculated callbration relatlonshlP between the helght of the llquid as 

measured by the sensor anc::l the volume of the llquld remalning in the 

cryostat lS shawn in f1gure 3.6. 

The total holding tlme of the cryostat after a complete fill lS 

about 9.5 hours Yleld1ng an average rate of loss of 1.7 llters of liquid 

hellum per hour WhlCh is qulte compatlb1e wlth the calculatlons of the 

total heat Input lnto the system (see table 3.6). The Increase ln the 

hellum boll off rate durlng the,tIme when the current was varled was quite 

notlceable. However, no slgnlflcant dependence of the consumptIon rate on 

the value of the D.C. current flowlng thtough the magnét and lts current 

leads was observed. n'ils lS in agreement wlth prevlous assertlons. 

A typlcal consumptlon curve 15 shown ln flgure 3.7. As can he seen 

from the flgure 1 the rate of consumptlon of llquld hellum decreases over 
Î' 

tlme fram a startlng value of about 2,7 llters/hr soon after the 

completlon of a flll to about 1.4 Ilter/hr several hours afterwards. ThlS 

reductlon ln the rate of consumptlon wlth tlme 1S due to several factors 

some of WhlCh are: 

(1) The ume penod needed for the establlshment of: a stable vapor flow 

pattern ln the vent tubes (Boardman et al. 1973), the proper 

temperature gradlents ln the cryostat especlal1y along tre support 

tubes (Lynman et al. 1969; Kleln 1967), and the proper thermal 

gracllent across the 'multiple layer supennsulatton. ReachuX] thermal 

equlllbrium requlres several hours ln the c~e of the' 
!.'I 
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Figure 3.6 

\ 
Calibration curve for the volume of liquid helium in the cryostat 

vs. the height of the liquid level 

(as measured by the level sénsor) 

/ 

\ , 
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Figure 3.7 

Liquid helium consumption vs. Ume 
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superlnsulatlon, durlng this tlme the aC~al heat fl~X can be several 

ti~s h1gher than 1tS value at steady rate (Stoy 1960). 

The thermal load caused by cryosorpt10n, on the super1nsulat10n's 

1nner cold layers, of gas molecules evolved from the outgasS1ng of 
~ 

the warmer outer layers. Th1s causes a net molecular flow, and hence 

heat transport, from the warm to the cold parts of the 

super1nsulat10n (Sculock & SaulI 1976). The net flow 15 h1gher 1n 

the begT~ng and tends to'decrease w1th t1me S1nce the rate of 

OUtgasS1ng decreases after prolonged per10ds of ~1ng. 

(3) Thermal osc1l1at10n of the hehum vapor 1n the support tubes. These 

oscillat1ons were not1ced to occur (d1St1ngu1shed by the low 

frequency oscillatory sound they produced) soon after the complet1on 

of a f111. The osc111at10ns would stop only after the level of the 

hquid helium had dropped some d1stance below the bottom openulg of 

the tubes. These osc111ahons can proVlde enough heat transfer to 

the liquid helium to lncrease the rate of evaporation by hundreds of 

cubic centlmeters per hour (Wh1te 1968, p.226; Wexler 1961, p.155; 

Rose-Inns 1964, p. 7 , 46; Wexler 1951) • 

(4) The 1ncrease 1n the d1stance between the raom temperature end of the 

support tubes and the surface of the 11quld hell.um as the leve.}. of 

the hehum drops. TIns resul ts 1n a reductlon in the thermal 

grachent dT/dl and therefore a decrease ln the amount of heat 

conducted down the tubes (equatlon 3.1). The low thermal 

COndUCt1Vlty of the stalnless steel cryostat and tubes he1ps ln 

establlshlng thlS thermal strat1flcatlon w1th1n the cryostat. 

(5) The heat load due to the A.C. losses assoc1ated w1th the varlahon of 

the current 1n the soleno1d. Slnce the current 1S usually lncreased 

from zero to lts deslred value saon after the completl0n of a llquld 

hellum fl11, the heat1ng effects caused by such a current change 

result 1n a h1gher consumptlon rate ~n the f1rst half hour or 50 

fplloW1ng a hli. They aiso cause a delay ln the estabhshment of 

thermal equlllbrlum 1n the cryostat. 

3.9.3 Quench Performance 

One of the deslgn crl terla for supercooouctlng magnat cryostats is 

that they should be able to w1thstand a quench of the magnet at maxlmum 
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operatH~ ?lITen1;. In a quench a small reg~pn of the superconducüng 

w~nd~ngs suddenly reverts to~the normal (res~stlve) state. Because of the 

hlgh current pasSlng through the magnet, the reslst~ve reg~on dlss~pates 

sorne of the energy stored in the magnetlc f~eld through Joule heat~ng. 
The low speclflC heats and low thermal canductlvltle5 of materlals at low 

temperatures resul t ln the Joule heat not d~sslpatl.ng away ta the hellum 
f 

pool rapldly enough. The heat thus generated causes the temperature of 
\ 

nelghbourlng regloos of the solenOld ta nse ab:we the 5upercanductH1g 

transltlGn temperature and turn reslstlve as well IW~lllams 1969). ThlS 

runaway process, drlven by the energy stored ln the magnetlc fleld, 

1 propagates rapldly throughout the cOll con~ertlng the energy of the 

collapslng magne1;lc fle1d ta Joule heat ln the solen~d. The tlme scale 

dur~ng wh~ch thl.S process takes place 15 of the order af l sec for magnets 
a 

s~rrl1lar to the one used ln thlS wark (Hancox & Catteral 19ï1, p.554). 

The heat generated durl~ a quench causes rapld bolllng of the 

l1qu~d hellum and therefore a sudden large lncrease ln the pressure loslde 

the cry?stat lf the vapor 15 not vented ad~ately (Don~leu & Rose 1962, 

p.362). A subsequent rlse ln the temperature of the soleno1d wlll ensue 

lf the enthalpy change of he1lum 15 less th an the energy that was stared 

~n the magnet~c fle1d. 

The cryostat descrl.bed ln th~s thesls 15 connected to a 1.5 cm 

(LD.) vent tube equ:tpped w:tth an overpressure re1:tef valve. F'urthermore 

the deslgn of the cryostat enables lt ta wlthstand lntèrnal pressures ln 

exces5 of 7 x la' Pa (l00 psl) ln arder ta ensure that 1 t does not rupture 

durU19 a quench, ln case of blockage of the vent:tng tube. 

U51ng the value of the lnductance of the solenolà (4.7 henry), the 

energy 5tored ~n the magnet at the operat1ng current (l00 ampere) 15 

calculated ta be 32.5 kJ. 

Thls energy 15 equlvalent to the heat of vaporlzatlon of 9 11ters 

of llquld he11um. However, lf the magnet quenches w~th no llqllld hellUffi 

left ln the cryostat and asSumlng that aU the energy of the magnetlc 

field lS disSlpated ln the COll wlnd1l)gS. then th1S energy wlll caUSe the 

temperature of the coll ta nse ta about 50 K only (thlS value lS 

càlculated from the change of enthalpy of the solenold)1O For such a small 

ternPerature n5e there 15 no need for SpeClal' precauhons (the 

lntroductlon of an external dump resl!stor for example ta d155ipate the 
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energy outslde the magnet and pre~ent excessive heat~ng) (Montgomery 1969, 

p.IS3): . 

Durlng the lmt~al tesang of the magnet system, the solenold ' 

quenched at a current of 116 Amp. TIns quench caused the evaporatlon of 

about 8.7 llters of hellum only lndlcatlng that sorne of the enthalpy of 
-

the vapor was also UtlllZed. In normal operatIon, the solenold usually 

quenches at around 9.5 hours after a complete liquld hell.um hl!. The 

temperature rlses ta about (30 ~ 40 K) after such a quench sugg~~lng that 

the quench occurs before the ll.quId hellum has evaporated completely. The 

ainoun t lef t Jus t pnor to such a quench 1S probabl y less than 0.5 11. ters . 

The fact the that temperature rlse after such a quench was small 

J was explolted to save llquld hellum. The cryostat was refllled shortly 

after the quench and usua11y up to three run.s were scheduled consecutlvely 

to maxImIze the saVlngs. About 7.5 11 ters of liquId hellum were lost ln 

each of these refliis to cool the soleno1d, the cryostat and the transfer 

system (I.e. a savlng of 11 Ilters of llquld hellum per reflll). 

3.10 A Companson between Mul alayered Superl.nsulatl.on and Ll.quld 

Nltrogen Cooled RadIatIon ShIelds 

Mul tllayered superl.nsulatlon extendlng between I::oundenes at liqu~d 

hellum and room temperature cannot match the reductl.on of heat flux 

achleved ln systems utl.l~zlng llquld nl.trogen cooled shIelds and hlgh 

vacuum lnsulatlon (Kutzner et al. 19ï3; Kropschot 1960; Colyer 1967). 

The maln source of heat Influx lnto the llquld hellum reserVOlr in 

cryostat systems employuX] llquld m trogen cooled shIelds lS the heat 
" 

rad~atlon from those shIelds. In multllayered superlnsulatlon heat Input 

through radlatlon IS reduced conslderably because of the large number of 

SUCCesSI ve shIelds. However, SOlld conductIon through the mul tllayers lS 

unavOJ.dable and contrlbutes qul te slgnlflcantly to the heat load. 

Nevertheless, multiple layer superInsulatIon can present a more 

attractIve optIon than liquld nItrogen cooled radIatIon shIelds when 

Judged by the overall benefl ts I t off ers. Sorne of these ~nefl ts are: 

(1) BypasSlng qtll te a few engIneerIng and constructIon problems 

assoclated WI th the cooled shlelds. 

(2) A great redUctIon ln th~ welght of the cryostat system. 

(3) For the excellent thermal performance of cooled radiat~on shields to 

\. 
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be reall.Zed, ~ t is crucial that the surf ace emiss~ viti es of the 

liquld hel1.um reservo~r and the radiation shields be as low as 

possible. Achieving this low enllssi Vl ty qu~ te often is not an easy 

taSk. Metals w1.th low surface emissivity (e.g. Cu, Al, etc.) 

(Kropschot 1962, p.lS4; Wh~te 1968, p.220; Thornton 1971, p.495) are 

usually gcxx:i heat conductors as weIl. Therefore their use in the 

construction of the liquid helium reserVOlr results in a conslderable 
\ 

c heat load due to solld conductwn unless some special techniques are 
• 

used. One of these techmques is to construct the support tubes from 

stainless steel (low thermal conductivity) and weld them to rest of 

the cryostat (Wexler 1961, p.lS7). Such welds, between two met aIs 

with d~fferent thermal expanslon coeff1.cients and which are subjected 

to thermal cyc1lng, are not easy to make. 

Achleving a low em~ssi v~ ty also requlres very carefu1 surf ace 

treatment (Wex1er 1951, p.lS7; Whlte 1968, p.2l9; Scott 19S9, p.lSl; 

Leung et al. 1980) and the prevention of surface contamination arrl 

tarn~shl!'19 dur~ng use or storage or even s~mple exposure to air . 
(Thornton 1971, p.49S). The strong dependence of the emissivity on 

surface contamination (Kropschot 1962, p.154) places strict demands 

on the vacuum system used in conjunction W~ th the cooled shields. 

Certa~n measures have to be taken to prevent the formation oY 

cryodeposits through the condensat~on of cryopumped gases or 

contaminents on the cold surfaces (Clark & Thorogood 1971, p.146; 

Long 1972). 

The problem of surface contamination lS not as severe in systems 

using superinsulations. Aluminum which' is the most cOfTU11on ref1ector 

material in superinsu1ations forms, upon exposure to ~r, a thin 

protectlve oxide layer. ThiS layer is transparent to infrared 

radlation and therefore does n9t increase the emissivity of the 

surface (Rucc~a & Hlnckley 1967; Leung et al. 1980). Exposure of 

~lblayered superinsulations to d.J.fferent gases and\-s.torage in 
\ 

gaseous environments which are less than ideal (e.g. 'hlgh humidi ty 

atmospheres) seems to have a very mlnor effect on the emissinty of 

thé metallic deposit (Ruccia & Hinckley 1967). The problems caused 

by the format~on of cryodeposlts are also less severe ln 

superinsulators. This is due to the large total surface area of the 
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foi1s and the fact that the co Id 1ayers Cwh1Ch do most of the 

cryosorpt1on) are the innermost ones. These layers are not directly 

exposed to the contaminents wh1Ch have to traverse the spaces between 

the outer layers before belong absorbed on the inner ones. Finally, 

surface contaminat10n of a few boundary layers (reduction ln their 

ernissi V1 ty) will not affect the overall performance of the 

su~rinsulation noticeab1y because, of the large number of layers that 

are upually 1nsta11ed (Hnilicka 1960). 

(4) In general, the reqw.rement for h1gh vacuum lS more relaxed ln 

super1nsulat10n systems for two reasons. The first is that the 

multiple layers act as d1viders reduc1ng the temperature difference 

across which gas conductl.on by molecular flow is tak1ng place so that 

~ higher pressures can be tolerated wi thout an increase in the heat 

flux (see euqation 3.4). The secom reason, is the wcreased 

tolerance to higher pressures as a result'of the extension of the 

range of the free molecular flow reglon of the gas (Hnllicka 1960). 

Gases en'fer the molecular flow reglon when the mean free path of the 

molecules becomes comparable to the d1mensions of the space in which 

they are travelling. Because of the small separtion between the 

successive layers of the superinsulatlOn, the mean free path can be 

qui te small (i.e. the gas pressure lS high) when the gas enters the 

molecular flow reg10n. Since lt lS ln this region that the rate of 

heat transfer by the gas lS dimlnished, 1 ts extenslon to hlgher 

pressures lS quite desirable (Bailey 1971, p.138-142). 

3.11 The Choice of NRc-2 SuperinSulation , 
Several klnds of multilayered superlnsu1ation are available 

commercia11y. In general, they can be Classlfled lnto two types: in th~~;;, 
•• -1.. 

first type, sèparate radiation $1ields (aluminum fOlls) and SP~C.E;,!:_".~~--""" 
" ,'.,. ... ...._ ... -;,: .. _ ~ ... _ "',,_ .... _r __ ~ ~ .... 

materia1s (an. insulator e.g. flber glass paper) are apphed in al ternate 

layers. In the second .type (slmilar to the one used, here), the reflect1ve 

shield and the spacer matenal are 1ntegrated into one foll (layer) by 

deposi ting a1un'linurn on a plastic; foil (e.g. mylar). Under similar 

condi tions the second type is somewhat lnfenor to the first type ln i ts 

thermal insu1ating properties (Kropschot et al. 1960; Stoy 1960; scurlock 

& Saul 19767 Kropschot 1961). It wou1d seern that this loS the resul t of 
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the higher em~ss~v~ty of the alum~n~zed plastic in comparison with 

alumin~ foils (Black & Glaser 1961). 

Nevertheless, there are several ..avantages to using the alumin~zed 

plastic foil type. One of these advantages ~s the ease of l.nstallat~on 

(Leung et al. 1980), and the fact that thl.s type does not restrict the 

method of application in any way (Hofmann 1970). Rèflector plus spacer 

types requlre specl.al skil1s and more sophis\l.cated methods and 

~instruments for application because of thelr low tensile strength ln' 

comparison to alumin~zed mylar (Hofmann 1970). 

Another advantage offered by the alurnlnl.zed mylar superinsulatl.on 

is i ts lower bulk density and theret:0re lower total mass. The lower mass 

combined with the lnherently low specific heat of al~~zed mylar results 

in a low total heat capac~ty and therefore less cool dewn lasses and a 

much faster approach ta thermal equilibrl.um (Hnl.llCka 1960, KST). 

An édditional benefit derived fram usu~ alurnlnHed mylar 

superinsulation lS the ease wlth"wh1ch the gases in the wterlayer spaces 

can be evacuated in comparison to the fo~l plus spacer type. This is the 

resu1t of the higher mean permeab111ty and mean dlffus~on coefficlent for 

gases in the alurn1nized mylar type due to the lack of spacers wh~ch tend 

ta impede the dlffusl.on of gas molecules through the l.nsulatl.on (COS ton 

1966; Nast & Will,l-ams 196~). 

In comparlson to other kinds of aluminized plast~c super1nsu1ation, 

NRC-~ foils are aluminued on one slde only and the th~ckness of the 

aluminum dep:Jslt 1S smaller. Tins causes the NRC-2 supennsulation fol.ls 

to have higher emissl.vl.ties than other k~nds with thlcker deposlts and 

therefore te be less effectlve ln reduc~ng heat transfer by radlat~on. 

However, because it is-alumlnlzed on one sl.de only, the total surface area 

of the alum~num depqsi t in NRC-2 superinsulatlOn lS reduced by half and 

hence the total rate of outgass~ng lS much lower'than ~t 15 ln other klnds 

(Kutzner et al. 1973),. '!he small t'luckness of the aJ.um~num deposlt (250 

A) resul ts in less heat transfer by lateral and transverse sohd 

conduction than ln other types wlth thlcker deposlts (V~let '& Coston 1968; 

Black & Glaser 1961; Kutzner et al. 1973). 

3.12 Suggest~ons for Further Improvements of the Cryostat System 
'" 

Although the performance of the cryostat was qu~te satlsfactory, 
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there lS sUU rocrn for Sdme addiuonal lmProvements. These proposed 

improvements center around decreaslng the heat flux lnto the liquid helium 
.-----, 

reservoir through certaln modlfl~~~can be lmplemented in a new 

cryostat design. Sorne of these modlf1catl0ns would be: 

(1) Increaslng the 1ength of the support tubes considerably (by a factor 

of two for examplel. Since SOlld conductlon along these tubes lS a 

maJor source of heat Input 1 dou.ohng the length would eut this 

contributl0n by a factor of two at least (the lncreased length 

1mproves the heat exchange between the ris1ng vapor and the tube 

walls as well). It would also reduce the amount of ra::hant heat 

funneUed down the tubes. On the other hand, however;, increaslng the 

length of the tubes would resul t in an Increase ln the mass and size 

of the spectrorneter. 

