- A BETA SPECTROMETER .
USING A GE(HP) DETECTOR
IN A HIGH MAGNETIC FIELD

A thesis submitted to the -
Faculty of Graduate Studies and Research
in partial fulfillment of the requirements
for the degree of Master of Science

Foster Radiation Laboratory

©Gill University, Montreal
'~ Quebec, Canada
December, 1984



ABSTRACT

/

\‘The role of beta spectroscopy in nuclear physics and fundamental
i;ateraction studies has been thoroughly reviewed. The various methods and
techniques of beta spectroscopy have been comprehensively studied.

A new, high precision, beta spectrometer suitable for the study‘“of_
nuclei far from stability has been constructed. The spectrometer consists
of a superconducting transport solenoid and a semiconductor beta detector.
The superconductiné solenoid has a maximum magr;etic field of 4.4 tesia,
and a room temperature bore with a diameter of 7.3 cm. The beta detectér
is a windowless high purity germanium diode with dimensions of 15 mm x 500
m .

The cryogenic performance of the magnet's liquid helium cryostat
has been thoroughly tested and analyzed. ~ . A '

" The trajectories of the beta particles in the magnetic field of the
solenoid were studied using a computer simulation.

The berformance of the spectrometer was tested under different
experimental conditions and measurements of the beta spectra of standard
sources were used to evaluate its overall effectiveness.

A rapid source introduction mechanism has been used i1n conjunction
with the spectrometer and isotopes with half lives as short as 10 sec have
been studied.

The performance parameters of the spectrometer: 25% transmission,
0.45% resolution at 1 Mev, 1.8x10"? onf luminosity, 6 MeV maximum beta ray
energy, and a gamma ray suppression ratio of 250, compare quite favourably
to those achieved with previous spectrometer designs.

A beta-gamma coincidence system has also been tested for use with
the superconducting transport solenoid.

/
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RESUME

Le rdle de la spectroscople béta en physique nucléaire et lors

d'études d'interactions fondamentales a été entiérement revu. Les ’

différentes méthodes et techniques propres & la spectroscopie béta ont

N

été étudiées avec soin.

' Un nouveau spectrométre béta de haute précision, spécialement
adapté a l'étude des noyaux loin de la stabilité, a été construit. Ce
spectrométre consiste en un solénoide de transport supraconducteur et
d'un détecteur béta semi-conducteur. Le solénoide supraéonducteur
développe un champ magnétique maximum de 4.4 tesla gt est doté d'une
ouverture de 7.3 cm de diamétré qui demeure & la température de la
piéce. Le détecteur tgéta congiste ez une diode au germanium de haute
pureté, sans fenétre. Ses dimensions sont de 15 mm x 500 mm” .

Les performances cryogéniques du cryostat d'Hélium liquide, destiné

a refroidir l'aimant, ont été éprouvées. et analysées en profondeur.

Les trajectoires des particules béta soumises au champ magnétique
ont été étudides par simulation sur ordinateur.

Les performances du spectrométre ont été étudiées sous différentes
conditions expérimentales et son efficacité globale a été évaluée a
1'aide de mesure de spectres béta de sources standards.,

Un mécanisme rapide, pour 1'introduction des sources, a été utilisé

avec le spectrométre: ceci a permis d'étudier des isctopes de demie-vies

_aussi courtes que 10 sec.

Les paramétres de performance du spectrométre se c;:mparent
favorablement i ceux déja obtenus pour d'autres types de spectrométres:
transmission de 25%, résolution de 0.45% a 1 MeV, luminosité de 1.8x107?
cm , €énergie béta maximum de 6 MeV et rapport de supression de raie gamma
de 250.' )

Un systéme de coincidence béta-gamma, faisant usage du solénoide
de transport supraconducteur, a aussi été mis 3 l'essai.
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CHAPTER 1

INTRODUCTICN

Since it was first discovered by H. Becquerel id 1896 (Becquefel
1896), radiocactivity has been both an object of intense study and a tool
for i1nvestigating other phenomena 1n nature. Radioactivity can be defined
as the emission of particles or electromagnetic radiation from the atomic
nucleus. Through this emission, the nucleus rids 1tself of excess energy.
The 1nvestigation of the the radiocactive properties of nuclei forms a
proa&nent part of discipline of nuclear spectréscopy (the study of how
nuclei absérb and emit energy). It has served as a rich source of .
information on the properties of the nucleus and the interactions among
its constlgﬁent particles (nuclear structure and nuclear forces).

There are three main types of radiocactivity, commonly known as a,
g, and y radiation. Although Becquerel was unaware of 1t, the bulk of the
radiation he had obskrved consisted of g particles or eléctrons (Pais
1977). Ever since then, the study of 8 decay has played an important rcle
in the development of nucYear science providing invaluable data on the
structure of the nucleus and one of the basic forces in'nature, the weak
interaction.

Some of the most fruitful contributions of nuclear physics to the
understanding of elementary particle interactions have been in the area of
the weak interaction. In this context, the phenomencn of nuelear B decay '
holds the distinction of being the most fully investigated manifestation
of this fundamenfal interaction (Blin-Stoyle 1973 pp. 17- 20). 1In
partlcular experiments on nuclear B decays (or, in tihe nomenclature of
elementary particle physics, low-energy semileptonic
strangeness-conserving transitions) are tréditlonally the most accurate
type of weak interaction experiments (Boothroyd et al. 1984).

No attempt will be QAde in this thesis to rehash the theory of B
decay. A set of excellent reviews of the thoery 1s available 1in”the
literature (Lipkin 1962; Wu & Moszkowsk1 1966; Schopper 1966; Konopinski
1966; Strachan 1969: Blin-stoyle 1973: Morita 1973; Lee & Cheng 1981;
Behrens & Burhing 1982; and references therein).



1.1 The role of p spectroscopy in nuclear physics

The term nuclear B 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 & Christensen 1962).

A nuclear g decay can be symbolically represented as follows:

Ag — Az41) 4+ g + v For electron emission

Az — Nz-1) 4+ g + v For positron emission

Where

‘ Az is the parent nucleus with atomic number Z and mass number A.
A(z+1) is the daughter nucleus in the decay of a neutron rich
parent nucleus. l
A(z-1) is the daughter nucleus in the decay of a neutron deficient
parent nucleus.
g, g are an electron (negatron) or a positron respectively.
v,V are an electon neutrino or an electron antineutrino

respectively.

Because of the fact that an electon neutrino (antineutrino) carries
no electric charge, little or no “rest mass, and interacts with matter
almost exclusively through the weak. interaction, its detection 1is very
diffi;ult and quite impractical. Therefore, in most cases in g
spectroscopy only the electrons (positrons) are detected and their
energy analysed.

The energy released in a nucfear B decay is shared unequally and in
a statistical manner between the two particles emitted .1n the decay, the
electron (positron) and the antineutrino (neutrino). (Only a very small
fraction of the energy 1s carried off by the recoiling daughter nucleus). ‘
Because of this energy sharing, the g particles are emitted in a
continuous distribution of energies (a spectfum) .

Throughout this thesis the term "g spectrum" will be used to refer
to this continuous (energy or momentum) spectrum of electrons or positrons
emitted in the nuclear B'decay. Similarly, the terms "g rays" and "
particles"” will be used to refer to the electrons or positrons emitted in
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the decay (Hamilto;'a 1966).

By studying the shape of the energy spectrum of the electrons
(pPositrons) emitted in a B decay, much can be learned about certain
fundamental aspects of the weak interaction. Also a great deal of data
can be obtained about the nuclei involved in the decay (Daniel 1968).‘

An important piece of information that can be obtained is the
endpoint of the B spectrum (the maximum energy with which the B particles
are emitted from the nucleus). Coupled with knowledge of the level
structure of the daughter nucleus it can be used to calculate the energy
difference (QB) (and therefore the mass difference) between the ground
states of the parent and daughter nuclei. -

Careful measurements of the B particle energy spectrum can also be
used to determine the probability of B decay to the different excited
states and the ground state of the daughter nucleus (B braching ratios).
This can be very useful in establishing and clarifying the level scheme of
the daughter nucleus. The use of beta spectroscopy in the determination
of the B branching ratios has gained more importance recently since the
validity of the usual technique of ¥ ray intensity balance for their
measurement has been questioned, especially in cases where the decay
schemes are complex (Hardy et al. 1977; Munnich 1980).

The endpoint energies of the different branches anz/the B feeding
to each branch can be combined with the half life of the
to calculate the so called ft values. (The ft value is a measure of the

ecaying nucleus

strength of the decay or the rate of the transition). For more accurate
ft value determinations, such as those required. for nuclear matrix

elements calculaticns in forbidden decays, careful measurements of the

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

Nuclear beta transitions are usually classified according to the
spin and parity changes during the decay, into allowed and several types
of forbidden transitions (Wu & Moszkowski 1966 p. 59). The ft values of
the superallowed (allowed transitions between members of the same 1sospin
multiplet, i.e. between analogue states), allowed, and the various
forbldéen transitions are different enough that knowledge of the ft value
for a certain transition can be used to assign the transition to one of
these categories. Hence, measurements of the ft values can be used to
infer the spin and parity changes during the transition 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 B transitions there are certain types that are
referred to as "unique transitions" because of the particular shapes of

‘héir B spectra. Therefore, the detection of such a 8 spectrum shape can
distinguish a transition as being "unique" and can be used to determine
the si)ecific spin 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 determining the type of interactions involved in
nuclear B decay and in checking the validity of the standard vector minus
axial-vector (V-A) model of the weak ifiteraction. An upper limit on the
value of the Fierz interference term (and therefore on the possible
existence of a scalar or a tensor interaction in nuclear B decay) can be
derived from careful spectral shape measurements of allowed £ decays and
from the ft values of 0% — ot superdllowed pure Fermi transitions
(Daniel \1968; Blin—Stoyle 1973 pp. 111-113; Morita 1973 p. 21, pp. 35-36;
Hardy & Towner 1975: Thies et al. 1978: Boothroyd et al. 1984).