(2) Reducing the number of tubes connected to the liquld helium reservou 

by using the overpressure vent tube as a COndUl t for the different 

sens.or leads arrl as a flll1ng port. 

(3) BlackenlI'~ the lnslde surfaces of the support tubes wlth aquadag 

palnt and/or addlng radlat10n baffles lnslde their bores, would 

greatly reduce the thermal radlatl0n funnelled lnto'the cryostat 

(Whlte 1968, p.230; Lynam et al. 1969; Kuraoka et al. 1979). The 

radlation baffles would also promote better heat exchange during 

precoollng and speed up the approach to equllibrlum evaporatl0n 

condltions (Lynam et al. 1969). 

(4) Using detachable current leads and operat1ng the solenold ln a 

perslstent current mode would certalnly Increase the holdlng tlme by 

25% at least (table 3.6) (Colyer 1967). However, t~e sUltablllty of 

thlS partlcular solenold for su ch operatl0n lS not certaln slnce It 

may have a short fleld decay tlme (dependlng on the number and 

quallty of the superconductor JOlnts). 

(5) Improving the lnsul~tlng propertles of the superlnsulatlon. 

(a) Using a dlfferent number of layers to lnsulate dlfferent parts of 

the cryostat accordlng to space lImItatIons and wlthout 

IncreasIng the layer packlng densl ty (1. e. a larger number of 

layers than preseuntly used around the outer surfaces). The 

increased number of layers would reduce the contrlbutlons of bath 

the radIatIon and the conductl0n modes of heat transfer 

• 
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(equations 3.6, 3.7, 3.9) (Ade~rg 1962, p.357; Stoy 1960; 

Hnillcka 1960,' KST). However, the lncrease ln the number of 

layers would also resuit ln a reductlon ln the pumplng speed ln 

the lnterlayer spaces and ln an lncrease ln the overail 

outgasslng rate (due to the lncrease ln the surface area). ThlS 

would glve rlse to hlgher resldual gas pressures between the 

superlnsulatlon fOlls, and therefore more resldual g%5 conduction. 

(h) Perforatlng the mult11ayered superlnsulatlon wou Id help to 

overcome the problem of res1dual~gas qulte conslderably by 

providlng more passageways for evacuatlng the gas (Hofmann 1970, 

Adelberg 1962, p.372; M1khalchenko et al. 1976; Balley 1971, 

p.152; Prlce 1968; Barron 1972, KST). Notwlthstandlng "-, 

perforatlng the superlnsu1atlon causes an 1ncrease ln the 

contri~tlon of radlatlon to the total heat. The presence of 

holes exposes regl0ns of a radlatl0n shleld to radlant heat 

emanatlng not from a nelghbourlng shleld but from ones further 

away and Whlch therefore at hlgher temperatures (Barron 1972; 

RUCCla et al. 1967). A comprornlse between the reductlon ln 

resldual gas conduct10n and the lncrease ln radlant heat flux has 

to he arrlved at. Barran (1972) glves some useful wdlcatl0ns as 

to how such a comprornlse can be reached. 

(c) Interleavlng the a1umlnlzed my1ar fOlls wlth getter loaded spacer 

materlai (thermal lnsulator). Th1S wouid result ln a reductlon 
----

ln the resldual gas pressure in the lnterlayer spaces especlally 

after the lntroductlon of cryogenlc fluld lnto the cryostat 

(Scurlock & Saui 1976). 

(d) A further reductlon ln the amount of heat conducted by the 

residual gas can be achleved thr~ugh the use of heat.sealable 

polyester base tape for fastenlng the superlnsulatlon layers 

lnstead of the pressure sensl tl ve type used. 

(6) Using mul tlshleldlng techn1ques. In thls technlque a comblnation of 

multilayer superlnsulat10n wlth one or more vapor cooled radlatlon 

shields lnterleaved among the multllayers lS used. It can lmprove 

the ~ffectlveness of the lnsulatl0n to the extent that lt wlll 

surpass bath the performance of th~ superlnsulatl0n aione and that of 

liquid nitrogen cooled heat shlelds (Colyer 1967). 
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'!he vapor cooled rac:liation shields are usually constructed from 
, 

thin, reflective, h~ghly conductive sheets (of Al or CU) attached ta 

heat exchangers placed at SUl table levels in the vent tube (Paiy~as----------­

et al. 1965). Thus sorne of the enthalpy of the rlslng hellum is USed 
ta lntercept and extract a sign~ficant ~rtlon of the heat lnflow 

through the ~uper~nsulation before lt reaches the liquld hel~um 

reservolr. This technique would also result in a considerable 

reduction in the welgh~ of the superinsulation (Nlendorf & Choksl 

1967) and therefore would speed up the approach to thermal 

equilibrium and mnimum helium loss condl hons . However, the 

construction of the heat exchangers and their connectlons ta the vent 

tube and the shields might pose sorne techn~car problems (Thornton 

1971, p.499). 

. . 

-----

.\ 
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CHAPTER 4 

.. l' ,.. 

THE SOURCE-DETECIDR SysTEM 

. 
The energy d~sperslve element used ln the spectrometer descr~bed in 

this thesis lS a h1gh purlty qermanlum d1ode. Tt was chosen because of 

the outstandlng characterIst1cs of semIconductor detectors. especlally 

Ge(HP), as spectrometers. 

Semiconductor detectors f1gur~ prominently amonq the detector types 

most ~dely used in the study of nuclear radiation today. They are solid 

state analoges of the gaseous 10nizat10n chamber and enjoy.several 

advantages over other types of radiation spectrometers. The most 

important advantages that they offer over other multichannel ene~ 

deposition spectrometers are thelr linearity and superior enerqy 

resolutlon. Furthermore. as a result of the h1gh denslty of semiconductor 

materials (especIa11y germanium). detectors with small dImensions can be 

uSed to sttrly even the most energetic e decays _ 

SILIcon and germanIum have been the cholce materials for the 

manufacture of semIconduc!or detectors, with SIlicon detectors 

, predominat1ng in the f~eld of charged particle spectroscopy and germanium 

,1 detectors beulg the type most cOll1T1only used in gamma ray spectroscopy 

(Knoll 1979 p. 360). This situation. however. lS rapIdly changing with 

the increase in the popular1ty of Ge(HP) e spectrometers (see Chapter 2). 

4.1 Principles of Operation of Semiconductors RadIation Detectors 

In analogy to gaseous ionization chambers, the operation of 

semlconductor rad1ation detectors is based on the princIple of using the 

enerqy deposited in the detector materIal by the inCIdent radiatIon ta 

generate electron-hole pa1rs. By collectlng these charge carriers on 

e1ectrical contacts on the surfaces of the semiconductor. an electr1c 

signal 1S produced which lS proportional to the amount of energy deposi ted 

in the detector. 

This sect10n WIll brlefly review the pr1nciples Involved in the 

worklng of semiconductor detectors concentratlng mainly on high purlty 

german1um detectors. 
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l 
4.1.1 The Band Structure 

~ prer~od~c latt~ce of crystall~ne materials establ~shes allowed 

energy bands for electrons w~th~n the soUd. These energy bands anse 

from the allowed energy levels for electrons ln the Indivldual atoms which 

make up the crystal. In an isolated atom, the allc\oIr-ed energles are very 

sharply def~ned, however, when a collectIon of atoms is brought together 

to form a crystal, the Paull prl.nc1ple imposes th'at no two electrons can 

have exactly the same set of quantum number values, '!he atomlc energy 

levels therefore chanqe ta an extent dIctated by the closeness of the 

atoms and the perlodIc1ty of the atomic f1eld generated by the atomlc 
"~I 

nuclel. The sharply def~ned energy levels of the separate atoms are 

broadened lnto bands of levels each of which lS nor.-l~allzed and 15 a 

propoertyof the whole crystal (Dearnaley &, Northrop '1963 p. 58). These 

bands of allo\rWed energy levels are separated from each other by forbldden 

gaps. The width of the forbidden gapS lS related ta the nature of the 

chem~cal bond ln the solide 

Bath silicon and germam.um crystals are particularly simple ln ' 

theIr structure. Each atom in.a pure crystal of eithér of these 

semIconductor mater~als lS tetrahedrally surrounded by four other similar 

atoms and shares one covalent bond w~th each of them (Diamond type crystal 

structure) (Restell~ 1968 p. 14). 

At very low termperatures (~O K), ln a perfect crystal, all of the 

valancy electrons are bound lnt0 the structure and no e1ectons are 

available for electr~c conduct~on. These bound valancy electrons occupy 

an allowed energy band called the valance band. In the case of pure 

crystall1ne/sil~con and german~um, the valance band lS completely f111ed 

at very low tempe ratures . The next allowed, h~gher lylng band 15 called a 

conductlon band and represents electrons that are free to m~grate through 

the crystal. An energy band gap separa tes the valance and the conduction 

bands. The characteristic property of a monocrystalline sem1ccnduct1ng 

materi~l, such as SIlicon or germanium, ~s the small size of the band gap. 

The gap, at 0 K, lS 1.165 eV for silicon and 0.746 eV for german1um. The 

band gap ln these two semiconductors ~ncreases with temperature reaching a 

value at 300 K wh1ch is abOut 10% larger than its V~l~é dt 0 K ~Reste~li 

1968 p. 14). 
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4.1.2 The Generation of Charge CarrIers 

4.1.2a The Thermal Generation of Electron-Hôle Pairs 

A~any non-zero temperature a small number of the covalent bonds in 

the crystal are broken by thermal excitations 50 that charge carriers are 

present ln the materlal and are free.to drift throughout the crystal. 

This breaking of the bond can'he vi~'ed alternatlvely as the elevat10n of 

an electron from the valancy band to the conductlon band due to the fact 

that the thermal energy of this electron is greater than the gap between 

the two bands. The excItation of the electron into the hiqher band not 

only creates an electron in the otherwise empty conduct1on band but it 

also leaves a vacancy (a hole) l.n the otherwise full· valance band. The 

combinatlon of the two charge carrlers thus created 15 called an 

electron-hole pair. If an external electric field 1S app11ed to the 

crystal, the electron and the hole w1ll dr1ft ln OPPOSIte dIrections 

parallel to the applled field. 

~or an intr1nsic semiccnductor (perfect crystal with no 

eiectrically actIve Impurltles). the number of electrnnc ~hat are 

thermally excited to the conduction band (which is equal to the number of 

holes left ln the valance band) i5 glven by: (Dearnaley & Northrop 1963 p. 

60; Kittel 1976 p. 229; Haller 1982) 

where 

n :;::: .,fN N ' T3/ 2 exp (-Eg/2kTl 
1 c V 

n. :;::: The number of conduction electrons per unIt volume 
1 ( 

(concentration of conduct10n electrons) 

4.1 

N ,N = The effective den51ty of states in the conduction and valance 
c v 

bands respect1vely 

T = The absolute temperature 

'k = The Boltzman constant 

E = TI1e band gap 
g 

The int'roduction of electrically active impurities into the crystal 

structure (doping) changes the relative concentration of charge,carriers 

(increpses the concentration of electrons ln the case of a donor'impurity 

and the concentration of ho les ln the case of an acceptor impurity) 
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however, the product of the concentratIons of the two klnds of charge 

carrIe~s remalns constant. Thus the product 

where 

Pl = The concentratIon of holes 

4.2 

(The rest of the symbols are the same as ln equatlon 4.1) 

remalns constant and is the same whether the semiccnductor lS IntrlnSIC or 

doped (extrlnslc) (Reste11l 1968 p. 15; Kittel 1976 p. 229. Knoll 1979 p. 

368). For germanIum the product of the concentratIons of the two charge 

carrlers, at room termperature, lS 5.8 X 1026 cm- 6 (Knoll 1979 p. 366). 
( 

In high purity germanIum detectors. the concentratIon of Impuritles 

(doping) lS usua11y of the order of 1010 ImpurItles/cm 1 (Knoll 1979 p. 

493) • Due to the small l:::and gap 0: germamum. the number of thermally 

generated charge carrIers (intrlnSlc carrIer densityl. at 

room temperature (300 K), is much hlgher (2.4xlQl3 jar?) (Knoll 1979 

p.363). Therefore, the eiectricai conductlvlty of hIgh purlty germanIum 

at room temperature lS domlnated by the IntrlnSlC charge carrIer densIty 

which results ln a value of 47 n cm for the reslstlvity of germanIum at 

room temperature (Gouldlng 1966; Resteill 1968; Knoll 1979 p. 363). 

Consequently, germanIum detectors must be operated at cryogenic 

t~ratures (typically llquld nltroqen temperatures) ta decrease the 

number of thermally generated charge carriers (I.e. reduce the leakage 

current) ln order to be able to detect charge carri~~s ~.~t are produced 

by the 10nlZlng radIatIon (Knoll 1979 p. 391; Haller & Gouldlnq 1981 p. 

811~ Haller 1982). 

4.1.2b The GeneratIon 'f Charge CarrIers by Ionlzlng RadIatIon 

IoniZlng radIation inCIdent on the semlccnductor materlai can 

generate charge carriers ln excess of those generated by thermal 

excitatIons. The detalls of the mechanlsms through WhlCh the InCIdent 

radiatIon deposlts Its energy during ltS Interaction wIth the 

semiconductor material are quite.compllcated. However. the following 

Simpllfied model can serve to lllustrate the charge productIon process 

during such an InteractIon (see Restelli & Rota 1968 p. 76). 

A high energy charged partlcle incident on a semiconductor. or an 

- - - - - ~----------
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e1ectron produced by a y ray interactlon wlth the semlconductor material 

produces secondary electrons of lower energy ln the semlconductor by 

Lmpact lonlzatlon. Subsequently. these electrons can produce more , 
electron-hole pairs ln the semlconductor by lmpartlng enouqh enerqy to 

sorne elctrons ln the crystal lattlce to ralse them from the valance band 

(or lower lylng states) to the conductIon band. The energetic electrons 

and holes thus generated can produce further lonlzatlon and so on. ThlS 

shower process continues untll the klnetlc energy of the chàrqe carrlers 

1S no longer sufflclent to exclte an electron across the forbldden enengy 

gap (and therefore to create an electron-hole pair). 

Durlng the 10nIzatIon events that take place ln the semlconductor 

materlal. the energy of the lncldent charged partlcles lS reduced by an 

amount equal to the band gap energy plus the kInetlc energy acqulred by 

the electron-hale palr. The sharlng of the energy between the lonIzlng 

charged particle and the electron-hole pair can be considered to be randorn 

in nature, whlle the diVIsion of energy between the electron and the hole 

in the palr lS dependent on the detalls of the band structure of the 

matenal. 

Electrons travelllng through the semlccnductor material can also 

lose sorne of thelr energy through Interactlons wlth the crystal lattice 

itself and the productlon of phonons (lattlce VIbratIons). Such 

interactlons disslpate a conslderable amount of energy wlthout produclng a 

useful slgnal Slnce they do not result ln the productlon of charae 
>-

carriers. Furthermore. the large number of electrons proouced at the end 

of the shower process. not having sufflcient energy to produce secondary 

lonlzation. quickly (after ~ lO-12 sec ) reach thermal equlllbrium with the 

lattice by 10s1ng thelr klnetic energy through the generat10n of more 

phonons. Because of aIL of these energy losses ln non1on1ZIng events. the 

average energy required to produce an electro~~ole pair (E) lS 

considerably greater than the band gap energy. In germanlum. at 77 K. € is 

more than 4 tIme the band gap energy (Knoll 1979 p. 363) l.e. the e~enqy 

used in ,the lonlzlng events makes up only about 25% of the total enerqy 

deposlted by the radiatlon ln the detector material. 

'!he merle1 describlng the 1001zation processes used above 1S due to 

Shockley and Van Roosbroeck. It was summanzed here fram the Infomation 

g~ven ln the following references: Dearnaley ~~rthrop (1963 p. 65): 
" 

! 
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Goulding (1966); Restel1l & Rota (1968). An alternatlve~odel for the 

ion~zat~on processes ln semlconductors has been prc~~~~ ~y Kle~n (see 
b 

Restelll & Rota 1968 p. 80). ThIS model explalns the productlon of 

e1ectron-hole paIrs ln Irradiated semiconductors ln terms of the 

generat~on and subsequent decay of plasmons (collectlve osclllatlons of 

the electron paritcle dens~ty ln the SOlld. 

The average energy requ~red to produce an electron-hole pa~r.~s 

experimentally observed to be largely Independent the type of Incldent 

rad~atlon and the energy deposlted ln the material (Prlce 1964 p. 217; 

Restelll & Rota 1968; Gouldlng & Pehl 1974 p. 305; Knoll 1979 p. 372: 

Haller & Gouldlng 1981 p. 812). ThlS lS malnly due to the fact that the 

domlnant productlon of electron-hole palrs occurs at the low eneDgy 

"ta~ls" of the shower process and these talls are quite Insensltlve to the 

details of the high energy processes that led to thelr eXlstance (Haller & 

Gouldlng 1981 p. 812). The average enerqy per electron-hole palr (E) 

(sometlmes also referred to loosely as the Ionlzatlon energy) has a value 

of 2.96 eV for gèrmanium and 3.76 eV for SIlIcon at 77 K (Restelll 1968 p. 

14). 

The fact that E lS lndependent of ène~ lS responslble for the 

excellent l~nearlty of the energy response of semlconductor detectors. It 

is thls 11nearlty that makes these semlconductor detectors excellent 

radlatlon spectrometers. The Independence of the value of E of bath the 

type and the energy of the lncldent radiatIon eases the problems of 

calibratlng semlconductor B spectrometers qulte SlÇT~~~~â~tly. 
~ 

The small value of E ln semlconductor detectors ln comparlson to 

gas filled detectors ( E ln semlconductors "'1/10 of the amount of energy 

requlred to create an electron-hole pair ln gases). results ln a 10 fold 

increase ln the mean number of charge carrlers produced by a glven amount 

of energy deposlted ln the detector. ThlS Increase ln tne number of 
, 

charge carriers has two beneflc~al effects on the energy resolutlon 

attalnable wlth semconductor detectors. The greater amount of charge 

produced per unit depoSl ted energy leads to a larger slgnal to nOlse 
\ 

ratio, and therefore better resolutlon, especlally at lowenergles. In 

addition, as the mean number of charge carrIers per unlt energy lncreases. 

the statist~cal ftuctuation ln the number of these InformatIon carrlers 

becomes a smaller fraction of the total number, thus leading to better 
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1 

resolution . / 

In semlconductor materlals the statlstlcal fluctuations ln the 

number of charge carriers per unlt energy loss lS smaller than the value 

expected on the basls of POlsson statlstlcs alone. POlsson statlstlcs 

would hold lf aIl the events along the track of the 10nlz1ng part1cle were 

indpendent of each other (l.e. lf there were no correlat10ns ln the 

format10n of consecutlve electron-hole palrs). ThlS lS not the case in 

semlcondcutors since the 10~lzing events can not be regarded as completely 

1ndpendent as was clearly shown above ln the descrlptlon of the lonlzatlon 

processes ln semlccnductors. As a result of the lnterdependence of the 

10nlzat10n events, the standard devlatlon of the number of çharge carrlers 

produced lS gl ven by: 

where 

o=.fFN='jFE 4.3 
E 

C1 = The standard deviation ln the number of charge carrlers , 

E = The average energy required to produce an electron-hale pair 

E = The energy deposlted ln the semiconductor 

N = The number of electron-hole pa1rs produced 

F = The Fano factor; a n~~rlcal factor 0 < F < 1 

The measured values for the Fano factor ln germanlum at 77 K are typically 

around 0.1 (Tavendale 1967 p. 84; Restel11 & Rota 1968 p. 97; Gouldu1q & , 
Pehl 1974 p. 305; Pehl 1977; Knoll 1979 p. 363; Haller & Goulding 1981 p. 

812; Tsoulfanidls 1983 p. 280). 

The full w1dth at half max1mum of ,the dlstrlbutlon ln N (the number 

of electron hale palrs) lS glven by 

FWHM = 2 J 2 ln 2 ' cr 

'Iherefore 

where 

2 -/2 ln 2 'jE 
N 

2 -1 2 ln 2' j FE' 
, E 

E = The energy depos1ted in the dete~tor 

6. E = the fwhm of energy d1stribut10n 

4.4 

4.5 

(Haller & Gould1ng 1981 p. 811; Tsoulfanldls 1983 p. 280). The ratio ~/E 

represents the contribut10n of the statistics of electron-hole production 
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to the resolutlon of the semlconductor detector. It is therefore the 

ultimate resolutlon attalnable with semiccndcutor detectors. The 

contributlons of electronlc nOIse and detector leakage current to the -

resolutlon of semlconductor spectrometers are Ûsually considerably Iarger 

than the contrlbutlon of" charge productIon statlstlSS. especially at low 

energles (Knoll 1979 p. 374, 423). Furthermore, problems in charge 

collectIon caused by electron-hole recomblnatlon and charge trapplng can 

a1se contribute to the resolutlon as weIl. 

At an energy of l ~~V, ~E/E calculated fram equation 4.4 above is 

0.13%. The measured resolutlon of the germanIum spectrometer used in thlS 

work IS 0.45% at l MeV. 

4.1.3 O1arge CollectIon 

An electric field applled ta the semiconductor material will 

separate the two types of charge, carriers that are created (either 

thermally cr by lonlzlng radIation) ln the semlconducto~d WIll cause 

them ta drlft in opposIte dlrectlons paraI leI to the app11ed electrlc 

fIeld. The drlft veloclty of the charge carrIers in the applied electric 

field lS a functlon of ~he field strength. In germanIum, the drift 

veloclty reaches a saturatlon value of about 10' cm/se:::: élt an appl'ied 

elp.ctrlc fleld of about 1000 V/cm. This hlgh saturatIon veloclty (whlCh 

1S easlly achlevable ln typlcal germanIum detectors) lS responslble for 

the fast rise tImes of the pulses that are generated ln the semlcenductor 

detectors. 

4.1.4 Radlation Detector Constructlon 

1 

In order to be able to measure the amOlmt of energy deposited by 

the lonlZIng radIatIon ln the semIconductor medIum, the charge carrIers 

that are produced by the InCIdent radIatIon have to be col1ected at elther 

end of the matenal and counted. Ta achleve a rapid and efficIent charge 

collectwn, a\-strorq electrlc fleld ('\. 1000 V lem) has ta be applled to the 

semiconductor medlum through the electrlc contacts on whlCh the charge is 

collected. If ohmlc (i.e. non rectlfYlng) contacts' are used, the strong 

applied electrlc flelds result ln large currents, of the arder of l 

aœpere, flow1ng through the semiconductor medIum, even at llquid nitrogen 

temperature. ,Such hlg? currents make the detectIon of the very small 
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currents (lO-il amp ) that are generated by radiation produced charge 

carriers totàlly"undetectable (pehl 1977, Knoll 1979 p. 375) . 

To overcome this problem, "blocking" contacts that do no in je ct 

charge into the semiconductor material must be used. One ccrnmon method of . 

achieving a blockiIlg contact structure is to form a p-n ]unction ln the 

sem1conductor material (or a surface ~rrier ]unction on the surface of 

the semlccnductor mater1al) and operate it as a reverse biased diode 

(Goulding & Pehl 1974 p. 312). 

) 

4.2 '!he B Detector Used 10 the Present Spectrometer 

1he energy sensitive detector used in this work is a Ge(HP) diode 

supplied by Aptec Engineering Ltd. (Canada). It lS a planar detector with 

a 15 mfl1 sensi t1 ve ,thickness and 500 mm2 act1 ve area (2.54 cm d1ameter) . 

The detector lS manufactured fram h1gh purity P-type germanium w1th a 

diffused p-J;1 junction structure. The n + contact is the back contact; it 

is made by the diffusion of a th1n layer of 11thium OIT the back surface of 
.; 

the detector. The front contact, through which the B particles enter the 

detector, lS a th1n evaporated metallic contact. 

Voltage pulses from the Ge(HP) detector were fed to a Prwceton 

y -Tech model RG-ll preamplifier and frcrn there to an Ortec model 572 

amplifier. The pulse shaping time constant of the ~"plltler was set to l 

~sec. From the amplifier, the pulses were routed to a Tracor Northern 

'lN-12l2 A.D.C. interfaced to a PDP-15 computer. '!he "lnhl.bH" pulse 

output from the amplifier was connected to the A.D.C. to gate it in an 

antlcoincidence mode in order to reduce pulse plIe up. In aIl 

experiments, the output of an electron1c pulser was connected to the 

"test" lnput of the preampllfier to' enable corrections for dead time 

lossses and pile up and to monitor gain stab1lity. An Ortec model 459 

hlgh voltage power supply was used to bias the detector. 

When a volatage is appl1ed to the detector, a deplet10n layer 

~tarts to from at the p-n junct10n near the back contact and advances to 

the front of the detector as the voltage is increased. At the recommended 

operating voltage (1000 V volts), the detector lS over depleted and only a 

very th1n dead layer ('V l ).lm of germanium) is left at the entrance surface. 

Since no information was available fram the manufactur~on the 

depletion b1as of the detector (the m1n1mum voltage at which the depletl0n 
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layer exteI}ds to cover the"full sensitive thickness of the detector), it 

was directly measured using the conversion electron Unes fram a 207 E:l 

I:source . The depletion voltage was measured by varying the blas on the 

. detector and obserVlng ~ changes in the shape and poS:l t:lon 'o:Ç the 
" ébnversi,on electron lines as measured by the detector. '!he onset of such 

changes :ln the electron peaks as the voltage of the detector is lowered 

would indicate that the depletion layer ,does not extend aIl the way to the 

front contact and that the electrons are traversing the dead layer left 

between the front edge of the depletlon layer (the sensitive thicknesss) 

and the front surface of the detector. At biases below 450 volts, the K 

conversion line of the 569.6 keV transition disappears completely 
, 

indicating that the thickness of the dead layer is larger than the range 

of 0.5 MeV electrons iri germanium. Since this range is quite small ('\J 0.5 

mm) in comparison to the th:lckness of the detector, 450 volts was taken as 

the depletion voltage of the detector (the punch through voltage). 

Using the value of the deplet:lon voltage (450 volts) and the total 

depletion thickness of the detector (15 mm), and with the aid of equations 

(11-13,11-15) from Knoll (1979 p. 383), the values of the net 

concentration of the e1ectrically active lmpurities (acceptor type) in the 

detector material is ca1culatèd to he NA = 3.5x109 impurities/cm 3
• 

Similar1y the value of the detector's capacitance is calculated to he 4.7 

pf. 

The typica1 resolution values achieved with the detector are 4 ~ 5 

keV for a 1 MeV l tay an~ a slightly worse resolution for electrons of the 

same energy (due to energy losses in the dead layers in the source and the 
c 

detector' s front contact). The resolution of an e1ectronic pulser peak (~ 

4 keV) :lS only slightly better than that of the r ray peak indlcating that 

the sharge collection processes ln the detector do not contrlbute 

,si~îticant1y to the resolut:lon. 
1 1 • 
.' The major contributions to the spectrc:xneter' s resolutlon come fram 

the leakage current 0; the detector (especlal:y the s~~ace leakage 

current) and the preampllfier noise. Since the preamplifier n0ise is a 

strong function of the capac:ltance with ~ich the :lnput of the 

preamplifiers is loaded (Knoll 1979 p. 652), it is particularly :lmportant 

in th~s spectrometer. The l"ngth of tl:le cable conne.cting the detector to 

the preamplifier ( ~ 30 cm) ~ontributes.si9nificantly to~the input 
l 

\ 
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capacitance. 'Ihis cable length was necessary sinee the preamplifier had 

to be kept ~n a 10w magnetic field region. 

In order to ~mprove the resolution of a spectremeter system similar 

to the one described ln this thesis (a superconducting solenoid plus a 

solid state detector system), Andersen (1968) Lnstal1ed the first stage of 

the preamplifier (the FET) on the co1d finger very close to the detector. 

A significant ~provement in resolut~on lS ach~eved in thlS case aS a 
'1 \ ' 

restilt of two èttécts: the reduction ~n the thermal nOlse of the 

preamp'l~fier due to cooling, and the decrease ln the lnput capacitance~~~ 

the preamplifier that results fram the e1iminat~on of the capacltance of 

the long cable connecting it to the detector. 

One of the advantages gained from the use of the superconductlng 

solenoid ln the present spectrometer ~s the reduction in detector 

background count rate. Because of the location of the detector inside the 
J 

bore of the magnet surrounded by the so1enoid and the liqu~d helium 

cryostat, it is quite. weIl shielded from the ambient bac-karound. '!he 

typical background count rate is 3 to 5 c.p.s. 

'!he detector was calibrated at energies below 1.5 MeV using 

converslon electron lines from 207Bi. At h~gher energies, y rays from 

standard sources and from 66 Ga were used for callbration. Under the 

influence of the strong magnetic field of the solenoid, a small dlfference 

between the calibrations obtained using electrons versus those obta~ned 

with j rays was noticed. ThIS a ray calIbration shift was thoroughly 

~nvestigated and accurately corrected for (Hethenngton 1984) . 

The choice of a detector with a 15 mm sensitive thlckness in the 

present spectrometer was motlvated by the desire ta study S decays wlth 

h:i:gh endpoint energies (>10 MeV). H6wever, there 15 a limi t on the 

maximum Bray energy that can be studied~~trometer without 
, .------

introduc~ng excessive dlstort;tOl'lsta the a spectrum. ThlS llmit is 
.------------imposeO-by-the:strength of the magnetlc fleld of the soleno~d and the 

surfac~area of the detector. Its value is slightly léss than 6 MeV ln 

the present spectrometer (see sectlon 5.4). Hence, the use of a thinner 

detector (~8 mm for examples) would have probably been a better cho~ce. 

'Ihe thinner detector would be less sensl~lve to ~ rays, have a smaller 

capacitance; better resolutlon and faster pulse riset~me, and show a 

smaller e ray càlibration shift ln the strong magnet~c fleld of the 
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solenoid. 

4.3 '!he Source-Detectar O1amber 

'The rad1oact1 ve source and the ca1d (liquid ni trogen temperature) 

qermaniurn detector are mounted in the same vacuum ChambeF with no wind.ows 

separat1ng therfl fran each other. This was necessary in arder ta avoid the 

B spectrum d1stort1ons that are caused by 8 particle scattering w the 

window material. '!he source-detector vacuum chamber conslsts mainly of a 

70 cm long sta1nless steel tube (5 an I. D.) whlCh ft ts inside the room 

temperature bore of the superconductlng solenoid ana 1S completely 

5eparate from the magrlet '5 vacuum chamber (see F1gure 4.1 ~. 

Cne end. of the sta1nles5 steel tube 15 connected throUJh agate 

valve to a forechamber through wh1ch new rachoactlve sources are 

introduced ln ,the detector' s vacuum chamber. On the pther end, the 

stalnles5 steel tube lS coupled to the detectar cryostat. '!he detector 

cryostate was taken fram an old Ge (Ll) spectrometer and modif1ed 50 that 

the copper cold flnger on whlCh the Ge (HP) detector lS mounted ex tends 

approxlmately 25 cm ln~o the source-detector vacuum chamber. The other 

end of the cold flnger dlps lnto a llquld nltrogen reservo1r. The bottom 

of the detector cryostat (around the cold flOger) lS fllled W1 th a small 

quant1ty (~ 50g) of zeol1te to ma1ntaln the vacuum when the detector 1S at 

l1qu1d nitrcgen temperature. The pumplOg actlOn of the cold 'cathode (PIG) , 

lonlzatlon gauge Whlch 15 mounted on the detector cryostat alds ln 

~alnta1nlng the vacuum as weIl. An electr~l feedthrough at one end of 

the vacuum chamber provldes an electncal ccnnectlon to the detector 

through a 20 cm long cable. 

4.4 The Vacuum System 

The vacuum system that was orlginally used Wl th thls 5pectrometer 

COOSlsted of -pumplng statlon made up of a 2 lnch (5 cm) 011 dlffuslon pump 
.. 

eqmpped W1 th a liquld nitrogen cooled baffle, and a mechanical rctary 

Severe problerrs, caused by condensatlon on the detector's surface, 

were experlenced Wl th thls vacuum system. The condensatlon on the 

detectar resul ted ln large leakage currents, a Slgrllflcant deterlOratlon 

in resalut~an (lG ~ 20 keV resolut1anl, and most lmportantly, detector 

'" 
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Figure 4.1 

Schematic drawirq of the source-detector vacuun chamber. 
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breakdowns at biases below the operating voltage. 

A residual gas analysis of the gas in the vacuum chamber showed 

that the condensat1Qn had most 11kely been caused by hydrocarbons 

backstream1ng from the pumps. 

Following th1s finding, a complete overhaul of the vacuum system 

was undertaken. The detector was cleaned (after warm1ng 1 t up to room 

temperature) by carefully wip1ng its front surface w1th a cotton swab 

soaked in ethanol. The detector was then heated to 40~60° C, under vacuum 

( "'10- Pa ), and malntained ln th1s tempe rature range for several hours to 

remove any traces of condensation that were left. The vacuum chamber and' 

the var10US pumping lines and components ln the vacuum system were 

thoroughly cleaned with sol vents and leak tested. Ana a new charge, of 

zeolite (molecular sieve SA) was placed ln the bottom of the detector 

cryostat. 

In additlon to these measures, the posslbl1ity of replacing the 

diffuslon pump station with an oil free pumping system was 1nvestigated. 

'Iwo options for an oi1 free system were considered: a turbomo1ecular pump 

and a cryogemc pump. The turbomolecular pump that was tested caused 

excessive electronlc n01se ln the detector. The detector's m1crophon1c 

nature (Gould1ng & Pehl 1974), and the vibrat10ns caused by the 

turbomolecular pump are responsible for this nOlse. The problems were 

further aggravated by the length of the cold finger on whlCh the detector 

is mounted. Therefore, the declSlon was made to avold the use of a 

turbomolecular pump. As for the cryogenlc pump optlon, 1t ",'as dlscarded 

because the need for frequent radl0actlve source changés (and therefore 

repeated pumping of the forechamber) can result ln the saturation of a 

limited capaclty cryogenlc pump. In add1tion to these drawbacks, the two 

oil free pump1ng systems are also qU1te expens1ve. 