Measurements of the ft values of 0+ - O+ superallowed Fermi
transitions can also serve as a test for an important aspect of B decay
theory, namely, the conserved vector current hypothesis (CVC). One of the
predictions of the CVC theory is that the ft values for superallowed
transitions, after certain calculated corrections are made, should be
identical (Hardy & Towner 1975; Thies ét al. 1978; Davids et al. 1979;
Behrens & Buhring 1982 pp. 486-499; Kruger et al. 1983). 1In fact, a role
of major significance in nuclear science is played by this ft value. It
is required for the calculation of the vector coupling constant of nuclear
beta decay; a quantity of fundamental importance in physics (Hardy &
Towner 1975; Raman et al, 1975; Wilkinson 1975; Szybisz 1979).

. The CVC hypothesis also predicts statistical shapes for the beta
spectra of superallowed pure Fermi transitions (after certain theoretica{l
corrections are applied) with no energy dependent shape factors. Precise
spectral shape determinations for these transitions can therefore serve as
a test for CVC. More importantly they serve as a check on the accuracy of
the corrections that are applied to the spectrum and in particular the
radiative corrections. The radiative corrections enter in the evaluation




of the vector coupling constant of the weak interaction and therefore
their values must be known as reliably as possible (Thies et al. 1978;
Davids et al. 1979: Kruger et al. 1983).

An important test of the CVC hypothesis is furnished by
measurements of the deviations of the shapes of B spectra of certain
allowed decays (mirror Gamow-Teller transitions e.g. 12N, 12B, 20E‘, *°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 & Alburger 1978; Van Elmbt 1981; Kruger et al. 1983; Hetherington
et al. 1983).

Another contribution of beta spectroscopy to the understanding of
the mechanism of the weak interaction has been in the search for second
class currents in nuclear g becay (hadronic.currents that are irregular
urder G-parity operation i.e. G-parity non-conserving currents). Spectral
shape and ft value measurements for superallowed Fermi transitons can be
used to look for the effects of second class polar-vector currents and to
set an upper limit on the possible presence of the induced scalar
interaction (these studies are closely linked to tests of the CVC)
(Szybisz 1979: Szybisz & Silbergleit 198la,b; Holstien 1984). On the
other hand, the asymmetry in the ft values of some mirror g decays (e.g.
12B, 12N B decays) has been used to test the occurance of second class
axial currents (induced tensor interactions) (Blin-Stoyle 1973 pp.
107-111; Morita 1973 pp. 153-155, p. 298; Wilkinson 1975; Wu 15977).

Measurements of the shapes of the B spectra of some first forbidden
transitions (Ot —_ ot or unique first forbidden) have been used to test
the partially conserved axial current hypothesis of beta decay (PCAC).
These tests consist mainly of extract{ng a value for the pseudoscalar
coupling constant from the shape of the B spectrum ard codbarlng it to the
predictions of PCAC. In addition, precise shape meagurements of these
first forbidden B spectra have been used to look for other contributions
to nuclear B decay induced by the strong interaction, especially the
induced tensor term (sometimes also referred to as the induced
- pseudotensor) (Schopper 1966 pp. 222-224, pp. 236-238; Blin-stoyle 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 cbtain more conclusive estimates for the
values of the pseudoscalar and pseudotensor coupling constants\(Krmpotic &
Tadic 1969;-Abecasis & Krmpotic 1970).

Since th? Hamiltonian of the weak interaction is consider

to be
quite well known and understood, measurements of the beta decay
observables can be used to study the nuclear structure of the decay
participants. The accurate détermination of the shapes and ft values ®f
forbidden beta spectra allows one to evaluate the matrix elements betwe
the nuclear states involved i1n the beta transition (sometimes knowledge o
other B decay observables 1is required too). These nuclear matrix elements
(B moments) represent the overlap between the wavefunctions describing the
parent nucleus and those of the daughter nucleus. Therefore they Zontain
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 elements) 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 valués of the superallowed 8 decays of Tz= -1/2 mirror
nuclei (or other superallowed J" — J" |, J#0, AT=0 decays) can be used
to calculate the Gamow-Teller (GT) matrix elements which provide a
sensitive test for theoretical nuclear structure qglculations (Aysto et
al. 1984: Arai et al. 1984). Similarly, ft values of allowgd GT
transitions can be used to deduce the GT matrix elements be&ween 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 matrix elements are possible, or where reliable
estimates of the GT matrix elements are available from magnetic moment
data, the ft values of the transitions can be used to examine a more
fundahental problem, the renormalization of the axial-vector coup%&gg
constant of the weak interaction in nuclei (Wilkinson 1975; Azuelos &
Kitching 1977; Raman et al. 1978: Behrens & Buhring 1982 pp. 499-506).

Another example of an area where B spectroscopy has contributed to
both nuclear structure and fundamental interaction studies is the
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investigation of isospin mixing in nuclear states. The isospin impurities
of nuclear states are usually obtained from the ft values of 1sospin
forbidden Fermi transiticns (pure or mixed). These are transitions
between members of two different isospin multiplets (AT#0), with spin .and
parity changes of either 07 — o (pure).or J' — JE,AJ=O, J#0
(mixed). From the ft values of i1sospin forbidden pure Fermi transitions,
the magnitudes of the isospin mixing and the effective Coulomb matrix
elements (charge-dependent matrix elements) between nuclear states can be
calculated. For mixed transitions other 8 decay observables are also
required. Consequently, the amount of analogue symmetry breaking in the
states due to both the long range Coulomb force and the chafge dependence
of the nucleon-nucleon potential can be assessed (Bloom 1966; Blin-Stoyle
1973 pp. 68-79: Raman et al. 1975: Behréns & Buhring 1982 pp. 527-536).
Furthermore, careful measurements of the shape}‘of the energy spectra of
the B particles emitted in these decays help/in clarifying the relative
strength of the second forbidden contributions to the decays and therefore
in obtaining more accurate estimates of the isospin adwixtures in nuclear
states (Van Neste et al. 1966; Sastry 196%9). Finally, these studies of
iscspin mixing in nuclear B decays c;n also serve as a measure of the
validity of the CVC theory (Blin-Stoyle 1973 p. 68, p. 77).

As illustrated by the examples above, the nucleus offers many
advantaggs for use as a microscopic "laboratory” to study the effect of
the various fundamental interactions in the diverse environments offered
by the different nuclei (Blin-Stoyle 1973 p. 17). The importance of 8
spectroscopy in observing these effects is quite apparent. In this
context, the possible occurance of very small anomalous shape factors in
the beta spectra of some hindered B8 decays has been used to explore the
possible presence of some exotic processes in nuclear beta decay (Morita
1973 pp: 227-229).

One more application for beta spectrum shape measurements Can be
found in studies 1involving internal conversion electrons. One of the most
straightforward and accurate methods of measuring the intermal conversion
coefficients is the peak-to-beta-spectrum (PBS) method. The use of this
method requires a precise evaluation of the total beta spectrum intensity
and therefore explicit knowledge of the shape factors describi;g"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 g
investigation of the shape of the g spectrum of tritium near the endpoint.
This method is being used to measure the rest mass of the electron
antineutrino (Lyubimov et al. 1980; Simpson 1981).

2

i.z Nuclei far from stability

Nuclei can be defined in terms of two gquantities, their atomic
number (or number of protons Z) and the number of neutrons (N) they
contain. The diverse properties of nuclei are a consequence of the
different combrnations of the N and Z numbers. Certain combinations’
produce nmuclex that are stable against 8 decay. These nuclei are said to
fall on the line of B stability. Nuclei with N ;nd Z numbers that are
very different from those of the B stable ones are said to be far off the
stability line. They are also referred to as exotic nucle1i implying that
they are attractively strange or dnusual objects. These nuclei are
characterized by short half lives and large decay energies which give rise
to unusual decay modes such as B del;yed particle emission.

On the basis of sheer numbers, the importance of nuclei far from
stability 1s obviocus. It is conservatively estimated that there are 10000
nucle1 that could exist for a sufficiently long g?ﬁé to observe or study,
if the means could be found to produce them artificially. This 1s to be
compared with approximatély 300 1sotopes that occur in nature and about
2000 nuclides whose existence has been experimentally determined but for
many of which additional information is scanty (Hardy 1982). (See figure
1.1) )

¢ This large number of nuclear species with widely varying neutron to
proton ratios provides an excellent opportunity for observing\the
variation of nuclear properties as a function of extreme changes in the
numbers of proton and neutron in the nucleus. Thus, nucle:r far from 8
stability are a good testing ground for many nuclear structure and nucleaf
mass theories that have been mostly formulated on the basis of- data
obtained“from stable or long iived nuclides. The availability of exotic
nucler therefore enhances the concept of the nucleus as a laboratory. The
increase 1n the number of available nuclei allows one to have a more
versatile choice of a specific nuclear property or transiton type to
reflect an important feature of one of the fundamental interactions. One
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Figure 1,1
’

The chart of nuclides. Stable isotopés are .represented by black
squares. The region of known nuclides Wle against beta decay
is enclosed by the broken contour. The dlagonal smooth lines
indicate the approxlmate locations of the neutron and proton drip
lines. The circular lines are isodeformation curves showing the
domains where nuclear deformation occurs. The straight vertical
and horizontal lines indicate the location$ of the neutron and

proton shell closures respectively.
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'can therefore select a pé.rticular process which is sensitive to a certain
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aspect of the interaction under study or a process where' an undeeired
effect is strictly forbidden. Because of all of this and more (Berlovich
1970), the studyof nuclei far from the‘'line of B stability has become a

center of attention and activity in nuclear science in redent years

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

1977; Ravn 1979; Hansen 1979; Hamilton et al, 1979; Gelletly 1980: von
Eigdy 1980; Jonson 198la,b; Lee 1981; Cff:RN—l981; Hamilton 1982; and
references therein).

1.3 Beta Spectroscopy of Nuclei Far from Stability

asurement of the, energy spectra of B particles emitted in the

dec nuclei in“the far off stability region is a topic of interest for
several reasons. For example, the well known mass parabola (for fixed
mass number A) shows a dramatic increase in the g decay energy with
increasing distange away from stability. This increase in the decay
energy affords a new view on the weak interaction proeess. It also leads
to the population of states above the threshold :for‘particle emission
which in turfi gives rise to Bdelayed emission of protons, geutrons', or
alph‘a particles in’these nuclei, a phenomenon that for the most part is
unknown near stability. ) \ )

As mentioned before, measurement of the B endpoint enegy can be
used to determine the mass difference between the ground states of nuclei.