The final pumpu1g system des1gn that was arri ved at represented a 

compromise. The 011 diffus10n pumping statlon was mainta1ned but only 
'" 

after signlficant improvements ln lts performance. The pump1ng system was 

also supplemented Wlth a cryosorptlon pump that was lnstal1ed at the 

forechamber (see Flgure 4.2). "Along the 11ne of lmproving the performance 

of the 011 dlffuslon pump station, two 

backstreamlng of hydrocarbons from the 

steps were taKen to mlnlmlze the 

diffuslon pump and the mechanlcal .., 
pump. The flrst was the addition of a water cooled baffle between the 

.. 
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Figure 4.2 

Schematic drawing of the spectrometer vacuum system 

1. 'Thermocouple Vacuum Gatge 

2. Cold Cathode Vacuum Gatge 

3. Valve 

4. Gate Valve 

5. ail Diffusion Pump 

6 . Mechanica 1 Pump 

7. Sorption Trap 

8. Air Admittance Valve 

, 9. Flexible Pumping ~e 
/ 

10 • Slidirx:J Source 71 unger 

11. Forechambe r / 1 
12. Cryosorption?UmP 

/ 
13 . SOurce-Det~étor Vacuum Chamber 

14. zeolite ~t Liquid Nitrogen ~perature in the Detector 

Cryostat 

15. SUperconducting Solenoid Vacuum Chamber 

16. Liquid Ni trogen Cooled Baffle 

17. Water Cooled Baffle 
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d1ffus10n pump and the ll.qu1d n1 trcgen cooled baffle. The second was the 

installat10n of a room temperature sorption trap (f111ed with type l3X 

moiecular s1eve) on the 1ntake of the rotary pump. After these mea5ures 

were effected, a r~sldual gas analysis showed a drastic reduction 1n the 

concentrat10n of hydrocarbons 1n the vacuum chamber. 

The d1ffuslon pump 5tatl.On is used to pump the source-detector 

vacuum chamber only when the detector 15 at room temperature (to avoid the 

posss1bl11tyof condensat10n on the detector completely). It i5 also used 
-2 

to reduce the pressure 1n the forechamber to IxlO Pa after a new source is 

introduced . 

When the detector is at llqu1d nitrogen temperature, the vacuum 1n 

detector chamber 1S ma1nta1ned by the pumping act10n ot the zeoI1te around , 
the bot tom of the cold f1nger. However, th1s small quantity of zeolite 

can not be re11ed on when frequent source changes are contemplated; the 

small gas leak that accompan1es the 1ntrcduct10n of a new source into the 

detector chamber can eas11y resuit ln the saturat10n of the zeo11te after 

a few source changes. Attempt1ng to reduce the amount of gas admitted 

into the detector chamber after each source change by pumpl.ng out the 

forechamber W1 th the diffusion pump untü a hlgh vacuum « l03 pa ) is 

achl~Ved can also cause problems. In add1 t 10n ta the long wal t1ng tl.me ('" 

20 mnutes), prolonged pumplng W1 th the d1ffusl.On pump at low pressures 

(l.e. 1n the molecular flow reglon) 1ncreases the poSSLblllty of 

backstreaming frem the .d1ffusion pump. ('!he rate of backstrearnng reaches 
-2 

a maXlmum at a pressure of :::: 5xlO Pa; see Rettinghaus & Huber 1974). To 

alleVl.ate these prob1ems, a llquid n1 trcgen cooled sorptlon pump was 

installed at the forechamber. 

Al though cryosorptl.On pumps are designed for use as 011 free 

roughl.flg pumps, 1 t was found posslble to use a cryosorpt10n pump to 

achieve a hlgh vacuum « 10
4 

Pa) ln our system. A sma1l prototype sorption 

pump was bUllt and 1ts performance tested under d1fferent condltlons. 

Th15 prototype pump contained a small charge of molecu1ar sieve type 5A 

placed 1n a Wlre screen basket that sur rounds a 1iqUl.d nitrogen cooled 

thimble. It was found t'hat after baklng the zeoll. te at a temperature of 
o ~ 

250 C, 1n vacuum, for severa1 hours, pressures of 10 ~a and less can be 

easily reached when the zeolite 1S cooled to liquid' n1 trogen temperature. 

No saturat10n effects were observed except when a deliberate 1eak was 
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introduced i system. (The absorptlon capacity of molecular sieve SA 

at liquid n' trogen tempe rature and a pressure of lÜ?Pa is '\, 50 an3 of 

nitrogen g s (STP) per gram of zeollte; see Stern & D1Paolo 1967; Davey 

1971 ore detalled data). 

ter these successfui tests were completed. a commercially 

suppli cryosorption pump was lnstalled at the forechamber. (The 

pump was supplled by Varian AssoClates). Tl11.s sorption pump is 

a large reserVOlr filled Wl th about l Kg of zeolite (molecular 

type SA) It lS efflciently cooled by lmmerSlng lt ln a llquid 

The liquid ni trogen dewar was equipped Wl th an automatic. 

system to ensure the con~uous operation of the pump for long 

of time. 

'!he performance of the cryosorption system was quite satisfactory 

operating lt continuously for periods of days wi th many source 

cha ge talnng place during these period.s. 'The zeolite showed no signs of 

sat ration during normal operatlon and pressures of 103 Pa and less were 

y achleved in the forlchamber. 'The presence of atmospheric gases 

that re not efflclently adsorbed by the zeollte at 11quid nltrogen 

temperature (mainly hellum and neon) dld not cause any problems slnce only 

mlnute quantitles of the se gases are left ln the forechamber after lt lS 

evacuated by the diffuslon pump. 

Following each long run. the zeolite in the sorptlon pump was 

baked at 250
0 C. ln vacuum ( '\,0 .1Pa). for several hours to expel the 

absorbed gases and reactivate the zeollte. Slmllarly. the zeollte l~ the 

detector cryostat was regenerated after each run by warmlng i t up to 

'\,50°C, for several hours, in vacuum. The zeolite was warmed up by 

replacing the Iiquid nltrogen reservolr ln (Figure 4.1) a hot water bath. 

('Ille presence of the Ge (HP) detector dl.d not pernu t the use of hlgher 

temperatures during the reactlvation of the zeollte). 

A schemat~c drawlng of the vacuum system 15 glven (Flgure 4.2). The 

vacuum system is built entlrely from aIumlnum and stalnless steel 

components. Copper gasket5 and rubber seais (Buna-N and Vlton '0' nngs) 

were used in the vanous demountable couplings ln the vacuum system. The 

5 cm (noml.nai dlameter) fleXlble pumplJ1g llne allows one ta change the 

position of the source-detector chamber (and therefore the poslnon of the 

detector) with respect to the superconductlng soienoid (see aiso Flgure 
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4.5). '!he strong magne tic field of the' superconducting soleno~d Kas not 

noticed to affect the operat~on of the cold cathode vacuum gauges. 

'!he pressure ~n the source-detector vacuum chc..llÏ.,)er dur~ng the 

operation of the spectrometer was usually in the range 1& -10- Pa. At 
" 

these pressures, the scatter~ng of B partlcles, as a result of thelr 

coll~s~ons wlth a~r molecules, 1S negllgible and does not affect the 

rneasured shape of the B spectrum (Paul 1965; B001J 1970; MladJenoVlc 1976 

p. 31; HUJhes 1980 and references thereln). 

Slnce the vacuum chamber of the superconduct1ng solenoid cryostat 

needed occasional pumpIng to maIntaIn I ts vacuum, I t was connected' 

throUJh a valve, to the dIffusion pump statIon and evacuated during the 

time when the diffusion pump was not belng used to pump the forechamber. 

4.5 Source Mountlngs 

Most of the rad~oactive sources used ln th~s spectrometer were 

deposited on a thin (0.3 mg/atf ) mylar film wtll.ch was glued to an aluminum 

ring. 'The llll1er radius of the ring ~s larger than the maximum diarreter of 

the orbIt of the most er:ergetic B parncles that can be studled with the 

s{:eCtrometer. (The lnner radius of the source r1ng /lS 1.4 cm, and the 

maximum'd~ameter of the orb1t of 5.8 MeV electrons at the source.posltion 

is 1.28 cm). TIus prevents the scatteru1ÇJ of S particles from the source 

rlng. Tb avoid backscattering from the source holder, the source r~ng was 

mounted on a 10 cm long hollow alum1nurn tube whose inner diameter is 

slightly larger than the lnner dlameter of the source r1ng (see FIgure 

5.7). The hollow alumlnum tube w~s fastened to the €ï~ üt the source 

plunger (a hollow sta1n1ess steel tube, 1.8 cm Inner dlameter). 

4.6 Source Introductl0n Methods 

'IWo source 1ntroduct~on methods were used in conJuncnon with this 

s{:eCtraneter: 

4.,6.1Manual Plunger System 

For the lntroduction of long lived sources ~nto the sspectrometer, 

a manual plunger system and a vacuum forechamber were uséd (see FIgures 

. 4.1,4.3,4.4,4.5). DifferentIaI pumplng was appiled between the sliding 

seals cn the plunger and the gate valve that separates the forechamber 

• 
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Figure 4.3 

A photograph showing a side view of the beta spectrometer and its 
,r 

associated equipment. 
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Figure 4.4 

" A front view of the beta spectrometer. '!he manual plunger, the 

forecllamber and the sorption pump are shown in the foreground . 
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Figure 4.5 

A top view of the beta spectrcmet-er. 'Ibe flexible ~ping line,­

forechamber and manual phmger are clearly shown on the right side 

of the photograph. 
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fram the,detector vacuum chamber ~n order to reduce gas leaks ~nto the 

system when new sources are Inserted. 

The manual plunger assembly 15 operated as follows (see Flgure 

4.2) . After a new source, mounted on the end of the plunger I" ~s 

Introduced lnto the forechamber , the forechamber is evacuated uslng the 
-2 

dlffus~on pump stat~on untll a pressure of 10 Pa lS reached. The 

fotechamber was then lsolated from th~ dlffuslon pump statlo~ (by clos~ng 

agate yalve) and pump~ng was resumed us~ng the sorpt~on pump unt~l a -) pressure l ~ 2xlO Pa was reached ~n the forechamber1 At th1s pressure, 

the gate valve between the forechambèr and the detector vacuum chamber was 

opened and the source was ~ntroduced lnto the detector chamber for 

countl..ng. A small volume '\t'~r,echamber (2" cross) was used ln arder '[.0 

mlnlm~ze the pumplng tlme needed ta reach the deslred pres~ure. 

The total tlme requ1red to ~ntroduce a new source lnto the detector 

chamber 1S about 5 m1nuteS. Whenever lt was lea~lred tû brlng the furechamber 

to atmospherlc pressure ta charge sources, dry nltrogen gas was adm1tted 

lnto the forechamber thtough the ~nlet valve. The use of dry n1 trogen 

reduces the pumplng t1me that is needed ta lower the forechamber pressure 
-) , 

ta 10 Pa as a result of the reductlon ln the rate of water vapor 

outgasSlng fram the forechamber walls. 

The manual plunger system was u~ed ta Insert del~cate sources and 

sources deposited on very thln back~ngs ~nto the detector vacuum chamber 

without an~ d1fflculty or any slgn~ficant ~ncrease ~n the total t~me 

needed ta chart;1e a source. 

4.6 2 Automi1tlc Plunger System 

For the study of short Ilved sources, produced by on-llne 

bombardment 1 an automatlc plunger system was used (FIgure 4.6). The 

system conslsts of three manual plungers and one pneumatlc plunger that 

are coupled ta a bombaràment chamber (Flgures 4.6, 4.7). The bombardment 

chamber lS connected ta the detector vacuum chamber through a pneumatlc 

gate valve: The pneumatlc ~lunger and gate valve are bath actlvlated by a 

set of Interlocked A.C. sWltches that can he controlled elther manually cr 

throt.q'h a computer. 

The automatlc plunger shuttles the target-source, Whlch is ~ounteà 

on its end, between the bombardment chamber and the countlng posltlon ~n .. 
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Figure 4.7 

Design of the pneumatic plunger system. 
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the magnetIc field of the solenold. The pneumat1c gate valve 1S closed 

automatically when the plunger 1S ln the bombanjment pos1tlon to help 

suppress the very large background that was experlenced when the beam was 

incIdent on the target. Dlfferentlal pumplng between the slldlng seals of 

the plunger system allows the rap1d movement of the plunger w1thout any 

slgnlflcant gas leak lnto the detector chamber. 

The three manual plungers are used for the lnsert10n of long IlVed 

sources or the ver1ficat1on of the pos1t1on of the accelerator beam wlth a 

quartz crystal (mounted on the end of one of the manual plungers). 

The autmoatlC plunger systems permlts the use of frag1le targets 

and ensures the accu rate and reproduclble pos1tlon1ng of the sources fr,O.1 

) 2 a ( mm accuracy . Tt was used ln the study of the B spectrum of F half Ilfe 

11 sec) and can be used for sources with even shorter half Ilves (see 

Hethenngton 1984 for a more detalled descripÙon of the automatic plunger 

system) . 

4. 7 The S - 'YCoinc1dence System 

A e -'Y cOlncldence system, bull t by Aptec Engineenng Ltd. (Canada) 

was tested W1 th the present spectrometer system. The e - '( c01ncloence 

system lS made up of two Ge (HP) detectors and ü ts !Oslde the room 

tempe rature bore of the superconductlng solenold (see Flaure 4.8). One of 

the two detectors (the "( detector) 15 an annular Ge(HP) detector (15 mm 

thIckness, 30 mm T.O., 60 lffiI 0.0.) whlCh IS located close to the center of 

the solenold. The second detector (the 8 detectorl 1S a planar Ge(HP\ 

detector (15 mm th1ckness, 500 mm 2 surface area) and lS placed close to 

the end of the solenold. The dIstance between the two detectors lS f1xed 

(12.7 cm), but the1r p:1S1 tlons relatlve to the soleno1d can be eas1ly 

changed. The two detectors are enclosed ln the same hermetlcally seaied 

cryostat. The radloact1ve source IS placed outslde thlS cryostat in the 

center of the annular detector. The radloactlvlty 1S deposited on a thln 

mylar fIlm whlCh was stretched on a nylon rlng. The nylon rIng lS mounted 

on the tlp of a hollow nylon rod wh1Ch 1S used to Insert and retract the 

source. A thln (50 ~m) titanium w1ndow separates the radioactlve source 

from the 8 detector. 

The hlgh magnetlc f1eld at the locat1on of the radIoactIve source 

forces the B particies to mave ln hel1cal tra]ectorles WhlCh clear the 

~~~-------
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Figure 4.8 

The ~-y~co~ncldence system . 
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~nner d~ameter of the annular detector (see Flgure 4.9). The actlon of 

the strong magnetlc held thus deflects aH the B partlcles, erm tted by 

the source, away from the '( detector' and transports them to the B 

detector. As a resul t, the '( ray spectra collected Wl th the annular 

detector are free from Bray contamlnatlon. And Slnce no 6 ra ys are 

~ncldent on the r detector, a thln entrance wlndow can be used ln front of 

thls detector maklng lt SUl table for the study of X rays and low energy '( 

rays. 

Because of the Slze of the annular detector used ln th1S set-up and 

its prOXImlty to the radIoactIve source, the solld angle subtended by the 

rdetector at the source lS approxlmately 2n sterad1an. The sol Id angle 

for B partlcle detectIor. 1S dependent on the locat~on of the source ln the 

magnet1c fIeld and can easly be as hlgh as ln steradlan. 

The B - '(dual detector system lS Intended for use ln B - 'Y COlncldence 

measurements. It can be used to select a s1.ngle B branch ln a mul tlbranch 

decay, and to help ln clarlfylng compllcated decay schemes. Furthermore, 

the B - '(colncldence system can be used to measure the 6 decay energy (~) 

in decays where the endpolnt energy of the mos t er.ergetlc B branch exceeds 

the maxlmum electron er;ergy that can be stuched Wl th the spectrometer. 

ThIS can be acccompilshed, ln cases where the decay 3cheme 15 ~n0wn 

the B detector wlth a speclflC r ray so as ta select a low energy B branch 

whose endpolnt falls wlthln the maxlmum energy range of the spectrometer. 

Only a few, very prellmlnary tests of the B -"'( cOlncldence system 

were undertaken, nevertheless, the exceptlonal 6-r cOIncldence efflclency 

of the system was clearly demonstrated. The results frpm these 

prellmlnary tests, however, seem to IndIcate that the resolutlon of the 

annular"'( ray detector 1S strongly affected by the hlgh magnet1C f1eld of 

the solenold. The data avallable on the performance of the B - '( 

spectrometer IS stIll 1nconcluslve and more extenslve testlng 15 needed. 



-215-

SOLENOID r - DET E eTO R 
RADIOACTIVE 
SOURCE 

TYPICAL ELECTRON 
TRAJECTORY 

MAGNE TIC 
FIELD LINES 

Fl.gure 4.9 

Illustratl.on of the prl.ncl.ple of operatl.on 

of the beta-gamma cOl.ncl.dence system. 
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CHAPTER 5 

'THE SPECI'ROMETER' S PERFORMANCE 

The princ~ple a~m that guided the des~gn of the present ~ 

spectrometer and ~ts support equ~pment was the resolut~on of the problew.s ~ 

assoc~ated W~ th the use of german~um detectors ~n f3 spectrometry (see 

Chapter 2 for a detalled dlScuss~on of these problemsl. The 

superconduct~ng soleno~d transport system effect~vely el~m~nates the 

dlfflcul tles that are caused by the h~gh sensi ti VI t~T '::::: the german~um 

detector to 1 rays. The elaborate vacuum system and source Introduct~on 

mechanlsms descrlbed ln Chapter 4 solve most of the problems associated 

Wl. th the use of a llquld nl torgen cooled detector. 'The most lmportant 

proble~ that rema~ns to be addressed lS the effect of the non-ideal shape 

of the response fU9ctl0r. of the germanIum detector on the shapes of the B 

spectra that are measured w~th the spectrometer. 

5.1 DIstortIons of the Beta Spectra Measured wlth the Spectrometer 

DIstort~ons of the shapes of the B spectra that are caused by the 

response functlon of the germanlum detector are qulte drastlc. As an 

example, flgure 5.1 shows the effect of the response functlon of the 

german~um detector used ln the present spectrameter on a stat~stlcal beta 

dlstrlbutlon. Hence, ln order ta be able to extract the dlfferent 

parameters of the B spectrum (endpcnnt energles, branchlng ratlos, and 

shape factors) precIse knowledge of the response functlon is necessary. 

An exhaustIve study of the response fonctlon of germanium detectors 

tÇ> B partIcles was undertaken by Hetherlngton (1984). A maJor part of 

his work dealt wlth the Investlgatl0n of the performance of the present B 

fp€Ctrometer, the dlstortlons of the B spectra that are caused by the 

spect~ometer, and the extractIon of the maXImum amount of InformatIon 

possIble fram these spectra. 

The dIstortIons of the 8 spectra were fOun0 +0 =2 caused by several 

factors besIdes the non-Ideal response functlon of the germanIum detector. 

These factors Include B partlcle scatterIng ln the source and 

backscatterIng from the source backIng (bath of whlCh are affected by the 
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F~gure 5.1 

" Statistical beta d~stribution 

(-) and correspond~ng d~stributlon 

of ~ulses from detectcr (+++). 

\ 1 



, 

strong magnetic field), and the chang~ ~n the beta ray calibration of the 

detector ~nder the influence of the strong magnet1c field of the s81eno1d. 

'The effects of pulse pile up and gamma rays e~ll tt'ed fram the source on the 

shape of S spectra measured wi th the present spectrometer were found to be 

negligible ln most cases. 

The approach followed by Hethenngton (1984) {or the determlnatlon 

of the- respbnse function of the superconductlng soleno1d spectrometer w~ 

a seru-emp1rical approach. Fust. the resp::mse ftinction of the germanium 

detector lS generated by a Monte Carlo slmulation of the lnteractlons of 

. .the e parücles with the detector. 'The clifferent parameters describlng 

the shape of the r:esponse function are then adjusted ln order to be able 
-

to fit the ~ spectra of'several standard sources slmultaneously. 

Because 'of the presence of the source and the detector ln the 

magnetic field of the solenold, the traJectories fol1o~ed by the B 

particles emitted 'from the source to the detector are determlned by the 

magnetic field strength and ~eometry. Slnce the angles of incldence of 

the B particles on the surface of the detector, and theH [:Oint? of entry 

lnto the detector, are determineq by thelr tra]ectorles, lt lS çlear that 

accurate calculations of the trajectbrles of the B partlcles are requlred 

for the generation of the response function through the Monte Carlb 

simulation. '!he precIse calculatlon of 'trajectorles lS also necessary l.n 

order ta reveal any dependence of the transmlSSl.On of ~e solenold on S 

partie le energy. \ ~ ~ 
ExtensIve computer codes for __ calculatHlQ the magneüc fleld of the 

solenold-and for simulat~ng the tra]ectories of the S partlcles in.thls ' 

m~etIc field were WTltten ln this laboratory uflcter the directlon of,R.B. 

Moore. '!he codes were the result of,the~effort of several contributors, 

the prInclple contr~butor belng L. Oue.llet. 

'Sorne aspects of the traJectory calculatlons that are relevant to 

the perfdrmance of the spectrometer are revlewed here. 
f 

5.2 '!he Magnetic Fleld of the Solenold 

The fust 1 step ln Studylng the traJectones ~f the S partlcles in 

the ~agnetic field of the solenold lS to obtain a map of thlS magnetic 

field. - A computer prograrn was wrltten for this purpose. 
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« 
'!he radial and aXl.al components of the magnetlc held (Br' and Bz 

respectively) were calcu1ated using the" standard fOrTIl of the equatlons for 

these field component5 for a clrcular loap (Smythe 1968 p. 291): 

B = iiI z [-Klkl. + 
a~rlz2 

E(kJ 5.1 r ---rI r[(a+r)2+ z2 ] 11 2 (a-r)2 + z2 

B = IiI l 
[ K(k) + 

a~r2_z2 

E(kJ 5 .. 2,_. z 211 [ (à+r)2 + z2J 112 (a~~ + Z2 

where 

r. z ~ The cylindrical coordinates (relatlve to the center of the' 

loop) of the pal nt at which the field i5 calculated. 

a = The {adius of the locp 

l = The curren t in the loop 

li = '!he permeabill ty of the medium 

(K)k, E(k) = The complete e11~ptlcal lntegrals of the first and second 

k~ repsectively; 

X/z 

J( 1 
-Li2 

K(kl ::: - k S1I'~ , de 5.3 
0 

~ ~-..", 

t. /2 

E(k) = J l - k 'Sln2 e f,2 d e 5.4 

k 2 [ a r 
{a + r'f + Zz r 5.5 

. 
$(k) aOO E(k) were eV9.-1uateà by uSlng the algonthm due to Carlson 

:, & Notls, (1981) for Computlrx;J lncomplete epeptlcêÜ lntegrals of the f1rst 

and second )und and settuXJ the arguments for these two integrals (Ri arx3 

",. Ro respectl vely) as follows: 

~ 

K(k) = R 
-. F 

(0, 
2 

l-k 1) 5,.6 

l_k2 k
2 to, l_k2

, 1) ECk) = R (0, U - (1/3 ) ~ 5.7 
F 

, , 

Brand Bz values for the present solenoid were calculated by 

dividlng the qolenoid lnto rlng segments and approximatlng each segment by 

a loop whose radius was equal ta the mean rachus of the rUlg. The fleld 
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ca1cu1ated for aIl these loops was then summed ta get the solen01dal 

fleld, The rlng segments were 0.254 cm th~ck l.n the' rëdial dl.rect1.on and 

1.27 cm long in the ax~a1 d~rectl.on, The f~eld values were calculated at. 

gr1.d po~nts separated bye O.~ _on ra<hally and 1.27 cm aXlally. 

To test the error that maght be lntroduced by the hru. te Slze of 

the n.ng segments used l.n the calculat1.ons, a more accurate calculat1.on 

was made for the most error sensl. tlVe pennt on the grid (r = 4 cm, z = 

12.7 cm) USl.ng nng segments of one tenth the ra<hal and aX1.al th{ckness 

of the rlng segments used ln the prev~ous calculatlon. The error 

intrcduced by the larger rHlg segments was feund ta be less than one part 

ln 104 
• 

Graphs of the fle1d values resulting from these calculatlons are 

shown ~n fl.gures 5.2, 5.3, 5.4. Ta check these values, a set of fleld 

bnes was calculated from the values of Br and Bz and the results are 

shawn ln fl.gure 5.5. A graphlcal check on the dIvergence of these fle1d 

llnes shows that 1. t lS ~ppropr1.ate for 'J x B = O. 

5.3 The Acceptance Sohd Angle of the Spectrometer 

As was mentioned 1.n the re~ew ofaXlal magnet1.c guides ~n Chapter 

2, the magnetlc fleld of the solenold forces the partl.cles to follow 

hel1.cal tra]ectones such that most of the partlcles eml tted from the 

source ln the dlrection of the detector wlii be lntercepteà by the 

detector regardiess :of the detector's locatIon along the ax1.S ef the 

soienold. On the other haro gamma rays are unaffected by the magnetlc 

fle1d 50 that the number of 'Y rays eml tted from the source that lmplnge on 

th~ detector varles lnversely as the square of the source-detector 

d~tance (.see flgure 5.6) . 

5,3.1 A Flrst Order Calcu1at~on of the SOlld Angle of Acceptance for Betas 

If the radl.oact~ve source l.5 placed at a poSlt1.0n a10ng the axis of 

the solenold where the mâgnetlc fIeld 1S lower than lts maxl.mUffi value at 

the center of the solen01d, then sorne of the electrons eml tteà ln the 

dlrectlon of the hlgh fleld reglor (the forward dlrectlon) w~ll be 

reflected back as a result of the magnetlc muror effect (Jackson 19·75 p. 

592). In such a situatlon, electrons ernltted at large angl~ Wlth respect . . 
to the solenold axl.S w~ll have thelr forward momentum reversed as 'a result 
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Figure 5.2 

The axial magnet~c f~eld calculated along the axis of the solenoid . 
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• 

Figure 5.3 

The ax~al magne tic f~eld of the solenoid as a funct~on of the 

radial and axial d~stances from the center of the soleno1d. 
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• J' ,..., 

... 

Figure 5.4 

The radial magnetic field of the solenoid as a function of the 

radial and axial distances from the center of the solenoid. 
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Flgure 5.5 

,'!he magnetiç field lines of the 501enol.~. 
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Flgure 5.6 

Typlcal beta and gamma ray 
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of the non-~formlty of the magnetIc fIeld. 

USIng the adlabatlc approXImatIon (I.e. Invariance of the magnetIc 

flux through the orblt of the electron, Jackson 1975 pp. 588-593), it cao 

be easlly shown (Reltz & ~llford 1967 pp. 277-278) that aIl electrons 

emitted at angles larger than a crltlcal angle (e) will be reflected back 

Irrespectlve of thelr energy. Electrons emltted at angles less than the 

crltlcal angle wlll ~€netrate past the magnetIc fIeld maXImum and hence 

wIll not reflected by the magnet1c mlrror effect. In thIS f1rst order 

approXImatIon the value of the crItIcal angle e lS Independent of énergy 

and lS gl ven by (Rletz & MIlford 1967 p. 278): 

e SIn -1 

\ 
Bz(z) f2 5.8 
B (Dl z 

where 

e ="'!he maxImum angle of acceptance 

Bz(Z) = '!he aXIal magnetIc fIeld at the locatIon of the source 

Bz(O) = The maxlmum value of the magnetIc fIeld (i.e. the fIeld value 

at the center of the solenOId-4.4 tesla at 100 ampere) 

In the case of a soleno1dal transport system, thlS crI tIC al angle 

represents the maxImum angle of acceptance of the system (Kota JIma & 

BerInger 1970, MladJenovIc 1979). 

USlng the aXlal magnetlc fIeld values of the ~uperconductIng . 
soienold of the present spectrometer (see fIgure 5.2) and equatlon 5.8 

above, the SOlld angle of acceptance of the spectrometer as a funcbon of 

the posItlon of the source along the soienold aXIS was calculated. The 
, 

results of these caicuiatlons are shown III (flgure 5.7) . . 
In most of the experIments përformed wIth this spectrometer, the 

posIt1on of the source was chosen to be on the aXIS of the solenoid, l 

inch (2.54 an) from the end of the soienold (InsIde the solenold). At 

thlS locatIon the aXlal magnetIc fIeld 1S 3.28 tesla and the maXImum angle 

of acceptance (calculated form 5.8)· .1S 59. 7 o. The solld angle of 

acceptance LS about n steradIans (25% transmlsslon). (To achleve a 25% 

transmIsslon wlthout the magnetIc fIeld of the solenold, the polnt source 

woul~ have to be placed at a dIstance of 0.73 cm ln front of the 500 mm 2 

surface area detector). 
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5.3.2 Numer~cal Calculat~on of the Electron Tra]ector~es 
< 

A d~rect numer~cal calculat~on of the electron traJector~es ~n the 
1 

solenold was carr~ed out ~c check the pred~ct~ons of the first order \ 

~-

calculatlon used above and to reveal any possilile dependence of the sohd 

angle bf acceotance on e1ectron energy. 

The magnetic field map that ~as calculated by the method descr~bed 

in sect~on 5.2 was used ln a fourth order Runge-Kutta Integrat10n of the 

equat~ons of motlon of the electrons ln the magnet~c field. In what, 
. 

fo11~, a d~scuss~on of the pr~nclp1e features of the calculation will be 

given. Sorne examples l11ustrating the re$ults of the calculat~on are ~lso 

;tncluded. 

The Runge-Kutta integration was carned out in ;,<3 cylindrica1 

coonhnate system W~ th the co~Fd~nate aXIS paraI leI to the axi"s of the 

saleno~d but dIsplaced from l t so that the center of curvature of the 

electron orbit .at any t~me was close to the ax~s of the dlsplaced , 

coordinate system. Although this necessitated a movement of the 

coordloate axis after typlcally each ~ntegrat!on step, it allowed very 

large lntegrat~on steps to be taken wlthout 10ss of accuracy. With 0450 

'steps" the computatlonal accuracy (as checked by' comparlI'lg WI th 

integrat19ns uslng sma11er steps) was typical1y of the order of 10- 6 mm 

for tra]ectorles that ~nvolved over one hundred orbits of the electron. 

Thus 1. t was concluded that the prImary error ln the calculation of the 

e1ectron tra]ector1.es w,as .tQat aue to 1.naccurac~es in the magnetlc f1.eld 

calcula-tlOns aOO 10 th~ lnterpolations between the poHrts of the 

calculated magnetlc fleld 'grid. Judged on the bqsis of ~he consi$tency of 

the c~lcUlated e1ectroh tra]ector~e$ and the~r c10~e agreement wlth the 
" adlabatic appro~lmat~on (when thls approximatIon was valld). the accuracy 

of the. numer1.cal calculatlons of the electron trajectory appears to !=>e 
-:z 

always better than la· mm. 

A typlcâl set of electron trajectorles lS shown ~n figure 5.8. 

Figure S.Ba Sh6ys a famHy'of l Me~ elec:tron trajecton~ whil"e figure 

5.Sb shows a famlly ôf 5 MeV electron trà]ectorles. In!:oth casé's q'1l of 
• 

~e electrons are e":,l ttec;. from, ~ p0l.ntr sour;ce on the ~olenold aXlS at 20 0 

. - Wl th respeGt to the aXlS but thenr angles of emlssion wi thcnrespect to the 

plane. of thE; flg).lre (the XZ plane) ov'aJ:y ln steps of 30 0 around a full 
" , { 

\' 
l 
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F~gure 5.8 

TraJector~es of electrons emitted.a~ 20· to the aX1S and at 

different angles with respect ta the plane of the figure. 

a) l MeV electrons 

b) 5 MeV electrons 
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elrcle. ThlS resu1ts ln the 12 traJectorles seen ln each famlly. The 

plots shown ln flgure 5.8 are proJectl0ns of the traJectorles ln the XZ 

plane. The X and Z axes are not drawn to the same gcale ln order to 

enhance the Vlew of the radlal dlsplaeement over the aXlal therefore the 

V1ew of the an~e that the electron ve1oc1ty makes w1th the solenold axis 

lS a dlstorted one. The two faml11es of tra]ectorles clearly show the 

focuswg effect of the solenoldal fleld (the nodes ln the d1~am), and 

the maxlmum dlameter of the electron "beam" (the dlstanee across the 