Thus followmg a B decay chain and measuring the QB for each decay, until

a stable nucleus where a direct mass measurement has been made is reached,

enables one to infer the masses of the unstable nuclei in the iscbaric
chain. This method of mass determination is the most commonly used method
for nuclei far from stability since off-line direct mass measurement
methods are not applicable because of the short half lives of the nuclei
involved. In comparison to on-line direct mass measurement methods, Qs
measurements are considerably simpler and require less sophisticated
equipment and, techniques (Epherre et al. 1980 and references 1—9 therein).
They are partlcularly advantageous for nuclei of elements Wthh are not
easily ionizable or for nuclei with long lived isomeric states (Wollnik et
al. 1980; Wollnik 1980; Hardy 1980). ' :

The mass of the ground state of/ the nucleus is one of its most

K
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important properties. The precise determination of masses of an
extensive set of nuclei would help in mapping the mass surface far from
stability. It would also facilitate extrapolations to even more exctic
regions and aid in locating the positions of the neutron and proton drip
lines and the limits for stability against alpha emission and spontaneous
fission. Such a3 set of mass measurements would also provide a scorebcard

for testing existing nuclear mass theories. These tests become

- increasingly more stringent as the nuclei are farther removed from

stability. Such mass measurements would therfore also permit a better
determination of the parameters of existing mass formulae.

From nuclear mass data one can calculate nuclear binding energies.
A systematic study of these values provides'i'nfomation about tlzxe sha{:es
of nuclei and their shell structure. They can show the effects of
pairing, shell closures, the onset of . nuclear deformations and perhaps
reveal unexpected structures in new regions (Hansen 1979; Hardy 1980;
Munnich 1980: Detraz et al. 1983). ‘ ‘

Knowledge of the QB values can also be used to guide searches for B8
delayed particle emitters (precursors) in decays where QB exceeds the

- binding energy of the particle in the nucleus.

Extending the investigation of superallowed beta decays to heavigr
nuclei is quite an interesting prospect. However, the nuclei in which
these decays take place fall farther away from stability as their mass
number A increases. ( Rb is the heaviest Z=N nucleus known with a
superallowed Fermi transition while = Kr is the heaviest T,= -1/2 nucleus
with a superallowed decay). Since these nuclei are so far removed from
stability, using simple nuclear reactions to measure the energy difference
between, the parent and daughter states is not feasibl; arnd therefore
exotic heavy reactions have been proposed (Davids et al. 1979). On the
other hand, QB measyrements provide an attractive alternative and allow
for the expansion of superallowed g decay studies to heavier regions of
the.chart of nuclides with important implications for nuclear structure
work, nuclear mass formulae, and fundamental physics (the nature of the
weak interactions and the structure of the nucleon) (Wilkinson 1975; Arai
et al. 1981; Hardy 1983; Aysto et al. 1984; Arai et al. 1984).

An important concept in nuclear physics which gains even more

significénce in regions far from stability is that of the beta strength



function. It expresses the effect of nuclear stucture on g decay, and
represents a valuable tool for studying the nuclear matrix elements of the
states involved in the decay. Careful measurements of the 8 ray energy
spectrum down to and including the low energy portion, presents a
straightforward method of cbtaining the beta strength functlon (Iaflgllola
et al. 1983a). It is quite advantageocus in regions far from stability
where complete decay schemes are unevailable and where other methods of
beta strength measurement are complicated and inefficient (Hansen 1973).

Beta spectroscopy of nuclei far from stability has some
applications in other fJ.elds of science and technology too. For example,
knowledge of the g decay energies, beta strength functions, and decay
rates is quite important for certain astrophysical calculations such as
those of the r-process in nucleosynthesis (Arnould 1980; Klapdor et al.
1981).

Three other important applications involve the B spectroscopy of
short lived fission products. The first concerns the use of reactor
antineutrinos in experiments (Vogel 1979). For the interpretation of the
results of these experiments, it is important to know the energy spectrum
of the antineutrinos emitted during the B decay of the fission products.
The energy spectrum of the antineutrinos is simply the complement of the
energy spectrum of the g particles emitted during the decays of the
fission products and which can be measured using B spectroscopy methods.
Decays with high Q values are especially significant since they-are
responsible for the important hlg}&nergy portion of the antineutrino

spectrum (Avignone & Greenwood 1980)

The second application concerns the calculation of the power
developed in the fuel of a nuclear reactor by the decaying fission
products. ‘This power is estimated to be about 7% of the total reactor
power at equilibrium (Rudstam et al. 198l1). It would have an even more
important role in the case of an emergency shutdown since it is péssible
to étOp the fission process in a reactor rapidly but it is impossible to
stop the decay of the fission products. Knowledge of the average energy
of the emitted g particles in the decay and the feedina to different
states in the daughter nucleus is crucial for such calculations.

The third application involves the use of B spectroscopy methods in .
searches for fission products with very high B decay energies (>15 MeV).
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These searches provide information on the yield of light nuclei (A=8Vv15) -
in fission and on the probable production of "abnormal" nuclei in the
fission process. Two examples of such abnormal nuclei are: nuclei very
close to the nucleon drip lines, ‘and density isomers resulting from pion
condensation in the nucleus (Borovoy et al. 1979 and references \_thei‘ein) .

-~ The importance of determining the properties of different nuclei
increases with their distance from the line of Stability. This is mainly
because little is known about these nuclei and also because extrapolations
from the region of stability tend to show large discrepencies. However,
the experimental difficulties involved in studying these nuclei increase
in the same fashion.

Measurements of the B8 spectra of exotic nuclei is complicated by
their short half lives and by the large amount of energy available for the
decay. This high Qp means that the electrons (or positrons) to be
measured have high energies (typically between 5 and 1lu MeV). It also
implies that the daughter nucleus is going to be produced in a variety of
excited states, which de—excite by high energy multiple y ray emission.

The experimental program on which this thesis reports revolves
around the design, construction and development of a spectrometer for
measurements of the B ray spectra of nuclei far from stability. The aim
of the design 1s to produce a spectrometer suitable for use in the
determination of B decay endpoint energies and the relative intensities of
the different B8 transitons in multi-branch decays in these nuclei. The
spectrometer should also have the high degree of precision and sensitivity
required for accurate spectral shape determinations (measurements of the
shape factors of the 8 spectrum). '

As will be seen in the next chapter, most previous spectrometer
designs are plagued with problems that render them either unsuitable for
the study of B spectra of short lived nuclei or unfit for accurate
spectral shape determinations (or sometimes both). Indeed large
discrepencies between measurements done with different spectrometers are
still plentiful in the published litreature (Paul 1965; Daniel 1968;
Behrens & Szybsiz 1976). The inconsistency in the data on beta spectra
shape measurements has been frustrating to such an extent that the
suggestion was made to accept the theoretical predictions for the shapes
of the spectra and use these pfedictions to test the accuracy of the
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experimental methods for shape determination (Nichols et al. 1&&6). It
Has also been suggested that in cases where the shapes of 8 spectra are
needed for other applications (such as the PBS method for conversion
coefficient measurements), that the‘spectra be reconstructed from
knowledge of other cbservables in the 8 decay rather than rely on the
experimental shape measurement (Van Lieshout 1966).

[y

‘1.4 The Present Beta Spectrometer

The B spectrometer described here 1s a radically improved version
of a previous design which was developed at this lab (Moore et al. 1976:
Rehfield 1977). The basic idea behind both spectrometers remains the
same, but the capabilities and attractive features of the present one far
exceed the former.

‘The principle on which both spectrometers are based is the use of
a high purity germanium crystal (Ge(HP)) as an electron detector and
spectrometer. The excellent resolution of the Ge(HP) detector and its
capability of measuring the energies of incident particles over a wide:
range simaltaneously (a multichannel device) are fully exploited by using
it in @& high transmission arrangement (see appendix A for glossary). At
the same time, by greatly enhancing the ratio of 8 particles to y rays
incident on the detector, the highvsensitivity of the Ge(HP) detector to v
rays is not allowed to result in any significant contamination of. the 8
spectrum with 4 ray counts.

The two conditions above can be fulfilled by placing both the
radiocactive source and the detector along the axis of a strong
cylindrically symmetric magnetic field, separated from each other by as
great a distance as is feasible. In this specific spectrometer, a
supercomucting solenoird furnishes the strong magnetic field which
deflects the B8 par£icles emitted from the source and channels them to the
detector. In this role the solenoidal field acts simply as an electron
guide with no energy or momentum selection. As for the ¥ rays, the solid
angle into which they should emitted from the source so as to :strike the
detector is simply the geometric solid angle subtended by the detector at
the source. This solid angle could be made very small by increasing the
source-detector separation. The acceptance solid angle for the B rays is
determined by several factors including the position of the radloact\ive



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

the surface area of the detector, and the 8 ray energies. It can reach up
to (50% of 4x for reasonably high electron energies in the present »
spectrometer. At 25% electon transmission the enhancement ratio of
electrons to vy rays incident on the detector 1s larger than 250. This
coupled to an electron energy resoli;tion 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,; it was felt that a review of the literature on
the subject of beta spectroscopy methods and techniques would be quite
helpful. Hence, Chapter 2 of this thesis is a comprehensive review of the
different types of beta spectrometers in existence, concentrating
primarily on the distortions that they inevitably introduce to the
measured beta spectra and the possibiltiy of overcoming such distortions ' *
through the use of new techniques.

Chapter 3 of the thesis deals with the design and construction of
the superconducting sclenoid which forms a major component of the present
beta spectrometer. A complete analysis of the thermal properties and
performance of the liquid helium cryostat of the superconducting magnet is
also included. . ‘

Chapter 4 concentrates on the different source-detector
combinations used with the spectrometer. Tt contains detailed
descriptions of the two detector systems that have been ‘éested with the
spectrometer. "I‘he different source introduction mechanisms {and the
associated vacuum system) that are in use with the spectrometef are also
treated at length. A discussion of the principles of operation of the
semiconductor detectors 1s included in this chapter as well.

In Chapter 5, the problems of calculating the magnetic field of the
solenoid and the trajectories of the beta particles ip the magnetic field
are dealt with. Several examples of the performance of the spectrometer
are also given in this chapter.

Finally, the general conclusions drawn from this work are discussed

in Chapter 6.



CHAPTER 2

A CRITICAL REVIEW OF BETA SPECTROSCOPY METHODS AND TECHNIQUES

It is clear from the discussion in the previous chapter that
accurate measurements of B spectra (determinations of the exact shape of
the spectrum and the energy of the endpoint) are quite important. 1In
order to effect these measurements various ideas have been exploited in
the design of g spectrometers throughout the evolution of nuclear physics.