antlncdes 1I'~ the dlêqram). It can be seen from flgure 5. Ba ,b that the 

maxl~ dlameter of the beam fer e1ectrons emltted at 20· ta the axlS lS 

1.5 l'ml for l MeV electrons arrl 6 !TIll for 5 MeV electrons (l.e. 5 MeV 

electrans emltted from a Palnt source at 20 0 ta the axlS of the solenold 

lmpl.nge on a encular area on the detector surface Whlch 1,5 centered on 

the ans of the solenold and whose dlameter lS 6 mm). 

Flgure 5.9 shows slmllar sets of tra]ectar:~~ ~~r electrons leavlng 

the source at 45° ta the solenold axlS. One can clearly see the shorter 
• 

dlstanee between the nodes (shorter focal length) and the wlder extent of 

the electron beam (atx:mt 3 mm dlameter for l Mev electrons and about 12.5 

dl~ter for ) MeV electrons. 

5.3.3 Enèrgy Dependence of the S011d Angle of Acceptance 

Flgure 5.10 shows an example of a numer1cal calculatl0n wh1ch was 

performed to determlne t~ sohd angle cf acceptance of the soleno1d. 

Here lt can be seen ~at 5 MeV electrons leavlng the palnt source at 

angles less than 60 0 /Wl th respect to the' axlS of the sOleno1d are 

transml tteà to the detector wlule electrons leavlng at ar. angle of 60 0 or 
1 

greater are reflected back by the m~netic murar effect of the 

non-unlform fleld of the solenoid. Flgure 5.10 shows that 59.~ lS very 

close te the maxlmum ,angle of acceptance of the solenold at 5 MeV for a 

palnt source placed on tQe aXlS of the solencld 1 lnch (2.54 cm) from the 

end of the solencld (the standard source posltlon 1 . Iteratlons of thls 

~ype show that the maXlmllm angle of acceptance lS 59.90' for 5 MeV 

electrons. 

S~11ar calculatlons performed at, dlfferent electron energles show 

that the max1.mum angle of acceotance ranges from 59. 70
0 

for 0.5 "1eV 

electrons te 60.03° for 6 MeV electrons. The acceptance SOlld angles 
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.. 

Flgure 5.9 

Trajectories of electrons emltted at 45: to the ans and at 

different angles \011 th respect to the plane of the figure. 

a) l MeV electrons 

b) 5 MeV electrons 
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_ Figure 5.10 

TrajectOrl.es of 5 MeV electrons emitted at angles aiound 60° with 

respect to the axis (the electrcns are emitted in the plane of the 

figure) . 

\ 
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correspond~ng to these values are shown ln figure 5.11. As can be clearly 

seen from f îgure 5.11, the ~~d angle of acceptance of the spectrcmeter 

var2es by about 1% only over the full energy range from 0 ta 6 MeV. 

The deeper penetratlon of hlgh energy electrons lnto the solenold 

lS shown ln figure 5.12 where lt lS seen that 5 MeV electrons emItted at 

60° to the aXlS reach to wlthln 1.2 cm of the center of the solenold whIle 

electr/ns of 1 MeV energy emItted at 60° ta the aXIS are reflected at a 

po~nt 2 cm from he center of the magnet. 

5.4 Dlameters of the Electron OrbI ts and MaxImum Beta Energy 

'!he magne tIC fleld of the solenold conflnes 8 partlcles WhlCh are 

emItted from a polnt source on the aX1S of the solenold to hellcal 

traJectorles that are tangentlal ta the aX1S. In order for the effect1ve 

transmlsslon of tMe spectrometer to he lndependent of the enerqy of the 8 
d 

particles, the detector,must Intercept aIl of the electrons emltted ln the 

forward dilection at angles less than the max'lmum acceptance angle. Tc 

achieve this, fl:1e radlus of the detector must be greater than the maXlmum 

dlameter of the orbl ts (at the detector' s locatlOn) of the most ene,rgetlc 

B part1cles umer sttrly. 

If thlS conchtlOn 15 not met. then sorne of the B partIcles wlll 

scatter off the detector CaslIlg and some Wlll mISS the detector 

altogether. '!hls wlll strongly dlstort the response functlon of tte 

spectrometer. Therefore. an upper hml t 1S 1moosed pn the endpo1nt 
1 energles of the 6 spectra that can be Sttrlied Wl th the present 

spectrometer . 

Monoenergetic electrons leav1ng a polnt on the aX1S of the solenold 

at dlfferent angles with respect ta the aXIS. follow tra]ectones that 

have dIfferent orblt dlameters (compare for example flgures 5.8a 5.9a and 

5.8b, 5.9b). The electrons that are emltted at the maXlmurr arx:jle of 

acceptance of the spectrometer have the largest dlameter orb1ts (because , 
they have the largest transvers velocl ty compements). The arqle at wh1cl1 

these elctron5 entèr the detector (maxlJT1um angle of InCldence) 15 needed 

for the calculatlon of the max~mum dlameter of the orblts. 

'!he maxlmum angle of lncJ.dence can be calculated from the followinq 

equatlOn 

9 = Sln -1 
5.9 

B (0) 

~ 
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F'igure 5 .12 

Penetratlon of the electrons lnto the solenoïd at two different 

energles. the electrons are emi tted at 60 co to' th~ axis ln the 

plane of the f 19ure . 
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where 

9 = The maximum angle of inCIdence 

Bz(Z) ; The axIal magnetlc fIeld at the locatIon of the detector 

Bz(Q) = The magnetlc fIeld at the center of the solenold 

In the present spectrometer, the detector was placed Just lnside 

the solenold, l lnch (2.54 cm) from the end of the solenold (l.e. the 

posltIons of the source and the detector are symmetrlc about the center of 

the solenold). Therefore the maxlmum angle of InCIdence lS the same as 

the maxImum angle of acceptance (60 0
). 

A good estlmate of the radIUS of the electron tra]ectory at the 

detector ~l tIon can be made by assumlng that the magnetlc fleld lS 

locally unlform and uslng equatlon (12.42) from Jackson 1975, we then have: 

where 

p Sln 9 r "" 
3.0 B 

r ="The radIUS of the elctron roblt ln cm 

p ;:; The momentum of the electron ln MeV/c 

B = The magnetlc fIeld strength, ln tesla 

e = The angle between p and B 

5.10 

J 

At the detector' 5 locatlon e = 60°, B 3.28 tesla. Therefore for the 

detector used Il.2/ cm radlus) and Wl ,:r a poInt source placed on the 

solenold axIS, the maxlrr.urn energy that can be studled t,,'l th the 
, 

s-pectrometer 1S 6. -; ~ev (\see fIgure S .13). üSlng a source of bnl te size 

lowers thls llru t slgr.l.flcantly. for a 3 mm dlarreter source. the Ilmlt cn 

the max l murr, elec tror energy lS S. 8 "1e\.:. 

flgure 5.14 shows the results cf a numerlcal calculatlon of the 

traJectorles of 5 ~ev electrons lliustratlng the dlameter of the orblts of 

electrons erru tteà at angles close to the maxlmum angle of acceptance. The 

tw<:J plots ln the fIgure are the proJectlons ln the XZ plane of the 
, 

tra]ectorles of two 5 ~eV electrons emltted at 58° wlth respect to the 

solenold aX1S. 80th electrons are eml ':ted perpendlcular ta the plane of 

the flgure (XZ plane 1 : ln one case the electron IS emltted out of the XZ 

plane (towards the vlewer\ whlle ln the ether case It IS emltteà Into the 

XZ plane iaway from the vlewer'. The angle cf emlSSlon of the e1ectrons 

(wlth respect te the solenold aXls) shown ln flgure 5.14 \58
0

) IS close to 
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Figu're 5.14 

./ 

Tra)ecteries of 5 MeV electrons em~tteè at 58 D te the aX1S 

perpend~cular to the plane of the hgure. 

1 

" 

.J 

" 1 

f 

• 

.. 



~ c-

0 
a 

Ln 

lN 1,...... 

>< E 
u 

a 

0, 

a 

a 
0 .-1 

, 
..,. 

1 . .. 
" 

E Ct: 
u 0 

~ 
0 

N W 
t-
W 
0 

I~ 

1 

f 

(\J 

1 

>; 

"-

<, 

1 

1 

~ 



" ' 

-239-

the maxlmurr a!l(~:'e of acceptance Clf th€: spectrcmeter. Therefcre t..'ïe 

àlameter 'Jf t~e "bearr." ,::hat t:-.ese el.ectr0r,S fcr'i' -·l5 mm l5 close te; ti"le 

à:.ameter ~~ ::-,e areô 0r '::.:ïe sur:ace :cf the àetectcr l,s::::e sf .. r.:..cr. a':'': 

t:1e 5 "1e\ e:ectr-:;r.s ac::ecte::i C': '.:.ohe speoctr:xneter :"'T1t:uue. Fer reference 

t!'1e dlagTam Stio .... s the d:ameter ::: the àetect:Jr ~ed :n the spectr:::>rTl€ter 

Aga.lr:, nete ...... - ... •• d _ geaneterv 15 àlstcr:.eè :r: 

d:..=ferer.t sca':es ..:sed f~r the twc axe5. 

~? 5.5 SO::'l:: ';nc::'e f:::r :Jamrr,a Ra\' :)etect:":::lî 

'::he flgure because of the 

~e sclld angle fer i' ra,: detectlOr. 15 Sl/T1ply the geometrlca: S011d 

.'" angle suetenàeà r:;y the det7t~r at the source ~ Wren th€: source and tne 

detector are 1r theu 5tanckr:9 poSl !:lons lnSloe the~ solenelà 20.3 CTT' 

apart, tne sohd angl.e fer..., ray àetectlor. :"5 9. 7xlO·" stera:llar.s 

The i' ray suopresslOr t~at 15 brougnt about b'y ttas source-<ietector 

sepa,ratlOr. 15 equa: te the reàuctlor l.n the fl.\..:x of .: ~e\.· ray5 that 

result5 fr::::>m p':'aClfiÇ the source and the àetector or. elther slde of a sIal: 

of leëd, 4 or ttlck. "'Ioreover. the reduct10r: ln t!îe i' ra>.! f:\..:X acn::..eved 

Dy the large source-àetector seçaratlCr. lS l;tdependent cf tte enerqv of 

the i' rays. 

5.6 Experlmental Verlf::..catlon of the Performance of the Soectrometer 

5.6.1 SOlld Angle of Acceptance "., 

The dependence of the sol.ld angle cf acceptar.ce of the spectrometer 

on the Electron energy .lS toc small to be easlly ven.fled exœnmentally. 

HCI'toJever, the var1atlon of the solld angle of acceptance W.l th source 

posltlon a10ng the 501enold axlS can be checked wlth a conver51on Electron 

source. 

The converSlon Electron Ilnes from 2°'Bl were used to measure SOlld 

angle of acceptance of the spectrometer for several source posltlons along 

the aXlS of the solenold. Slnce the detector 1S malntalned ln the same r 
poSl tion throughout the measurements. the angular dlstnbutlon of the 

Electrons enter lng l t rema1ns cons tan t (see Sect10n 5.4) and the resp:mse II' 

functlOn of the dètector lS unchanged (Hetherwgton 1984). The area of 

the ConversJ.on Electron peaks ln the spectrum can therfore be used as a 

direct measure of the relative solld angle of acceptance of the 

" 

• 
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spectrcmeter. 
~. 

A thln 2 ~ • BI source àelX>s~ teà on a th1n my1ar back1ng was I=laceà at 

~ varlOUS POSltlons a1009 the aXIS of the solencId startIno~at 1 Inch 12.54 

cm outslde the solenCld am orcqreSSInc; ln 1 Inch s~s -t~ the center of 

the SOlef'\C1d. The re.i.atlve oeak areas of the K conver-S10r electror. ':lnes 

as a functlOr. of tt,e source aXl al p:::S1 t10n ar-e shawn ln flgure 5.15. The 

results are ln qoo:j ~reement ·";1 th the sclld ang':'pc:: ...... :.::ceptance 

calculated :r-om the constar.t f':'~ apprOXImatIcn 'see fIgure 5.7)_ 

5.6.2 AXIal D15placements of the Source 

A d~rect check or. the effects cf small vanatlons 1.r. the aXIal 

~Sl Uon of thÈ\ source on a measured beta spectr-um was made W1 th two Oeta' 

)2 V SI 5 3 sources: P Wl tr. an errlpc)lnt of 1.7' MeV and Rb W1 th an endpc)lnt of . 

MeV. The beta spectra wer-e ccllecteà .... 1 th the sources p1aced at the 

staroar-d IX>SltlOn arrl a a)(·ia1 d15p1acements of 2 and 5 mm tawards tne 

center away fr-om l. t. 

After- backgr-ound subt act~on, t.l'1e var10US spectra collectOO at 

d~fferer:t axIal positlons were compar-OO wlth the,spectlrurn collecte:l at the 

starrlar-d posltion. The compar1son 15 per-formoo Wltf' a computer prograrn. 

COMPARE (Hethenngton 1984). The two spectra are flIst normallZe:l by 

mul tlplyulg one of them by a constant sc that 1 t has the same total nurnber 

of counts as the second scectrum ln a speclf ied reglon. TI-le program then 

calcufates the d1fference l:etween the two spectra for each channel and 

norrnallzes the dlfference by dl v Idlnq l t ty the standard devlatlOn for 

each channel: 

where. 

D The 

NI = The 

N2 The 

s The 

D = s:-.i2 - :-.il 

o 

a .j N + sr::r 

normp}lzed dlfference 

number of counts/channel 

number of counts/channel 

ln spectrum 1 

ln spectrum 2 

scale factor used to normallZe the two 

5-:11 

5.12 

sr:;ectra 

Figure 5.16 shows the compar-lsons for the) 2p source. No systematic 

trerrls in the normallzed dlfferences plots are detected for any of the 

/ 

'. 
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.. 
Flgure 5.15_~'· 

Solid angle 

axis .'" Data 

ç 

vs sour·ce ~Si tian on soIlnoid 

f 207. ~l' 

x 

o 

0.482 MeV 

0.976 l1eV 

l 1. 682 MeV 

rom B1 K converS1on 1fies: 

solid line calculated by constant flux 

approx imatl.on. 
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Figure -S .16 

Com~ar~son of 32 p spectra for different axial 

source posit~ons: 

(a) 5 mm out fram standarè pos.:.t~on 

(0 ) 2 mm out frofTl st.andard po 51 tlon 

(c) 2 mm in from standard positl.on 

(d) 5 :nm in from star.da!:"d ?osl.tion 

Each graph shows the normall.zed dl.fferences 

between the spectrum taken at the stated 

,position and one taken at the standard 

position . 

. . 
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spectra collected from the aXlally qisplaced sources. Therefore _ i t can 

be concluded that dlsplacements cf up to 5 mm ln el ther dlrectlcn along 

the solenold axlS wlll not resul t ln any observable changes ln the shapes 

of the measured 8 spectra of IIp. From the statlstlCS of the collected 

data at low energles Ü .e. the value of o/N 1- for channels ln the lel'<. 

energy reglon) It was estlmated that the normallzed dlfferences plots are 

sensltlve to dIstortIons of the order 0.5%. 
8 • The same measurements were repeated for a Rb 8 source. The . 

results are dIsplayed ln fIgure 5.17 and they conflrm the conclUSIons 

drawn from the measurements perfomred Wl th the lQllow' endp:Jlnt energy 8 

source 32 P. 

These resul ts clearly show that the small energy dependence of the 

SOlld angle of acceptance lS not perceptIbly Influenced by the axlal 

posltlon of the source for dlsplacements of 5 mm or less from the standard 

positlon. 

5.6 .3 Radlal DIsplacements of the Source 

The effect of the rachal dlsplacement of the sourcce on the the 

measured B spectra was studled usIng 32 P and 8 a Rb B sources. 

Four l 2 P sources were prepared: ln one source. the acti VI ty was 

centered on the aXIS whIle ln others l t was located at dIstances of 2 S_ 

and 10 mm respectlvely from the center. Spectra collected from the 

different offaXls sources are compared Wl th the soectrum collected from 

the centered source uSlng the same method of normallzed dlfferences 

descrIbed ln sectlon 5.6.2. The results are dlsplayed ln flgure 5.18. 

All of the plots show an E'xcess of COUD ts at the lower end of the 

s~trum. Even for a ra:hal dlsplacement of 2 rrm there 15 an excess of 

about 1. ï% ln the iowest channel. The dIstortlon for the 10 rrm 

dlsplacement lS extreme and a deficlency of counts at hlgh energles 

inchcates that sorne of the B partlcles are mlsslng the edge of the 

detector. 

Slmllar measurements were performed uSlng e e Rb sources. AlI 

sources were 2 mm' ln dlameter and Included one' centered source and five . ~ 

off-center sources. In four of the off-center sources _ the radlOactlvity 

was located at l, 2, 4, and 6 mm to the rlght of the ans while ln the 

fifth, the radioactlvl ty was deposl ted 2 !Tm ta the left of the ans. The 

\ 
\ 
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f~gure 5.17 

88 Compar~son of Rb spectra for different 

axial source posiuons: 

(a) 5 mm out from standard position 

(b) 2 mm pat from standard posit~on 

(c) 2 mm ln from standard~positlen 

(d) :; mm in from standard position 

Each graph shows the normallzed differences 

between the spectrum taken at the stated 

pos~tion and one taken at the standard 

posi tien 

'\ 
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< ' 

F~gure 5.18 

Comparison of 32 p spectra for different 

radial source positlons: 

(a) 2 mm offaxls 

(b) 5 mm off axis , 

Cc) 10 mm offax~s 

Graphs show t~e nor.nallzed d~fferences 

between the spectrum taken at the stated 

position and one taken on the aXlS. 
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normalized differences plots are shown in figureoS.19. A l mm 

disp1acement produces no distortl0ns whl1e the 2 mm displacements show an 

excess of counts at the low energy end of the spectrum of 1% and 3% for 

the 1eft and nght displacements respectively. 'The distortIons at 2 mm 

dlsplacements are comparable ta that seen in 3 2 P àt the sarne radial 

displacement. The difference J:::etween the devlations measured for the 

right and left sources i5 probably due to the fact that the "centered" 

'~source was not perfectly centered on the solenoid axis. An educated guess 

would put the centerlng error at about' 0.5 mm. 

The spectrum collected Wl. th the 4 mm off-axis source shows a 4.5% 

excess ln the number of counts at the low energy end and à deficlency of 

about 3.5% ln the number of counts at energles above 4 MeV. For the 6 mm 

off-center source, the sarne defl.clency in the number of counts is seen 

down ta 3 MeV. ThIS effect lS due ta the fact that sorne of the e1ectrons 

at the hlgher energles mlSS the sensltlve area of the detector. Ta verify 

this, equatlon 5.10 can be used ta calculate the maXlmum dlarneter of thé 

electron orbI ts . For a 2 mm diameter source, dIsplaced by 4 mm from the 

aXlS of the,solenold, 4 MeV e1ectrons incldent at the detector at an angle 

of 60,D/to the aXlS (Le. electrons with manmum diameter orblts) wll1 have 

/>---~"~~Xlum dlsplacement from the solenoid axis of ]".29 cm. ThIS is larger 
J , 

than the radIUS of the sensltlve area of the detector (1.27 cm). 

SimI1arly, for a 2 mm diarneter source, 6 mm off-aXls, the maxImum 

dlsplacement of 3 MeV electrons lS 1.31 cm. ,G 

It can be concluded from the S spectra measurements performed at 

different radial source posltlons that the accuracy of the posltlOnl.ng of 

the source ln the radial cduectlon lS crl tlcal . At large raèhal 

d~splacements some of the energetlc electrons mlSS the sens 1. tive area of 

the detector. resul tl.ng ln dIstortIons ta the spectra. At small radial 

dlsplacements ('\,,2 mm) the excess of counts ln the lower part of the 

spectrum lS probably caused çy changes ln the angu1ar dlstrlbutlon of 

electrons Incldent on the detector face. It 15 necessary therefore ta 

ensure that the 3 mm sources usually used ln the spectrometer are 

~cccuaratelY centered on the aX1S of tge solenoid wi th ci centering error 
1 qf no more than l mm. 

1 

1 

) 

, , 
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c 

.Figure 5.19 

Comparison of 8a Rh spectra for differ~nt 
, 

radial source positions; "'., 

(a) 1 mm to right of axis 

(b) 2 mm to right of axis .; 

(c) 4 mm to.right of axis 

(d) 6 mm ,to right of axis 

(e) 2 mm to left of axis 

" 

, . 
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\ 
.5.6.4 Ax~al D~splacements of the Detector 

The pos~ tüm of the detector along the a~ls cf the soienoid 

determines thé maxlmum angle of InCldence and the angular dlst:pbutlon of 

the electrons .·lmplnglng on i ts surf ace (see Jackson 1975 eqns. 

12.70-12.72). ThIS ln turn has a strong efféct on the response functlon 

of the deteçtor. As was mentionned 3..n the reVlew sectlOn on aXlal 

magnetlc guldes, movlng the"detector closer ta the center of the soleno~d 

(~ • e. to a hlgher fleld region) Increases the maxlmum angle at Whlch 

electrons enter the detec~or (see equatlon 5.9 and flgure 5.2). The 

Increase in the àngles of inc~dence resùlts ln an ~ncrease ln the 

probability for backscatterlng and therefore,ln a reductlon in the peak 
~ 

fract~on (thè Intensity of the full energy peak) ln the response function 

(see Chapter 2). Moving the detector away from the center of the solenoid 

has the opposlte effect. 

Durln:J most of the experlments performed Wl th the presefit 

spectromE.\ter, the ,source and detector were placed at symmetrlc polnts ln 
, ~ 

the magnetlc fleld. As a resul t, the dlrectlonal dlstnbutlon of the beta 

partlcles at the detector lS the same as that at the source. ThlS 

slmpllf1es the proble!T' of <1etermlmng the po1nts and angles of entry of 

the B partlcles Into the detector. 
P 

1 As a result 

po~nti of entry of 

~esponsé functlOn, 

of the Importance of the angles of Incldence arid the 

electrons Into the detector 'on; the determlnatlon of the 

an expenment was performed ta evaluate the effèct of 

the detector's aXIal posltlon on the response functIon. 

A 207 81 c€>nverSlon electron source was placed ln the standard 

source poSI t16ns on the soienold aXlS. The detector was' moved ln l lnch 

(2.54 cm) Increments from an InItIal posltlon at the end of the solenold 

(I~e. l Inch outslde the standard posltlon) to a fInal posItlon of 2 

lnches from the center of the solenold. Slnce the source posltlon was 

fIxed, the SOlld angle of acceptance of the s~trometer 15 constant 
~ 

(equatlon 5.8) and the· areas of the converSlon electron peaks are a 

measure of the Intenslty of the full energy peak of the response functlon. 

(The hlghest energy peak ln the converSlon electron spectrum of 201 81 that .. 
was used ln th1S measurement lS at 0.976 MeV. At thls energy the 

dlameters"-Qf the orblts' of the electrons, are small enough that thelr 
~., 

varlatlon, as a result of changes ln the detector posltlon (equatlon 5.10, 
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figure 5.2) does not re5ult ln a reductlon ln the effectlve transmlssion 

l.e. the orblts are stlll conflned wlthln the sensltlve surface area of~ 
(;l 

the detector). 
, 

The data 15 dlsplayed ln flgure 5.20. The peak areas were 

normallzed to a value of 1.0 at the .standard detector poSl tlon'. The 

Intenslties of the peaks at the dlfferent locatlons relatIve to the 

Intensltles at the standard detector posJ-tlOn are shown ln the flgure fi' '!he 

expected d~rease ln the lntenslty of the peaks as the detector 15 moved 

fr~ a low magnetlc fIeld reglon to hlgher magnetlc fléld reglons IS 
;-

'clear~y seen. 

same for ooth 
'!he change ln the peak' fractlons (peak lntensltles) lS the 

the 0.482 MeV and the 0.976 MeV llnes. 

It lS qul te clear; from the preceedulCJ measurements that changes ln 
~ 

the aXlal posltion of the detector result ln Slqnlflcant changes ln the 

~ response function of the detector. In arder to examIne the effects of 

such changes on the B spectra measured Wl t,h the present spectrometer, 

spectra from', à' a S Rb source were coilecte<il at dlfferent aetector poSl tlOns. 
. ,'l;. , 

The detector was moved 2 and 5· mm from the standard p:JSl tlon, along the 

aX1S of the solenold, lnto and out of the solenold. The normallzed 

dlfferences between the spectra collected at the dlfferent detector 

pas 1 tlons and the spectrum collected at the st andard p:Jt1ltlon are shown ln . 
flgure 5.21. Dlsp1acements ln ta the higher fIeld reglon show the expected 

excess of counts at low enerqles caused by the lncrease ln the 

backscatterlnq probablllty. Dlsplacements to low fleld reqlons show the 

opposlte effect. 

It lS qulte clear that the aXIal posltlon of the detector ln the 

soienold strongly affects the,response functlcn of the detector. Tt 15 

est~mated that the detector poSltlon ln the present spectrometer wa5 

reprodUClble to wlthln ~l mm. ThIS causes a varlatlon of about 0.5% ln 

the peak fractlon (5ee flgure 5.21). 

5.7 Measurements of Standard 8eta Spectra 

The spectrometer response functlon ~_. t.:he beta spectrum ana1ysls 

programs developed by Hetherlngton (1984) i'were- used to analyze the ~ 
"-

spectra of two standard sources: 12p, S!Rb. compÎete descrlptions of the 

analysls programs and the development of the response functlon are glven 

in Hetherlngton (1984). 

glven here. 

A brlef reVl8W of sorne of the relevant POlots 15 
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, . 

Fl.gure 5.20 

Relative peak fractlon for res?onse function 

vs detector positlon on axis. Data from 207 Si 

conversion electron lines (.,x) and 8a Rh beta 

spectrum (tJ.). Solid line is a visual aid only. 
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Figure 5.21 

campa·ri"son of a8 Rh spectra for different 

detector posltlons on solenold axis: 

(a) 5 mm ln fram standard position 

" (b") 2 mm ln from st'andard posltion 

(c) 2 mm out from standard posltlon 

(d) 5 mm out from standard positlon 

Graphs show the normalized dlffere'nces 

between the spectrum taken, at the stated 

position and one taken àt the standard 

position., . 
.. 

/ 
/ 



(a) 

.. 

.. 

(b) 

(c) 

. , 

'" ... 
\0.1 
U 
Z 

"" 0:: ... ... 
"-
CI 

0 
lU 

"" 
..J 
Cl; 
x 
0:: 
." 
=: 

'" ... 
u 
Z 
lU 
C ... 
"­
II. -CI 

o ... ... 

'" ... 
u 
2: ... 
cr:: 
lU 
"-
"-
CI 

0 ... ... 
.J 
Ir 
E 
0:: 
0 
3: 

\, 

fi 
'1 
" l' ,1 

\1 

6
4 

" 
-------.. SCRLE RE:;.a~ ,- .. --- ...... 

.. f · .. , "" . 

..J 
.. " " . " " 2 

o~~ 
.. .. )1( II • • ,. 

--x "'-"'''-.-"-,, r!.... ------.,.---"-------.-;.. )( ... ?""wwJC • ,._ ........ )1(. 
)( ,. )( .. ... ..,. . . JI _____ &. ____ • _______ _ -&....-!.. -..:!-__ 

-2 -i 
il' 
\: 1 

1 
1 

2 

.. 

i 
3 

ENEPIGT '"EVI 

.. 

1 
4 

.. 

3~ 
~CRlf REGI CH .. ---- .. - .. 

21. .. 
.. 

____ ,.. --IL • 

1 )()I( '1,'" )1( JI. "'-. JI!"" .. ~ 
o • ,.. li( .x ,.. )1("" .",. JI • 

--,r--

•• " 

1 
5-

.. 
.. .. " C

X
" .. XI< 

. " - --.JiL.----.......---=--~y,....::.----~sr__--r x _____ ' --_ 

-1 l " • l .. 
-2 -1 .. " 
~ 

-3 ---r-
1 

1 

2 
L 

3 
ENEIIGT '"EV) 

ENEPlûT ("EV 1 

i , 

.. -- .......... S:::::lLE RE:;;::lN .......... --- i 

" 

3 
E~I::~:;T !~EVI 

" " 

i 
5 

i 
5 

\ 



t 

" 

-252-

As mentloned ln the beqlnnlnq of th1S chapter, the resoonse 

functlon was developed seml-empirically starting wlth a Monte Carlo 

sImulatIon and then varylng theoarameters descrlblng the shape of the 
" 

Fesp:mse funçtlon untll' a slmul taneous fl t to several standard B spectra 

was obtalned. FIgure 5.22 shows the shapes of response function at 

dlfferent electron energles. The chanqes ln the shapes at the dl~ferent 

stages of development and modificatlon are also Indicated. 

In arder ta acccount for the distortlons ta the B spectrum caused 

by the response functlon of the spectrometer, the'spectrum analysis 

program (BETABRAN) uses the followinq procedure: A theorehcal 

undlstorted bêta dIstrIbutIon (or dlstributions) lS generated first, the 

response function 1S then folded Into this dlstrlbution. The distorted 

dIstrIbutIons thus obtained are fitted directly to the raw data uSlng 

least squares technIques. The goodness of the flt lS tested cy 
caicuiating the reduced chl~squared ,(X~ ) over a speclfled flt region. 

v 

For ~ good ftt, the reduced chl-squared value 15 usually between 0.9 and 

LI. The fltting program also cal,\ulates the "reslduals"~ [(data -

fl~)/standarQ devlat10n] for every channel ln the flt reglon and 'plots 

them as part of the output. For a perfect fl t, the resldual$ should be 

randomly dàstributed about zero with 2/3 of them lylng between plus and 

mInus one. A square root p19t of the data and the fit 1S generated by the 

flttlng program to enhance the dlsplay of the B spectrum and the flt near , 
the end polnt. 

5.7.1 12 p 

A solutIon contalnlng 12 P (14 days half hfe) was purchased ta 

prepare the source. The source was prepared by placlng a small drop ~f 

the solutl0n ln the center of a th ln my1ar backlng (0.3 mg/cm2 
) and drYIng 

lt ln an oven. The resul tlng' source was 2 mm ln dIalT'~ter and lnvIslbly 

thln. The small amount of IIp contamlnatlon «1%) was accounted for ln 

,the analysls prog-ram. 

The B spectra were collected USlng the standard e1ectromcs 

descrlbed ln sectlon 4.2. The count rafes were between 1000 and 1500 

c.p.s. Pulse plIe up corrections were neg1Iglb1e and the background wa~ 

supstracted 'bèfore analyslnq,the data. 

The data and the f 1 t are shown ln flgure 5.23. The measured 
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Flgure 5.22 

Electron response functions for the present 

spectd:lmeter. 

x Monte Carlo c'alculati,ons 

-... orlglnal parametrization 

after correction for reflected 

electrons 

after modlflcatlon of parameters ta 

flt standard, spec~ra 

Note that the full energy peak is not drawn 

to scale . 

., 
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Flgure 5.23 

Data, fl.t and -reslduals for 32 p. 

E = 1.7101 ± .0003 o 
2 

AV = 1.072 

total counts = 7.63 x 10 6 

}~p lnten~lty = 0:8% 

source thlckness = O. 

/ 

1 
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, "iK P 

endpoint energy (1.7101 ± 0.0003 MeV) is in agreement with the va1ûe given 

in the Table of Isotopes (Lederer & Shirley 1978). '!he shape factor 

obtained (1 - 0.013 W) is in agreement wi th the resul ts of previ9us 

measurements (the averag~ of all but the most extreme values of the, . 
results that appear ïn the compilation of Behrens & Szyblsz (1976), and 

, 
the resu1ts of Hughes (1980». 

5'.7.2 88 Rb , 

'!he et Rb (half life 1-7.8 min) was pr~uced by partic1e induced 
'. ' fission'of 238U '(using 100 MeV. protons or 50 MeV dueterons fram the McGi11 

" 
'Synchrocyclotron). '!he sources usEid'were mass separated ,Sources obtained 

from the ort-line isotope s~arator at this laboratory. 'Ihe' • Rb ions were 

de~sited on 'a thin mylar ~èking (0.3 'mgjan2 
). A collimator ensured ,thato 

4 , , 

the acti vi ty was centered' and not more than 3 mm in diameter. The data 
1 

coÎlection was Performed in a manner similar to that used fo~ 3 2 P . Pile 

up corrections were negligible and the background ~as substracted before 

1------------------~an~a1~yus~~~ng t~ata. 

q 

'!he data and the fit are shown in figure 5.24. oThe end point 

energy (5.3176 ± 0.0015 MeV) and the branching ratios for the two highest 

energy branches are in good greement wi th the previous measurements 

(Lederer & Shirley 1978~ Decker et al. 1980. 1982) . 

. , 

1 
o 

" 

. ' 

! 

\ 

\ 
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______ --~~~----------------------~F~i~gUre S.2~ 

Data', fit and residua1s for 88 Rb • 

Eo = 5.3176 ± .0,015 

2 
Xv = a~827 .. .:~ 

total counts = 10.0 x 106 

\. 
Branches: 

j ,,~: ~, Endpoint Fraction Shape Coefficients 
',_" " 
.~~-~- (MeV) a b c -- -

5 •. 3175 0.78 -0.0045(13) 0-'- O.' 

. " 3.4816 o . 0'4 2 9 (6) , -0.274 (~S) O • 0.029(3) , 

Il . 
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1 
CONCillSIONS 

.' 

It is clear from the discussion pTesented in the introduction to 

this thesis. (Chapter,l) that the information wh~h can be extracted fr~ S' 

spectra measurement5 i5 of great importance in nuclt:!ar ~pectroscopy and 

fundamenta1 physlCS. 'This fact has provided the motivation f,or the 

continuous development of new methods and techniques in S spectrometry. 
(, 

The different types of B 5pectrometers,that have been reviewed in 

, Chapter 2 show certain shortcomlngs and deficiencies that are particular 

to each type. It is qui te eV1dept, however, that the capab11it1es of 

multichannel' type spectrometers glve them a clear advantage in the field 

of e spectrometry of nucle1 far from stabi1lty. Among these energy 

sensitlve detectors, h1gh pur1ty germanlum detectors offer, ln addition to 

other beneflts, the best resolut1on. 

The present spectrometer was therefore buil t with the aim of 

exploitlng the exceptional capabilities of Ge(HP) detectors and overcoming ~ 

the drawbacks that are associated with thelr use in B spectrometry. 'The 

superconducting transport solenoid used ln the spectrometer solves the . " 

problem of r ray sensltlvity of the german1um detector. At the same time 

i t provides a high transmisslOn for B partl.cles (25%) wh1ch lS very near-ly 

independent of-the energy of .the partlcles wlthin a maximum energy limit 

of about 6 MeV. 
\ 

The major d1fflculty assoc1ated ,with the use of a germanium 13 

spectrometer lS the distortlon of the measured spectrum caused by the 

incomplete deposlt10n of the energy of the B part1cles'lnc1dent on the 
'. , 

detector . '!tus problem was resol ved by determiOlng the response function 

of the present spectrometer to a high degree of preclslon (Hetherlngton 

1984) . 

The superconductlng solenOld B spectrometer described ln-this 

thesis has been used for the measurement of the shape factor of the 8 

f 20 'rh . spectrum 0 F. e r~sult of th1S experlment represents the most 

accurate determlnation to date of this small shape factor. It clearly 

tllustrates the high accuracy wlth which the response functi0n was 
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determined and glves a good lndlcation of the limit of precision 

achievable wi th this type of spectrcmeter. 

Whlle 11ttle can be don~ to further lmprove the precislon of the 

spectrometer (Hetherlngton 1984) 1 lts versatillty can be enhanced quite, 

cons1derably. A substantlal improvemen~ ln the- capabili t'les of the 

present spectrometer can be achleved through the lmpiementatlon of new 

- ___ --"s~o~u~r:.'c:.'e~deli very mechan1sms 5uch as a tape transport system. Another 

poSSlbi11. ty 15 the use oftne-spect-R)nl~e-I~an on-llne conflguration in 

. -------con)unctlon wlth an lsotOpe separator and the lnJect1Qn-~~e radloactlve -----
ions dit;"ectly into the bore of the magnet. Wlth these source mtroductlon 

" 

techniques, 1s0tOpeS w1th half l1ves as short as l sec or less ,can be 

easily Stud1ed w1th the spectrometerr 

.'!he present spectrometer has only been used to measure ~- (i.e. 

electron) spectt'a. This 15 mainl y because the response fùnction of the 

~trometer to positrons 1S much more compllcated than that for electrons 

(see Chapter 2). Determlnlng the posltron response funct10n of the 

~pectrometer even to a much lower accuracy than was ach1eved for ~­

partlcles, can still be extremely useful. It can wlden the range of 

appl1catlons of the spectrometer ~to lnclude measurements of the endpoint 

energies of ~+ decays for exam~îe. 
Using a comb1nat1on of a larger surface area detector and a 

stronger magnetlc f1eld (e1ther by operatlng the present solenoid at 

higher currents or by uSlng a more powerful magnet) can extend the llmit 

on the maxlmum S energy that can be studled with the spectrometer to weIl 
" above 10 MeV. 

The 6 -"1' coincidence capabül ty of the spectrometer should be 

developed further since 1t can result ln a considerable lncrease ln the 

amounf of lnformatlon obtainable. The deter1oratlon in the-resolutlon of 

the "1' detector ln the strong magnetlc field lS most llkely caused by the 

reductlon ln the moblllty of the charge carriers d5 d result of the 

magnetoresistance of german1um (Hetherlngton 1984), The resolutlon can 

improved conslderably by a ]udlCious cholce of the detector materlal.,the 

detector's bias, and the ampllfier pulse shaplng tlffie con~tant. 

Alternatlvely, the problem can be 50lved by using 'Y detectors placed ln a 

l~ magnetlc fleld reglon outslde the soleno1d. Ta accompll.sh thlS, a 

spli t coll palr magnet can be used. In th1S case, the rachoactl ve source 
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would be placed at the center of the solenoid in the gap between the two 