There are two fundamental principles upon which B spectroscopic
methods are based. The first is the measurement of the momentum (energy)
of the electrons by deflecting them in a magnetic (electric) field. The
second is the determination of the total enerqgy deposited by the 8
particles in an absorbing medium when they are stopped in it. In general,
spectrometers based on the latter principle act as detectors and energy
resolving devices simultaneously. The relative merits and drawbacks of
the different types of B spectrometers will be discussed at some length in

what follows.

2.1 Deflection Spectrometers -

2.1.1 Electrostatic Spectrometers

Because of the very high electric fields needed for analyzing high
energy g particles, and the fact that the focusing properties of
elect;'ostatic fields are not relativistically invariant, electrostatic
spectrometers are only suited for studies of low energy B transitions.
Therefore, they have not received much attention in nuclear spectroscopy
but have been extensively developed for atomic physics and surface
analysis studies (Siegbahn 1965, p.172; Gerholm 1961).

2.1.2 Magnetic Spectrometers

A great deal of effort and ingenuity was put in the development of
magnetic spectrometers for electron spectroscopy, especially in the
improvement of their resolution. The concentration on the achievement of
high resolution in these épectrometers was motivated by the fact that they
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1
were the primary tool in high resolution investigations of electromagnetic

transitions in nuclei. In addition to being used to measure continuous 8

Nra, these spectrometers were used in the determination of the

energies of internal conversion electrons and y rays. The gamma rays were
detected and measured through the secondary electrons (photoelectric,
Compton, and pairs) that they produced 1in external radiators placed in the
source position of the magnetic spectrometer (Hedgran 1952; Deutsch &
Kofoed-Hansen 1959; Mladjenovic 1961; Backstrom et al. 1962; Gerholm 1965;
Murray et al. 1965; Hollander 1966: Browne 1972: Mladjenovic 1976, p.20;
Bartholomew & Lee-Whiting 1979).

Thus magnetic spectrometers played a role similar to the one played
today by high resolution semiconductor germanium detectors in the
determination of the different quantum levels of excited nuclei through vy
ray spectroscopy . '

Although magnetic spectrometers still provide the best resolution
achievable in electron spectroscopy (< 0.01% momentum resolution, Siegbahn
1965, p.86), they are not well suited to studies involving nucleir far from
stability (Bergstrom 1966b). Several factors that are inherent in the
design and operation of these spectrometers are responsible for limiting
their usefulness 1n the field of B spectroscopy of short-lived nuclei.

The intrinsic dependence of good resolution of magnetic
spectrometers on poor transmission is one such factor (Wu & Geoffrion
1960). The small acceptance solid angles (a few percent of the 4z at a
few percent resolution, Siegbahn 1965) and the fact that the measurements
are performed in small steps covering a narrow momentum band in each step
(single channel instruments) result in the long counting pericds that are
characteristic of such spectrometers.

The long counting periods represent a clear disadvantage 1in
short-lived nuclei. The large number of background counts accumulated
during the long counting periods reduces the significance of the
information that can be obtained from the B spectra. Moreover, any time
variations in the background over the long counting periods can introduce
serious dastortions to the §hape of B spectra that are difficult to
correct (Graham et al. 1960),

Another problem associrated with magnetic spectrometers is their
unsuitability for coincidence measurements (Siegbahn 1965, p.l6l; Graham

\
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et al. 1960). The small acceptance solid angle (usually less than 10% of
4x ) of these spectrometers reduces the probability that an electron will
enter and be detected in the spectrometer in coincidence with a photon or
another particle emitted 1n a different direction and detected by another
detector. Increasing the source strength to counter the low efficiency
would increase the coincidence rate, however 1t would also reduce the
ratio of true to chance coincidences thus reducing the usefulness of the
accumulated data (Spejewski 1966).

Finally, there is the problem of B spectrum shape distortions

caused by the finite resolution of the spectrometer. Because of the
‘ inherent interdependence between the resolution and transmission of
magnetic spectrometers, operating them in a high transmission mode results
inevitably 1n a deterioration in the resolution. The finite resolution of
the spectrometer manifests itself in a broadening of the width of
monoenergetic electron lines as measured by the spéctrometer. The
,spt-';ctnlm generated by a mdnoenergetic electron line measured with a 8
spectrometer is often referred to as the response function of the .
spectrometer. If the response function of the spectrometer is a symmetric
guassian in shape, then the deterioration of resolution results in
distortions to the shapes of the continuous g spectra at the low and high
energy ends of the spectrum. Special correction techniques have to be
applied to the measured spectrum to remove the effecﬂts of such
distortions, especially near the endpoint. However, if the response
function of the spectrometer is not symmetric (as in the case of
semicircular spectrometers for example), then the distortions extend over
the whole spectrum and have to be effectively corrected for over the full
energy range. (Owen & Primakoff 1948, 1950:; Paul 1964, 1965; Nagarajan et
. .__al. 1969; Lizure3j -1980).

Excellent reviews of the various aspects of magnetic g spectrometry
have been published prior to 1965. The most definitive being the work of
K. Siegbahn (1965). This work also includes a comprehensive listing of
the previocus surveys of the field of g spectrometer theory and design.
Since 1965 until the present, the reviews of the field that have appeared
in the literature are largely due- to the work of M. Mladjencovic (1971,
1972, 1976, 1979).

The problems associated with the different components of the
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spectrometer and the distortions they cause are discussed below.

2.1.2a The Radiocactive Source

3

1) Normalization .

Since magnetic spectrometers are single channel instruments,
careful corrections have to be made to account for the decay of the source
during the time needed to record a spectrum. The application of such
corrections require: an accurate determination of the half-life of the
decaying nucleus under study, knowledge of the concentrations and the
half-lives of any radiocactive contaminants 1n the sourkce, and ensuring
that ncne of the scurce activity escapes through evaporation, dlffusioﬁ
out of the source, or any other mechanism during the long counting periods
(Bergstrom et al, 1963). 1

In the case of short-lived nuclei, several sources have to be used
‘during the spectrum accumulation and therefore ‘the measurements have to be
normalized to the same source activity. Achieving this nome;llzation with
the high degree of accuracy required for careful spectral shape
determinations is quite a complic'ated task (Armini et al. 1967; Halbig et
al. 1974; Genz et al. 1976a; Calprice & Alburger 1978). An excellent
discusssion of some of the problems involved in the normalization of the

spectrum is given by Van Elmbt (1981).

2) Source Shape and Size

Magnetic spectrometers place some demands on the geometry of the
radioactive source. Flat spectrometers (xv2 or semicircular magnets for
example) require rectangular sources, while lens type spectrometers
(Siegbahn-Slatis intermediate image spectrometer for example) require
circular sources (Mladjenovic 1976, p.32). Source sizes that are as small
as possible are usually used since the resolution of the spectrometer is
deperdent on the size of the radicactive source (Wu & Geoffrion 1960;
Deutsch & Kofoed-Hansen 1959). The typical source dimensicns are a few
millimeters (diameter for lens type spectrometers and width in flat
spectrometers) and can sometimes be as small as a fraction of a millimeter
(Alburger 1956; Fujioka 1970). Any variation in the geometry of the
source (size or shape) can lead to differences in the resolving power and
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therefore in the transmission ofn the spectrometer (Lewin 1966).

When several sources are used to accumulate a single spectrum, as
is the case in studies of nuclei far from stability, reproducibility of
the size and shape of the source has to be ensured f01" all of them. This
is especially important 1f a spectrometer with low luminosity is used
since variations in the shape of the source have serious effects on the
resolution of such spectrometers (Halbig et al. 1974). The use of
magnetic spectrometers on-line and 1n conjunction with an isotope
separator (as 15 frequently required in short lived nuclei), aggravates
these problems further since neither the size nor the position of the
sources produced on-line will be constant (Avignone et al. 1973; Halbig et
al. 1974). Positioning 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 with modest resolution (Wegstedt 1956))

(see magnetic field section).

3) Source Thickness and Uniformity
Because of the low efficiency of magnetic spectrometers, sources of

high activity are needed 1in order to achieve an acceptable count rate
above the background. The source activities required in these
spectrometers are typically several MBq (several tens of uCi1) (Van Atta et
al. 1950; Graham et al. 1960; Van Klinken et al. 1968; Christmas & Cross
1978; Van Elmbt 1981). However, sometimes activities as high as 750 MBg

( 20 mCi) are required to obtain good statistics (Wortman & Langer 1963).

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

the source size results i1in the use of sources of increased thickness
{Hughes 1980, p.107).

It has long been known that the use of thick sources ( >10 ug/cm )
in B spectroscopy causes a deterioration in resolution as a result of the
energy loss and straggling (variation of energy loss of monoenergetic.
particles) of electrons in the source material (Mladjenovic 1976, p.l19).
Since the energy loss and the straggling in a thick source are dependent
on the energy of the electrons, it will be different for different parts
of the spectrum and will result in spectral shape distortions and a
generdl shift in the spectrum to the low energy side (Feldman & Wu 1949;
Knop & Paul 1965).

;
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The increaseé source thickness also causes an increase in the
number of B8 particles backscattered from the source material itself.

Since this effect 1s also dependent on the energy of the B8 particles it
will result in distortions to the shape of the measured B spectrum
(Bergstrom et al. 1963).

The most important effect of source thickness is the distortion to
the shapes of B spectra caused by multiple forward scattering in the
source material (Daniel 1968). Since electrons passing through the source
material at large angles with respect to the normal to the socurce surface
traverse more source material, they will be scattered more than those
moving close to the normal direction. This scattering causes the source
to have more particles emitted in directions close to the normal than at
large angles to the normal (Paul 1965); there is electron anisotropy.
Morecver, the anisotropy will be energy dependent with larger values at
lower energies (Spalek 1982). It will therefore cause the spectrometer to
have an energy dependent effective acceptance solid angle resulting in
deviations of the measured spectrum from its true shape (Paul 1965;
Hoffmann & Baier 1965; Parker & Slatis 1965).

The self-absorption of low energyrg B particles in thick sources can .
also result in distortions to the shapes of B spectra. This effect,
however, is negligible for source thickness smaller than a few hundred
pg/cam  (Booij 1970).