coils. The "Y ray detectors can then be placed outside the solenoid such 

that they view the source through the radial access ports. And because of 

the possibliity of introducing the radioactlve sources through one of the 

. radial access port, ~e split pair magnet can be equipped wi th two B 

detectors at ei ther end of the soienoid. This arrangement would he qui te 

useful in 41 B spectrometry and electon-electron coincidence measurements. 

A S spectrometer using a split pair magnet and a single high purity 

germanium detector is currently under development at the Brookhaven 

National Laboratory (Gill 1984). 

The use of a superconducting solenoid equipped with a persistent 

current mode switch and a Iiquid helium cryostat with a long holding time 

can simplify the operation of the spectrometer qui te considerably. In 

addition, it would highly enhance the capabilities of the spectrometer as 

a result of the un1imited time avai1able for data collection. 

'!he technica1 aspects of the present spectrometer are summarized in 

table 6.l. 

In comparison to other mui tichannel fi, spectrometers (energy 

sensitive detectors), the high transmIssion, excellent resolution, and 

exceptIonal l ,ray suppression capabilities of the present spectrometer 

clearly set it apart from the resta 

When contrasted with the different types of magnetic B 

spectrometers, the superconducting solenold spectrometer ~s distinguished 

by its high transmlssion. Among magnetic spectrometers only the large 

toz:oidal (orange) type is comparable to the, present spectrometer on the 

,basis of transmIssion (Siegbahn 1965). The Argonne iron free toroldal, S 

spec~ometer is perhaps the best of this type (Freedman et al. 1960; 

Siegbahn 1965). Nevertheless, its performance parameters (0.9% 

resolution, 18% transmission, 3.5 MeV maXImum B energy, and l mm source 

diameter) are inferior to those of the superconducting solenoid 

spectrometer. Moreover, the single channel nature of the Argorl[le 

spectrometer and the complicated supp<?rt eqUl.pment needed for i ts 

~peratlon (Freedman et al. 1967a,b) put it at a clear dlsadvantage. 

Finally, it lS felt that an'instrument wIth the exceptional 

capabillties and the breadth of applicatIons of the present spectrometer . - . 
should be given a name of its own. It is proposed to name this 

spectrometer the SHEEP (~perconducting .!:!igh !:.nergy !lectro~ Positron 

spectrometer (see Fig. 3.4). 

_. __ .......... _-- .. ~ 
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Table 6.1 'Iechnical Data for the Spectrometers 

Solenoid (superconducting) 

windings: length (çm) 

inner diameter (an) 

outer diameter (an)' 

normal operating current (A) 

'field at center of solenoid (T) 

Detector (hyperpure gemanium) 
2 

surface area (mm ) 

depletion depth (mm) 

operating bias (V) 

Source and Detector Position 

(distance from the center, of solenoid) 

source (cm) 

detector ( an ) 

Solid Angle/4 Ir 

/3 rays 

'Y rays 

ratio (B/'Y) 

Transmission 

Resolution 

Source Diameter (mm) 

Maximum Beta Energy (MeV) 

point source 

3mm diameter source -

25.4 

10.8 

15.0 

100 

4.4 

500 

15 
l'il 

'1000 

( 

-10.16 

+10.16 

0.25 
-4 

9.7x10 

255 

25% 

4.5 keV at 1 MeV 

3 

'6.7 

5.8 

1 
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APPENDIX A 

GUJSSARY 

(For ,a more detailed.1ist of terms used to describe the ~rformance of 

spectrometers see Wu & Geoffrion 1960; Mladjenovic 1971, 1972, 1976, 1979): ~ 

Solld Angle of Acceptance 

The SOlld angle of àcceptance, expressed ln percentage of 4~ descrïbes 

what fract10n of isotropically emitted monoenergetic electrons are 

accepted by the spectrometer. 

Transmiss10n 

The transm1sslon represents the percent age of ernitted monoenergetic 

electrons reaching, the plane of the detector. In the case where no 

electrons are 10st between the entrance baffle and the detector plane. the 

transm1ss10n 15 equal 'to the solid angle of acceptancB. 

Effect1ve Transmiss10n 

In cases where the detector surface area is smaller than the 1mage formed 

by the spectrometer, the effectlve transmlsslon is the percen~age of all 

monoenerget1c electrons 1eaving' the source whlCh are counted ln the 

detector. 

Luminosity 

The l~incs1ty of a spectrometer can be deflned as the product of the 

surface area of the source and the trans~lsslon of the spectrometer. 

Effectlve Luminoslty ~ 
, 

Similarly, the effect1ve lum1nositv lS simlpy def1ned as the prcduct of 

the effectlve transmlsslon and the source area. 

Resolutlon . ~'---------
The reso1ut1on of a spectrometer lS a measure of the apparent width of a 

monoenergetlc e1ectron 11ne as measured by the spectrometer. It is usal1y 

\ 
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expressed ~s the full widt~ at half maximum of the electron line. 

It'should he noted that for most magnetic beta spectrometer 

designs, the size ~f th~ spectrometer does not affect its transmission if 

t~e resolution ~s kept constant. However, the size of the spectrometer 

determines the surface area of the sources that can be used and therefore~ 

the luminos~ty of the spectrometer (W~ & Geoffrion 1960 p. 94). 

,- 1 

. " 

• 

• 



-287-

APPENDIX B 

• 
THE '!RIPLE COIKCIDENCE ME'IHOD 

In this technique, the energy depos~ t~on B spectrometer is 

surrounded by two r ray detectors operated 1.n c1:nnc1.dence W1.th each other 

and W1 th the fl spectrometer. The techmque is usually used to suppress 

the effects of ann~hllat1.on radlatlon p~le-up ln the 8 spectrometer by 

uS1ng the two r ray detectors to gate on the two 511 keV photons emltted 

after the ann1.h1.1ation (D'Aurla & Pre~ss 1966; Beek 1969; De Beer et al. 

1970; AV1gnone et al. 1981). Th1.S method ~s also useful ln el~mlnatlng 

'the effects of posltron backscatter1hg from the S spectrometer (Sen & 

Patro 1966) and 1.n suppreSSHlg most of the adverse effects of the \ 

detection of non coincident r rays in the S detector. 

The tr1p1e cOlnc1dence technlque has been used extens1.vely 1n 
, 

cOn)unct10n with 4~ and lnternal-source pos1.tron spectrometers for the 

suppress10n of annlhllatlon radlatlon 5ummlng (Rhode & Johnson 1962 and 

references there1.n; Klyuchnlkov et al. 1968; Wennlnger et al. 1968; G11s . 
et al. 1972). In certaln cases when 4rr S spectrometers are used, lnstead 

. of operatlng the two annlhLatlon racllatlon detectors ln COlnCldence Wl th 

each other 1 the s~gnals from the two r detectors are sunmed up and used to 

gate the counts ln the S detector. A cOlncldence lS trlggered only lf the 

total energy detected ln the r detector5 15 equal to the sum of the 

energle.5 of the two Sll keV photons. Such an arrangement can also be used . 
(ln 4l S spectrome~er5 only) to ellmlnate B -.r cOlncldent summlng'ln the 

B spectrometer by u51ng the r detectors to gate on the sum of' the energles 

of the annlhllat1.on photons and the cOlncldent r ray (Wennlnger et al. 

1968; Glls et al. 1972). 

The trlple cOlncldence method 15 obV1.ously useful only ln the case 

of posltron emlSSlon and lS not appllcable for 8- decays. M6reover lt 

suffers from several drawbacks that restrlct lts usefulness. 
r 

1. Law Efflclency 

The 11mlted efflC1.ency of thls method results from the triple 

cOlncldence cond1. tlon and the fact that the r ray detectors always have an 

eff1clency of less than one. 
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The efflclency of the trlple cOlncldence method lS further reduced 
, 

if a third r ray detector IS operated ln COlnC1dence W1th the B 
spectrometer and the annlhl1atl0n photon detectors. Such an arrangement, 

which lS used to suppress the background caused by cOlnc1dent r ray 

summing, can reduce the efficlency of the tr1ple cOIncldence spectrometer 

by up to a factor of 20 (Rhode & Johnson 1962; Klyuchn1kov et al. 1968; De 

Beer et al. 1970). 

2. Dependence of the COlncldence Efflclency on Pulse Helght 

A constant cOlncldence efflclency over the full range of B part1cle 

energles under studY,has ta be ensurecl.. The energy dependent cOlncidence 

eff1c1ency can be caused by electronlc effects such as the dependence of 

the tr1ggerlng tlme on the helghts or shapes of the pulses that are 

generated by the S detector (Rhode & Johnson 1962; Gl1s et al. 1972). ' 

3. Chance COlncldences 

L1ke all cOlncldence arrangements, the poss1blllty of acciden~al 

cOlncldences ln the trlple cOlncldence Clrcult has to be carefully 

examlned. Any dependencce of the true-to-chance cOlncldence countlng 

rates on the energy (l.e. pulse helghts) of the B partlcles detected ln 

the B spect:-ometer wopld result ln spectral shape d1stort1ons. Although 7 a 

three fo1d c01ncldence cond1t1on lS requlred ln thlS technlque (and 

sometlmes Even a four fold c01ncldence 1S Imposed when a thlrd r ray 

detector lS used to suppress c01nc1dent r ray summ1ng ln the 6 detector), 

neverthe1ess, ,the rate/of acc1dental cOIncldences can stIll be appreclable 

and has to be taken lnto account (De Beer et al. 1970; Glls et al. 1972). 

4. Beta Spectrum Shape D1stortl0ns due to Backscatterlng 
1 

In cases where external sources are used, and when the SOlid angle 

for posltron detectlon lS 1ess than or equal ta 2n , dlstort1ons to the 

shape of the 6 spectrum can be caused by the backscattering of the 

pos1trons from the B spectrometer. 

Since counts resulting from posltrons that are not stppped ln the B 

spectrometer are not reta1ned, and because of the dependence of 

backscatterlng coefflclent on energy, the eff1cIency of the trIple 

COInc1dence spectrometer system WIll be energy dependent. ThIS WIll 

ObVlously result ln d1stortlons to the shapes of 6 spectra measured w1th 

such a spectrometer. 

Another d1stort1ng effect can be caused by posltrons that are 

• 
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backscattered from the e spectrometer and stopped outside i t. Depending 

on the geometry of the set-up, there lS a flnlte probabillty for the two 

annIhilatlon photons to be detected by the two 1 detector5 and therefore 

to result ln an event where the full energy of the posltron was not 

deposlted ln the ~ spectrometer. The number of such events would depend 

on the backscatterlnq coefflclent and the angle at WhlCh backscattered 

posItrons emerge from the ~etector. ThlS effect can potentlally cause 

serlOUS dlstortlons to the shape of the ~ spectrum If the two 1 detectors 

are not shIelded properly from,the annIhIlatIon radlatlon of posltrons 

stopped outslde the B detector (De Beer et al. 1970). 

5. Dependence of the Efflclency for the DetectIon of the Annlhllatlon 

Radlatlon on the Energy of the InCIdent Posltrons. 

The efflclency for detectlng the two opposltely directed 

annlh1latlon·quanta depends upon the locat1on of the point of orlgln of 

these photons wIth respect to the two annlhllatI0n radIatlon detectors. 

Therefore, the eff1clency of annlhllatlon radlatlon detectlon 1S dependent 

on the range of the postlrons ln the B detector medlum and hence on the 

energy of the InCIdent pos1trons (Rhode & Johnson 1962). 

The dependence of the efflclency of annlhl1.atlon radIat10n 

detectlon on the annlhllatlon SIte ln the B detec:or results trom two 

effects. The flrst 15 the change ln the 50lId angle for detectlng the t10 

photons wIth changes ln thelr polnt of orlgln, due to pure geometrlcal 

factors. The second effect 15 the dependence of the attentuatlon of the 

ann1hllatlon '1 rays on the thlckness of the B detector that they have to 

traverse before reachIng the '1 detectors, and therefore on the locatlon of 

the annlhllatlon slte (Azuelo5 et al. 1977). 

6. Beta Spectrum Shape D1stortlons due to Small Angle Compton Scattering 

of the Annlhllatlon Photons 

In order to Increase the efflclency for detectlng the annIhllation 

photons, sClntlllatlon detectors (e.q. NaI(Tl)) are used as annlhllatlon 

radlatlon detectors. The modest energy resolutlon of these spectrometers 

results ln falrly w1de energy w1ndow sett1ngs for the detectlon of the 

ann1hllat1on radlatlon. lt IS therefore poss1ble for the annlhllatlon 
\ 

quanta to undergo small-angle Compton scatterlng and lose sorne of thelr 

energy ln the B spectrometer and stIll be counted ln the annlhIlatlon 'Y 

detectors. The energy transferred ta the 8 spectrometer dur1ng the 
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Compton séatter~ng ~s added to the pos~tron's energy resulting in spectral 
• 

shape distort~ons (Rhode & Johnson 1962). 

7. Distort~ons due to Positron Annih~lat~on-1n-Flight 

There lS a fln~te probab111ty that sorne of the pos1trons ~ncldent 

on the e spectrometer w~ll annlh~late ln-fl~ght dur~ng thelr slowing down 

in the detector medlum and before 10Slng all of the~r klnetlc energy ln 

the e detector. Such an annlhllatlon can result ~n the emlSS10n of one or 

tWQ annlhllatlon quanta. The photons em1 tted dur~ng ln-fllght 

ann~h11ation events form a cont1nuous energy spectrum extend1ng from zero 

to a maX1mum energy equal to the total energy of the 1ncldent pos1tron 

(kinetic energy + rest mass). The probab11Ity of In-fllght ann1hilatlon 

increases wlth an increase in the energy of the .1nc~dent posltron and with 

an increase ln the Z of the stopping materlal (Azuelos & Kltch1ng 1976). 

Depending of the w1dth of the energy wIndows that are set on the 1 

ray detectors, only a fractlon of the In-fllght ann~hllatlon quanta result 

in proper cOlncldence counts. Th1S ln turn WIll cause var1at~ons ln the 

efficiency of the spectrometer system over the range of e partlcle 

energles. Moreover, even for the In-fllght annlhllatlon photons that are 

detected wlthln·the proper energy wlndows, the energy deposIted by the 

postuon ln the ê spectrometer wlll not be equal to the total k1netIc 

energy of the posltron and would therefore result ln d1stortions to the 

shape of the e spectrum (Rhode & Johnsson 1962). 

8. External Bremss tr ahl ung 

As the poSItrons are stopped ln the e spectrometer, they lose seme 

of theIr kInetIcc energy through the emlSSlon of bremsstrahlung photons. 

ThlS bremsstrahlung radlatlon forms a contlnuous energy spectrum extendlng 

up to the endpolnt energy of the e spectrum (see Knoll 1979 flg. 1-6 p. 
-

19" flg. 10-5 p. 321). Slnce the emlSSlon of the bremsstrahlung photon 

15 cOlncldent WI th the e partIcle detectIon SIgnal and Wl th the 

annIhllatlon photons, the detectlon of bremsstrahlung photons can trlgger 

one or bath annIhIlatIon radlatlon detectors If they fall wIthln the 

energy wlndows set on the' detectors . The emlSSlon and sut:sequent 

detectl0n 1 ln the anrnhllatlon 1 detectors, of the bremsstrahlung photons 

can therefore Interfere wltn the proper operatIon of the trIple 

cOlncldence selectlon clrcult. 
f 

" 

The In~erislty and the shape of the bremsstrahlung spectrum lS 

/ 

/ 
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dependent on the energy of the incldent posltrons so ,that the probabi1lty 

for the detection of bremsstrah1ung photons 1n the annihl1ation detectors 

is dependent on the positron energy. The trlggerlng of the coincldence' 
<)- , 

c~rcult, by bremsstrah1ung photons, can therefore result ln conslderable 

distortlons to the shape of the ~ spectrum. 

Slnce the productlon of br~sstrahlung increases wlth the energy o~ 

the incldent ~ partlcles and wlth the Z of 'the de~ector materlal, the 

distort1.ons 1. t causes are more lmportant 1.n hlgh endpowt energy ~ decays 

and when hlgh Z detectors (e.g. Ge or NaI) are used. 

9. The Effects of Coinc1.dent y Rays ' 

In additlon to the em1.ssion of a contlnuous spectrum of 

e1ectromagnetlc radlat1.0n (1.nternal bremsstrahlung), the process of 8 

decay usually populates seme of the exciteà states of the daughter 

nucleus'. The prompt decay of the excited states results ln the femlssion 

of y rays that are coincident with the a particle emission. Beyond the 

effects of B - y summ1.ng resul tlI1g from the coincdient detect1.on of a 

photons and a B part1.cle' ln the a spectrometer, the emiss1.on of 

coinc1.dent y rays can cause other problems in spectrometers where the 

triple cOlncldencè method 15 used. 

a) Compton Scatterlng 

The proceS5 of Compton scatterlng of cOlnC1.dent "( rays ln the a 
spectrometer can provlde a thlrd photon (ln additlon to tpe two 511 

keV quanta) Whlch can be detected ln the annJ .. hilatlon radlat1.0n 

detectors. Therefore the presence of compton scattereà C01.nc1.dent y 

rays can hlnder the suppre5s1on of the annlh1.latlon radlatlon ....... 
provlded by the trlple cOlncldence Clrcult. 

b) Pa1.r Productlon 

One of the posslble lnteract1.ons of hlgh energy "( rays (h1.gher than 

1.022 MeV) Wl th the B detector 1.S through the formatlon of an 

electron-posltron palr ln the detector materlal and the transfer of 

"the y, ray energy to thls palr. After the poSl tron, formed 1.n th1.s 

process 1.S stopped ln the detector, 1.t annlh1.1ates pr?dUc~ng two 

ann1.hilatlon quanta WhlCh can trlgger the trlple COlncldence Clrcult. 

Such events can lnterfere wlth the 1.deal operatlon of the trlple 

c01.ncldence annlhllatlon radlatlon suppresslon system. cor example 

they can cause 9 COlnCldence gate for events ln WhlCh the ~ partlcle 
was not stopped 1.n the B spectrometer but backscattered oùt of lt. 