Attempting to ease the limitation on source size by constructing
larger spectrometers (which have higher luminosity and can therefore
accommodate larger sources without a deterioration in resolution) creates
other complications. As the source size increases with the increase in
the spectrometer size, so does the sensitive counter area required to
detect the B particles. Therefore the advantage gained from the larger
source area may be nullified by an increase i1n the background count rate
due to the larger detector volume (Graham et al. 1960). The increase in
the dimensions of the spectrometer also implies that the magnetic field .
required to focus electrons of a given energy will be lower and in fact
can be quite small for low g particle energies and large spectrometers.

The effects of mégnetic interference from magnetic sources outside the
spectrometer will be more severe (Siegbahn & Edvardson 1956; Graham et al.

~ \ .
1960). The increase in the cost of the spectrometer as its dimensions are
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qnlarged 1s another limiting factor.
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| Clearly, with increased source thickness, it is difficult to
?ttempt to make sources of high degree of uniformity (Langer et al. 1949).
Non-uniformity in the source thickness contributes to the distortions in
;the shape of a continuous B spectrum due to g particle scattering in the

lthickest regions of the source (Hughes 1980, p.107).

4) Source Backing

Beta sources are usyally deposited on than foils made from organic
materials with low atomic ,nu\{rber (2) (e.g. mylar) to minimize the
probability of electrons backscattering from the source backing. Most of
these organic materials are also very good insulators, and since strong
radiocactive sources are needed for magnetic spectrometers, these sources
may charge by several kilovolts relative to ground as a result of the
build-up of electric charge caused by the B particles leaving the source
and the small electrical capacity of the source. Beta particles emitted
from such a source experilence an energy shift due to their Coulomb
interaction with the electric field of the charged source (Hayward 1953:
Parker & Slatis 1965; Mitchell 1965, p.486). This effect is cbviously
time dependent due to the build up of charge with time (Braden et al.
1948) and would therefore cause serious distortions to the B spectrum
collected by a single channel instrument such as a magnetic spectrometer
(Douglas 1949). Preventing charge build-up on the source when the use of
metallic foils is to be avoided is not an easy task (Langer 1948; Nichols
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 B decay is accompanied by
intense y ray emission (especially in nuclei far from stability), the y
rays can end up striking the detector after one or mecre collisions with
the different components inside the spectrometer (Schwarzchild et al.
1956: Wortman & Langer 1963: Nagarajan et al. 1969). The y rays can also
cause the production of secondary electrons (electron-positron pairs,
'Compton and photoelectric) inside the spectrometer including the source
itself and the source backing (Wortman & Langer 1963; Fujioka 1970).

N
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These electrons are deflected in the magnetic field of the spectrometer
and quite often are detected by the detector thus adding to the background
and distorting the g spectrum (Deutsch & Kofoed-Hansen 1959; Backstrom et
al. 1962; Booij 1970 pp. 49-51: Mladjenovic 1976 p.l19; Hugheé 1980, p.119;
Van Elmbt 1981, p.64). )

2.1.2b The Spectrometer's Chamber and Baffles

The determination of the momentum of the electrons in the magnetic

field of .the spectrometer is accomplished by a system of slits and baffles
that limit the possible trajectories for electrons emitted from the source
so that only those electrons in a small, chosen momentum interval
corresponding to a specific trajectory are focused and can reach the
detector and be counted. Electrons tracing other trajectories are stopped
in the baffles. N "

1) Scattering of B Particles from Solid Objects in the

3

Spectrometer Chamber
Beta particles with momentum values outside the desired band can

reach the detector aftg; one or more collisions with the baffles, the
walls of the spectrometer or the source mounting (Schwarzchild et al.
1956 Burgov et al. 196l: Kofoed-Hanssen & Christensen 1962 p.39; Beekhuis
& de Waard 1965; Paul 1965; Booij 1970; Nagdrajan & Venkata Reddy 1970;
Mladjencvic 1976, p.32; Christmas & Cross 1978)-. -

The probability of an electron being scattered in a given direction
after such a collision depends on the energy of the incident 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). Somegof these
scattered electrons will therefore be counted at a momentum setting which
is higher or lower than their initial momenta. The contributions of such
events to the detector count rate are dependent on the energy of the
primary electrons, the magnetic field strength and the resolution of the
spectrometer (Gerholm & Lindskog 1963). Scattered electrons will
therefore distort the shape of the B spectrum over the entire energy range
(Genz et al. 1976: Hughes 1980, p.128).
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The scattering of B particles from various objects inside the
spectrometer can even cause counts at energies higher than the endpoint ‘of
the spectrum. ThlS effect is quite serious in beta spectra with an
intense low energy branch and a high enerqgy weak branch (Schwarzchild et
al. 1956; Bartlett et al. 1962; Wortman & Langer 1963; Paul 1965: Hsue et
al. 1966a.b). ‘ . | '

The scattering and stopping of B particles in solid objects in the
spectrometer can also be accompanled by the ejection of secondary ’
electrons which can end up in the detector causing background counte and
sbectrel shape distortions. This effect will be different for positrons
and 'negatroris spectra due to the different directions of charged particle
paths (Kofoed-Hansen & Christensen 1962, p.40). .
2) Scattering from Baffle Edges

If a spectrum with a high endpoint is béing investigated then
fairly thick baffles are needed to completely stop electrons w:.th momenta
outside the desired band. The probability of B partlcle scattermg from
such thick edges is appreciable. Since the high energy 8 particles will

suffer less scattering than ones with lower energy, the transmission‘of

the baffles could become energy dependent causing serious distortions to
the B spectrum and shifts in the observed endpoint of the spectrum (Porter
et al. 1957; Kofoed-Hansen & Christensen 1962, p.39: Camp & Langer 1963:
Van Klinken et al. 1968; Howe 1969; Booij 1970 p, 48; Zeeman et al. 1971;
Hughes 1980, p:130).

‘The stopping of B particles with undesired momenta in the,
spectrometer's baffles and the sqattering of B particles from the
different solid objects inside the epectrometer can also be accompanied by
bremsstrahlung radlat% emission (Langer et al. 1964; Behrens et al.
1972; Calprice & Alburger 1978), and in the case of positrons by

¥

-anpnihilation photons (Bartlett et al. 1962; Camp & Langer 1963; Booij

1970} . - ,

Photons thus produced might strike tr‘xe detector directly or they
might scatter- from one of the spectrometer s components producing
secondary ‘electrons. Since the trajectorles of the primary and secondary

‘(9‘ ’
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electrons, and the locations of the sites of such photon producing
collisions are dependent on the magnetic field strength (i.e. momentum
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 collected spectrum
to deviate from its true shape. ‘ .
" 4) Trochoidal Orbits "
Another phenomench which can cause counts beyond the endpoint and
considerable distortions to the shapes of B spectra is that of low enefgy

electrons reaching the detector a¥ter executing several turns in the
“spectrometer (trochoidal orbits) (Freedman et ‘al. 1960; Bourgoy et al.
1961: Booij 1970; Christmas & Cross 1978). The number of additional
counts that these electrons cause in the detector increases with the
incrfease in the strength of the magnetic field (Booij 1970). Therefore
they represent an energy dependent contribution to the accumulated
spectrum and introduce spectra shape distortions.
’ Because of all the phenomena mentioned in this section, a great
deal of effort has to be invested in designing, testing, positioning and
adjusting the baffles (Lee et al. 1963; Paul‘l965) . 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,
extra b fles have to be installed to reduce the intensity of scattered .
electro . (Langer & Cook 1948: Porter et al. 1957: Graham et al. 1960;
Bartlett et al. 1962; Kofoed-Hansen & Christensen 1962, p.39; Camp &
Langer 1963; Siegbahn et al. 1964: Van Klinken et al. 1968; Daniel et al.
1970 antman et al. 1970; Booij 1970). All these baffles have to be
electrically grounded to avoid the build-up of electrostatic charges on
them. The accumulation of such charges on the baffles will cause electric
potentials that alter the focusing properties of magnetic spectrometers
(Owen & Cook 1949; Langer et al. 1950; Van Atta et al. 1950; Nichols et
al. 1961; Christmas & Cross 1978). In fact, the shapes and endpoints of B
spectra measured with magnetic spectrometers are found to be dependent on
the number of the baffles used and their settings (Nlchols et al. 1961'
van Klinken et al. 1968; Nagarajan 1969).
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2.1.2c The Magnetic Field

Since the deflection experienced by 8 particles in the magnetic

field of the spectrometer is used to determine their momenta, the
generation of a magnetic field of a precise shape and magnitude inside the
spectrometer is a crucial requirement for accurate measurements of the
,shapes of B spectra. Indeed some of the ?ajor tasks in constructing
6magnetic spectrometers are the design and fabrication of the magnet and
the verification that the desired field magnitude 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.
positions in the magnetic field have to be performed with extreme care and
diligence (Lee et al. 1963; Alburger 1956; Nagarajan et al. 1969; Van
'Elmbt 1981). Smaller spectrometers with low luminosity and low dispersion
are more sensitive to the effects of misalignment than larger
spectrometers. \ o

Failure to maintain perfect alignment results in deviations in the
properties of the spectrometer and therefore distortions to ;he g spectrum
{Deutsch & Kofoed-Hansen 1959). In studies of short-lived nuclei, many
sources are needed during the accumulation of a single spectrum. It is
vital that the introduction of these sources be done rapidly while at the
'same time maintaining the accuracy and the reproducibility of the source
position. Variations in the position of the source in the magnetic field
cause variations in the resolution, transmission and calibration of the
spectrometer (Wegstedt 1957).

There are three commonly used methods for generating the magnetic
field of a B spectrometer.

1) Permanent Magnets
) Permanent magnets are suitable only for the constant field,

variable trajectory type spectrographs. The resolution of sucﬁw

spectrometers varies inversely with the momentum of the B8 particles.

Furthermore, the transmission decreases as the momentum increases in a
" more complicated manner (Wu & Geoffrion 1960). This aggravates the

problems of analyzing coniinuous B spectra and accurately determining

their shape.



<&

-27-

If permanent magnets are used, a set of spectrographs of different
magnetic field strengths is needed to cover a wide range of energies
(Mladjenovic 1971).

Another shortcoming from which these spectrometers suffer is tha1;
of stability. In order to keep the magnetic field strength stable and
constant, the magnet has to be kept at a constant temperature at all times
and not only during the measurements (Mladjenovic 1976, p.31).

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 initially magnetize the permanent magnets (Slatis
1958). o

.For all these reasons, the use of permanent magnets does not
present an attractive option in comparison with alterndtive methods of
achieving the desired magnetic field. These alternative methods involve
the generation of the magnetic field through the use of electromagnetic

coils either with or without a ferromagnetic core.

2) Iron-Free Magnets |

Iron-free spectrometers at first sight seem to offer a reésonable
solution to the problems of creating the required magnetic field because
of the linear relationship between the current in the coils and the
magnetic field and the constancy of the shape of the magnetic field with
varying magnetic field strength. Howéver, these magnets suffer from
several drawbacks some of which will be discussed here.

a) Non-Linearity

Deviations from the strict proportiocnality between the
spectrometer's current and the focused electron's momentum may arise from
several sources. Such deviations from linearity ére quite difficult to
detect at high field strengths due to the lack of suitable monoenergetic
electron calibration sources with energies above ~ 1 Mev (Siegbahn 1965,
p.198-202).

One source of non-linearity is the hysteresis effect caused by
ferromagnetic materials in the vicinity of the spectrometer as the field
of the spectrometer 1s varied (Christmas & Cross 1973, 1978). .

A second source of deviation from linearity are the eddy currents

-



that are set up in any conducting part of the magnet or the spectrometer
when the current in the coil is being changed. Rapid variations of the
magnetic field are sometimes required in studies of short-lived nuclei.

~ The change in the magnetic flux passing through the conducting components

of the spectrometer induces eddy currents in these components. The eddy
currents in turn create a magnetic field of their own which opposes the
change in the magnetic field of the coils";. As a result of this, the.
variation in the magnetic field inside tll'xe volume of spectrometer will lag
behind the current in the coils. The functional dependence of the
magnetic field on the current will be multivalued, exhibiting effects
similar to those of hysteresis in ferromagnetic materials.

Because the eddy currents do not have the same spatial distribution
as the current in the coils, the magnetic field they produce does not have
the same geometry as the field generated by the coils. Therefore, the
rapidly varying field in the spectrometer has a geometry quite different
from that of the static field. Predicting the geometry of the time
varying field is quite difficult.

The phenomenon of eddy currents in iron-free spectrometers results
in calibration shifts and variations in the transmission of the
spectrometer (a detailed discussion of such effects is given by Van Elmbt

*

-(1981)).

N

b) Temperature Sensitivity

The magnetic field magnitude ard geometry remain constant (at a
given current) only if the temperature of the coils 1s kept constant. The
temperature of the sp;ctrmeter‘s vacuum chamber has to be held constant
as well in order to avoid misalignments of the various components. At
high fields (1.e. high currents\ passing through the coils) the rise in
temperature caused by Joule heating can produce dimensional changes which
can alter the focusing magnetic field 1n strength and geometry (Siegbahn °
et al. 1964). The same effect can alsc be produced by variations in
ambient temperature (Christmas & Cross 1973).

‘ In order to counteract these problems, an gffectlve temperature
stabilization scheme 1s needed. To achieve such a stabilization 1t 1s”
necessary to have sophisticated systems both for cooling the coils and air
conditioning the room where the spectrometer 1s located. Temperature
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stability usually has to be maintained at better than #I’ C. Special
attention has. to be paid to avoiding current leakage through the cooling -
system or surface leakage at high humidity ( ~70% relative humidity)
(Graham et al. 1960: Siegbahn et al. 1964; Daniel et al. 1970; Hughes
1980).

3

c) ﬁ;guassing
Iron-free spectrometers have the disadvantage of high sensitivity
to stray magnetic fiélds. These stray fields can be produgsd by
ferromagnetic materials in the proximity of the spectrometer location,
including struct?;al iron in the building housing it or ferrous ores in
the surrounding area (Graham et al. 1960). The stray magnetic fields can
also be éenerated by such objects as motor vehicles or electric motors.

Therefore, the sites in which iron-free magnetic spectrometers can
be placed are quite limited. Moreover, the design of the vacuum system of
the spectrometer and the choice of its components is made quite
complicated since pumps have to be located far away from the spectrometer
(Freedman et al. 1960; Graham et al. 1960;: Christmas & Cross 1973).

The limitation of the site location of iron-free magnetic
spectrometers places severe restrictions on the usefulness of these
spectrometers in studies of nucleir far from stability. Such studies are
typically carried out at sites near reactors, accelerators or isotope
separators where machines, other magnets and ferrous materials are in
abundance (Daniel et al. 1970: Mladjenovic 1976, p.29: Jeuch & Mampe 1977;
Kane 1979),

The high degree of sensitivity of iron-free spectrometers to the
presence of any ferromagnetic materials limits the choice of matérials
that can be used in their construction (Christmas & Cross 1973) and in the
mechanical and electronic support equipment associated with the ‘
spectrometers (Nilsson et al. 1967; Hughes 1980, p.90).

An imporﬁant source of magnetic field perturbation is the earth's
magnetic field. Certaln counter-measures have to be taken to correct for
the influence of the earth's magnetic field on the field of iron-free g
spectrometers. The counter-measures include the alignment of the
spectrometer with the earth's magnetic field (or one of its components)
and the cancellation of the this field with a pair of Helmholtz coils (Van

o
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Atta 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 altered i1f the spectrometer is moved.

Some iron-free spectrometers have been equipped with automatic
dequassing systems to correct for changes 1n the ambient magnetic field
such as those caused by magnetic storms, which would otherwise render
measurements performed with 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 large volumes of iron-free spectrometers.
The large volume is a consequence of the low magnetic field strengths that
are usually obtainable with iron-free coils. All of the problems
associiated with the effects of external magnetic fields on the operation
of iron-free spectrometers clearly make these spectrometers rather
inflexible and increase the problems of using them in investigafions of

nuclei far from stability.

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

Magnetic B Spectrometers

Accurate measurements of the electric current in iron-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 be measured are typically
several tens of amperes or even up to several hundreds of amperes in some .
cases (Alburger 1956).

An important disadvantage of iron~free spectrometers is their high
power requirements, Typical values are tens of kilowatts needed to focus
electrons of energies of a few MeV (Alburger 1956; Freedman et al. 1960;
Graham et al. 1960; Siegbahn et al. 1964; Daniel et al. 1970; Fujigga
1970).

3) Iron—-Core Spectrometers

For spectrometers incorporating iron-core electromagnets,

L
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especially those with fully enclosing iron yokes, the problems of

_neutralizing 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 et al. (1964))
and easier field shaping through the machining of the iron poles to the
appropriate profile (Bartlett et al..1962; -Mladjenovic 1976, p.31).

The prablem with iron-core spectrometers is that one is dependent
on the magnetic propertieé of iron which are a function of the field
strength. Therefore, a major difficulty with iron-core spectrometers is
the non proportional relationship between the magnetic field (B) .
experienced by the B particles and the exciting current in the coils (Paul
1965; Booij 1970). This is the result of the non linearity of the
magnetization curve of the ferromagnetic materials that make up the magnet
poles, even when the best quality pure iron is used (Wegstedt 1957: Mampe
et al. 1978). 1In addition to being non-linear, the relationship between
the magnetic field and the exciting current is multivalued and dependent
on the history of the magnetization of the ferromagnetic material. This
results from the dependence of the shape of the hysteresis locop on the
maximum field intensity (H) to whicﬁ the material has been subjected
(Reitz & Milford 1967, p.197).

Because of the non-proportional relaticnship between the current
and the magnetic field and 1ts multivalued nature, it is necessary to
measure the magnetic field directly and control the current accordingly
(Siegbahn & Edvarson 1956). Relying on measurements of the current alone
can result in non-linearities in the calibration of the spectrometer which
in turn can cause serious distortions to the shapes of beta spectra. In
fact even if the relationship between the magnetic field and the exciting
current 15 assumed to be linear, any change in the calibration constant
(which can result from changes in the magnetic state of the iron core)
causes considerable deviations in the shape of the beta spectrum
(Nagarajan and Venkata Reddy 1970). However, measuring the field directly
introduces the problems of the stability and accuracy of the field
measuring system and especially its calabration and temperature
sensitivity (Backstrom et al. 1962; Booij 1970; Antman et al. 15970; Halbig

v
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et al. 1974).

The magnetic field measurement is usually performed at one location
in the/spectrometer's magnetic field. The validity of such a measurement
relies on the assumption that the magnetic field will maintain the same
spatial distribution independent of the magnitude of the field (i.e. that
the relationship between the current in the coils and the value of the
magnetic field is idéntical for every point in the spectrometer for the
full range of magnetic field values over which the spectrometer operates).
These assumptions cannot hold true for a wide range of magnetic field
values since the field form and geometry are to some extent dependent on
the magnetization state of the iron (Siegbahn & Edvarson 1956: Backstrom
et al. 1962; Lyutyi et al. 1970). At high excitation currents (i.e. high
magnetic fields) saturations will affect the field shape (Mladjenovic
1976, p.30). On the other hand, because of the dependence of the magnetic
permeéability of iron on the magnetic field at low field strengths, the
geometry of the magnetic field will change at low éxcitation currents thus
limiting the low energy rarnge of'the B spectra which can be measured with
these spectrometers (Bocoij et al. 1969: Booij 1970 pp. 52-61).

The remnant magnetization of the core material does not have the
same distribution in space as the induced field (Langer & Cock 1948).
This is due to several factors: the non-linear deperdence of the remnant
field on the maximum magnetic flux to which it has been subjected (a N
problem for non-uniform field magnets), inhomogeneities of the magnetic
material, and remnant magnetization induced by eddy currents (Jeuch &
Mampe 1977: Kane 1979).

Changes in the geometry of the magnetic field cause energy
dependent variations in the transmission and resolution of the
spectrometer (Booij et al. 1969; Booij 1970; Nagarajan & Venketa Reddy
1970; Jeuch & Mampe 1977). Such changes are suspected of causing
considerable distortions to the B spectra (Howe 1968). Changes in the
magnetic field geometry can also cause calibration shifts especially at
high magnetic fields. ’ * ’ -

All of this necessitates a very careful amd elaborate
demagnetization procedure in order to be able to obtain reproducible
results (Booij et al. 1969; Booij 1970 pp. 57, 6l: Sattler et al. 1975;
Jeuch & Mampe 1977).
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Finally, one of the problems experienced by iron-core magnetic
spectrometers, which is detrimental in studies of decays with short
half-lives, is that of eddy currents excited in the iron core of the
magnet during changes in the spectrometer's magnetic field. Such currents
can persist for as long as several minutes, distorting the geometry of the
magnetic field and impeding data acquisition (Kane 1979).

v
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2.1.2d The Power Supply
Magnetic spectrometers employing electromagnets for the generation

of the magnetic field require highly stabilized current supplies
(typically 1 part in 10¢ stabilization (Nagarajan & Venketa Reddy 1970:
Mladjenovic 1976)) in order to avoid changes in the field values during
data accumulation at a single magnetic field setting. The power supplies
must also be stabilized against fluctuations in the ambient temperature
(Sattler et al. 1975). Furthermore, the demand for high stability is
combined with the requirement-for high output power in the case of
iron-free spectrometers.

Measurements of continuous 8 spectra with magnetic spectrometers
require frequent changes in the magnetic field in order to scan the whole
s?ectrum. For studies of short-lived nuclei, the time lost while the
magnetic field 1is being changed has to be kept to a minimum. It is
important therefore to have a field contrel and stabilization system with
a arapid response if investigations of nuclei far from stability are
attempted with magnetic spectrometers (Halbig et al. 1974; Sattler et al.
1975).

2.1.2e The Detector

To detect and count the 8 particles focused by the magnetic
spectrometer, scintillators, semiconductor detectors and gas filled
chambers have been used. The gas filled chambers are operated either as
proportional or Gieger-Muller counters. “

A problem that is common to the various counting systems used is
that of the degendence of counting losses in the' pulse processing
circuitry (pilé—up and dead time losses) on the counting rate. These
count rate dependent losses combined with the large variations in the
count rates over the B spectrum and the single channél nature of magnetic
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spectrometers result in a dependence of the counting losses on the energy
of the B particles. Such a phenomenon is therefore a potentially serious

source of spectral shape distortions (Nichols et al. 1961; Christmas &
Cross 1978).

1) Gas Filled Counters
There are several problems associated with the use of these

counters. Some of these problems are: ’

a) Window Thicknesses
Gas filled detectors require sufficiently thick entrance windows
(of the order of mg/cm?) to withstand the pressure difference between the

counter gas on one side and the vacuum in the spectrometer chamber on the
other. As a consequence of this thickness, the window has an energy
dependent transmission for B particles, especially in the low energy
regfﬁn (Kofoed-Hansen & Christensen 1962, p.39; Booij 1970; Christmas &
Cross 1978; Mampe et al. 1978).

In position sensitive proportional counters, multiple scattering in
the entrance window or in the detector gas can also result in variations
in the resolution with energy for electron energies below 1 MeV (Yoshida
et al. 1978). '

.b) Efficiency )

) Another problem of gas filled chambers is caused by the energy
dependence of the detector efficiency as a resﬁlt/of the dependence of the
counting rate on the voltage across the chamber and the variation of this
dependence with the incident g particle energy (Mampe et al. 1978:
Christmas & Cross 1978: Knoll 1979, p.208).

¢) Slow Pulse Rise Time ' S e
The pulse rise times of gas filled counters are usually quite long

(of the order of microseconds) (Knoll 1979 p.204). Moreover, G.M. tubes

have dead times that are of the order of 50-200 ysec. These long dead

times limit the counting rates that can be handled with the detectors and
increase the importance of the corrections that have to be applied to
account for counting losses (Fujioka 1970: Booij 1970 p.37; Knoll 1979).



d) High Background <

The large volume of gas chambers results in high background
counting rates caused mainly by v rays (Graham et al, 1960; Wortman &
Langer 1963).

e) Cumbersome Design and Operation
The problems of breakage of the entrance windows, bulky gas flow

systems required for counter gas filling, counter gas composition and
purity all add to the complications associated with magnetic spectrometers.

2) Scintillators

Organic scintillators (anthracene or plastic) coupled to
photomultiplier tubes are quite commonly used as B detectors 1in
conjunction with magnetic spectrometers. The pulse height information
available from such detectors helps in discriminating against counts
caused by background radiation and scattered electrons (Lee et al. 1963;
Beekhuils & de Waard 1965; Van Klinken et al. 1968: Nagarajan et al. 1969).
The excellent timing characteristics of scintillators are quite useful in
coincidence work,

However scintillators also suffer from several drawbacks some of
which are listed below:

‘a) Sensitivity to y Rays

Due to the higher density of scintillators compared to gas filled
chambers, scintillators are more sensitive to vy rays incident on them.
Gamma rays scattered 1in the spectrometer or emanating from sources outside
the spectrometer can therefore add to the bacKground (Camp & Langer 1963;
Van Elmbt 1981).

b) Magnetic Field Effects
The sensitivity of photomultiplier tubes to magnetic fields 1s also

a cause for concern. The trajectories of electrons travelling from one
stage to another within the photomultiplier are particularly sensitive to
the existence of magnetic fields because of their low average energy (of
the order of 100eV) (Knoll 1979, p.298). The magnetic field of the
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spectrometer can therefore cause gain shifts in the photomultiplier tube.
These shifts will change with changes in the spectrometer's field as it
scans the B spectrum, resulting in energy dependent shape distortions (Van
Elmbt 1981, p.92).

Any magnetic shielding sche&e used for the photomultiplier tube
will interfere with the magnetic field of the spectrometer and disturb its
focusing properties (Graham et al. 1960; Antman et al. 1970). Using a
long light guide between the™scintillator and the photomultiplier to -
reduce such magnetic disfurbéhces 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 level
of the counting circuit. Such events will not be registered as counts in
the B8 spectrum. The fraction of monoenergetic electrons incident on the
detector which will not contribute to the count rate 1s a function of both
the energy of the incident electrons amd the discriminator level. The
high noise level in scintillation detectors necessitates the setting of
the discriminator at a high level and therefére 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 loss of counts through backscattering
from the detector can cause serious B spectrum shape deviations.
Corrections for this effect require an’extrapolation of the tail of
response function to zero energy in order to account for the number of
lost counts. Reasonably accurate knowledge of the shape of the detector's
response funétlon to B particles is needed in order to effect such

corrections (Paul & Hofmann 1963).

d) In-Flight Annihilation

In measurements of BT spectra, the in-flight annihilation of some

of the positrons incident in the scintillator and the subsequent escape of
the annihilation photons can also cause problems (Deutsch et al. 1977).
The problems are caused by positrons that annihilate before losing enough
energy 1in the detector to pass the detection threshold. Since the
probability of in-flight annihilation is dependent on the energy of the
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\*iﬁEZAent positrons (Azuelos & Kitching 1976) this effect will be energy

dependent as well. Furthérmore, because the phenomenon of in-flight
annihilation is peéuliar to positrons, it could lead to discrepancies when
positrons are measured with spectrometers that have beep tested using
negativé B particles (negatrons) only,

e) The Volatility of Anthracene in Vacuum

Beta spectra measurediw1th 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 8
particle detection. U51ng large crystals results in an increase in the
background count rate caused by scattered electrons and v radiation.
Defining the sensitive detection area with a baffle placed in front of the
detector results in a significant increase in electron scattering (Nichols
et al. 1961). ‘

f) Dependence of the Gain of PMT's on Count Rate

n The instabilities and variations of gain of photomultlpller tubes

with count rates are also serious problems which have to be tackled (Knoll
1979, pp.28-93).

3) Silicon Detectors

Silicon detectors are also used as eiectron counters in combination
with magnetic spectrometers. ' The simplicity of operation of these
detectors, their small size, low Y 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; Booij 1970; Antman et al. 1970).

Multidetector arrays can be conveniently built from silicon, and
these detectors can be used as position sensitive counters in magnetic
spectrometers with extended focal planes (e.g. V2 spectrometers). Such
an arrangement greatly reduces the time required 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 important difficulty; variations in momentum resolution and
transmission at the detectors' locations along the focal plane. These
variations in transmission and resolution result in variations in the
detection efficiency among the detectors and can therefore cause spectral
shape distortions if not corrected for. Determining the corrections that
have to be applied to the spectrum 1s a complicated procedure with a high
degree of uncertainty (Armini et al. 1967). .

The superior energy resolution of solid state detectors is
exploited in discriminating against 'electrons" scattered in the
spectrometer and background radiation reaching the detector. Most often,
solid state detectors employed in conjunction with magnetic B
spectrometers are used simply as counters. They are either coupled to a
discriminator and a scalar or used with an energy gate set on the detector
pulses by means of a single channel analyzer but without accumuilating any
pulse height information (Graham et al. 1960; Wortman & Langer 1963:
Langer et a'l-'. 1964; Antman et al. 1970; Fujioka 1970; Genz et al, 1976;
Hughes et al. 1980, p.88). However, by perfof}ning pulse height analysis
on the detector output pulses at edch momentum setting of the magnetic and
retaining only the couqts whose energy falls within the momentum setting
of the spectrometer, more effective discrimination against unwanted counts
-can be achieved (Hsue et al., 1966a; Rcbert et al. 1970).

The main drawback. of using silicon detectors 1s that their résponse
functions for B particies and their efficiencies at different. B particle
energies have to be fairly well-knov;m. In particular, the ratio of
electrons backscattered from the detector for different incident electron
energies has to be well-known in order to be able to correct for the part
of the low energy tail in the response function which falls below the
discriminator level (Booij 1970- Hsue et al. 1966b). If the
backscattermg of B partlcles from the detector is not taken into account,
~ spectral shape deviation w1ll appear, especially in the low energy part of
the spectrum (Langer et al. 1964; Hughes 1980, p.138).

The limited thickness in which silicon detectors are available
restricts the maximum energy of the 8 partlcles that can be studied. For

g particles whose range in silicon excetds the thickness of the detector,
the efficiency of detection decreases rather rapidly with ehergy and an
accufate knowledge of the response function is crucial (Nilsson et al.
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1967; Antman et al. 1970; Hughes 1980). Moreover, since the detector's
efficiency for counting g particles and the variation of this efficiency
with electron energy are dependent on the discriminator level, the setting
of this level and ensuring its stability during the long measurement time
is of great importance (Nilsson et al. 1967; Hughes 1980, p.138).

The determination of the detection efficiency, its dependence on 8
particle energy and the corrections that have to be applied to the
accumilated spectrum as a result, is a complicated task which can
introduce serious errors to the shape of the B spectrum (Hsue et al,
1966a,b; Nilsson et al. 1967; Booij 1970 p.38; Hughes 1980, p.138).

In all of the cases described above, the momentum of the B
particles is determined by .the magnetic field and the energy resolution of
the semiconductor detector is used only to distinguish counts resulting
from the focuséd electrons in the desired momentum range from scattered
electrons and background counts,

2.2 Hybrid«Spectrometers l
The use of silicon detectors in association with magnetic 8
spectrometers was developed further in hybrid spectrometers. Instead of

relying on the dispersion of B particles in the magnetic field to
determine their momenta, the energy resolution of the silicon detector is
used to measure the energy of the B particles. In effect, the silicon
detectors in this case are acting as multichannel electron spectrometers
while the magnet is used to transport the electrons from the source to the
detector, select a fairly wide range of electron momenta and suppress the
v ray flux incident on the detector. The magnetic spectrometer can )
therefore be operated in a high transmission mode without compromising the
overall resolution of the system. Thus 1n the same counting period it is
possible to accumulate a much broader portion of the spectrum with a
hybrid spectrometer than with a magnetic spectrometer of comparable
resolution, This is a clear advantage i1n measurements involving a
short-lived activity (Catura 1965). .

To collect a continuous g spectrum with a hybrid spectrometer, the
magnetic field is swept over the range of electron momenta of interest.
The pulse height information obtained from the silicon detector together
with the correspording magnetic field values are stored and from this data
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' the spectrum is reconstructed (Kantele et al. 1975)‘.

Some of the electrons incident on the silicon detector are
backscattered from the detector without depositing their full energy in
the detector. Furthermore, 1if the range of theﬁ incident electrons in
silicon exceeds the thickness of the detector, a certain fraction of the
incident electrons penetrate through the detector depositing only a
fraction of their energy there. These two effects give rise to a low
energy tail in the recorded spectra of monoenergetic electron lines and
result in a reductién of the full energy peak efficiency of the
spectrometer. In order to eliminate these two effects, counts in the
silicon detector are accepted only if the energy deposited within the
detector corresponds to a momentum Value which falls within \tﬁe momentum
window set by the magﬁetic field of the spectrometer. This 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 al. 1978). .

In addition to the problems that are particular to their type, ,
hybrid spectrometers suffer from many of the problems of both magnetic
spectrometers and semiconductor silicon B8 spectrometers. In common with
magnetic spectrometers they have the disadvantages of small transmission
(a few percent or less only) and the need to correct for source decay
during the accumulataon time so as to normalize to the same source
strength. Furthermore, the magnetic field value has to be determined
fairly accurately during 1ts sweep across the spectrun. The need for
these accurate magnetic field measurements comes about because some of the
corrections that have to be applied to the spectrum are dependent ‘on the
momentum of the focused electrons. One such correction results from a
basic property of magnetic “spectrome"ters, namely their constant (or near
constant) relative momentum resolution (Ap/p = constant). Because of
this, the absolute momentum resolution and therefore the absolite width of
the &ansmitted momentum range (i.e. the momentum window 4p) is a linear
function of the momentum of the transmlft;ed electrons (Catura 1965;
Westerberg et al. 1975; Kantele et al. 1975; Draper et al. 1978). Another
correction which requires knowledge of the magnetic field of the
° . spectrometer 1s the forementioned momentum gating of the energy- spectrum
collected by ‘the semiconductor detector. | ) . e
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The problem which hybrid spectrometers share with semiconductor
spectrometers is that of incomplete energy deposition of the B particles
1n the detector medium’ as a result of backscattering and bremsstrahlung

ﬁﬁ,,; radiation production. The ratio of electrons depositing their full energy

~ to the total number of incident electrons is depende& ‘on {he energy of
the incident electrons (Berger et al. 1969). Thus if the energy spectrum
registered by the semiconductor detector is collected in a singles mode,
then these incomplete energy absorption events will cause a shift in the
spectrum from higher to lower erIergles and result 1n considerable
distortion to the spectrum. Correcting the spectrum for this effect
involves an accurate }inowledge of the response of the semiconductor to
monoenergetic electrons over the full range of enercjies under study, which
is certainly not easily obtainable., If, on the other hand, the energy
spectrum 1s gated with a momentum window (as described above) the
efficiency of the spectrometer system will be dependent on the energy of
the transmitted electrons. The variation in efficiency with energy has to
be precisely determined and corrected for (Kantele et al. 1975).

The use of silicon defectors in hybrad spectrometers limits the
maximum energy of the B trapsitions that can be studied with these
spectrometers since silicon spectrometers are available up to a sensitive
thickness of 5 mm only. This thickness corresponds to the range of
electrons of 2 MeV i1n silicon (Berger et al. 1969). Abov;e this en ,
the full energy peak efficiency of the detector drops sharply and the
detector 's response to monoenergetic electrons becomes even more
complicated (Nilsson et al. 1967; Berger et al. 1969 and references
therein). Because of this phenomena ard because of the uncertainties in
the corrections that have to be applied to the spectrum, hybrad
spectrometers have only been rarely used to measure the continuous beta
spéctra of decaying nuclei (Kantele et al. 1975). Their use has been
largely confined to internal conversion_electron studies, especially
on-line or in-beam (Westerberg et al, 1975: Draper et al. 1978; Lountama
et al, 1979; Mladjenovic 1979 and refeFences therein).

<

2.3 Energy Deposition Spectrometers

These spectrometers operate on the principle of measurement of the

energy deposited by the incoming radiation in the detector material. One.
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method of measuring the deposited energy is ‘to count the number of photons
that are produced in a scintillating medium due to the interaction of
radiation with the medium (scintillation spectrometers). Alternatively, ’
the deposited energy can be measured by counting the number of charge
carriers (amount of 1onization) produced by the incident particle during
its interaction with an absorbing medium (proportional counters and solid
state detectors).

Both of these methods of detectl\ and energy measurement lend
themselves to the constructlon of multichannel devices where a wide range
of energies can be measured simultaneously. This is an attractlve feature
of energy deposition spectrometers (energy sensitive detectors) which
considerably shortens the amount of time required to measure a B8 spectrum
to a given statistical accuracy. As a result of the shorter measurement
times, multichannel instrumentsu are quite useful in studies of short-lived
muclei. They also suffer less than single channel instruments from time
dependent background counting rates and from the effects of contaminant

+build up 1n the radioactive source (Cambi et al. 1972).

Furthermore, since the full B spectrum 1s reccorded duraing a single
measurement, there is no need for normalizing the spectrum to the source
strength.

Beca of the multichannel nature of energy deposition
spectrometers and the possibility of using them in geometries where the
solid angle of detection is large, the.source strengths that are required
are usually less than those needed for magnetic spectrometers. Therefore,
problems with source thickness and uniformity are not as severe as in the
case of magnetic spectrometers. Finally, source shape, size, and
positioning 1s not as critical as in the caée of magnetic spectrometers.

All of these desirable features of energy sensitive detectors make
them quite attractive for use as B spectrometers in studies of nuclei far
from stability. o

In order for an energy deposition spectrometer to make a good 8 ray
spectrometer 1t must have the following characteristics:

1} Linearity
The output pulse generated by the spectrometer must be proportional

to the energy deposited in it or at least the relationship between the
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deposited energy and the generated pulse has to be well-known. It is also
preferable if height of the pulse generated per unit energy deposited in
the detector is independent of the type of radiation that deposited the
energy in the detector since this will greatly simplify the task of
calibrating the B spectrometer.

S

2) Size i
The spectrometer should have dimensions large enough to completely
stop B rays of different energies within the range of interest.

3) High Efficiency

The spectrometer should be employed in’a high transmission
arrangement and have as high an efficiency as possible for the detection
of the full energy of the g particles incident on it.

4) ¥ Ray Suppression

The spectrometer should be able to suppress the detection of other

" types of interfering radiation, especially v rays.

2.3.1 Spectra Distortions Associated with Energy Deposition Spectrometers

~

2.3.1a Distortions Caused by the Response Function of the Detector
The pulse height spectrum generated by an energy sensitive detector

when monoenergetic particles are incident on it is commonly known as the
response function of the detector. An ideal response function would be a
delta function at &n energy equal to that of the incident particles.
Howeve.r; the response function of energy deposition spectrometers to B8
particles is far from having such an ideal shape. It is this departure
from the ideal response function shape that is responsible for some of th’e
distortions to the shapes of B spectra measured with energy sensitive
detectors. These distortions are serious enough that g spectrum |
measurements made with energy sensitive detectors are practically useless
without the application of correction techniques to\gccount for the
particular shape of the response function of the spectrometer in use.

Contributions to the shape of the response funétion come mainly
v
\

R

from:



\

1) Resolution N

When an energy sensitive detector is irradiated with monoenergetic
B particles, the amplitudes of the pulses generated by the spectrometer
will not all be the same. Part of this variation in pulse amplitude is
due to the finite resolution of the spectrometer which is caused by the
statistical fluctuations arising from the discrete nature of the energy
conversion and detection method, and by the random noise within the
detector and the electronic instrumentation associated with it.

2) Incomplete Energy Deposition

Another cause for the pulse amplitude variation i1s the incomplete
deposition of the full energy of the g particles in the detector material
since only a fraction of the impinging monoenergetic g particles deposit
all of their energy in the detector. This fraction depends on the
dimensions of the detector, the material from which it is made, the energy
of the incident B particles and the geometry of the detector with respect
to the incoming electrons. The incomplete energy deposition is caused

mainly by: -

(a) Backscattering of the B particles from the detector. -The low mass of
the electrons causes them to be easily deflected from their original
direction during their interaction with matter. Thus an electron entering
the detector might undergo sufficient deflection (usually after several
scatterings in the detector) to emerge from the same surface through which
it entered, before 1t had deposited all of its energy in the detector.
This phenomenon is termed backscattering.

The ratio of the number of backscattered B particles to the number -
of incident B particles is called the backscattering coefficient. As the
thickness of the stopping material increases so does the backscattering
coefficient until it reaches a saturation value. For normally incident 8 .
particles, the saturation i1s reached when the thickness of the stopping
material is about half the range of the incident B particles in the
material (Knop & Paul 1965 Fig. 7, p.9).

The saturation backscattering coefficient depends on the atomic
number (Z) of the absorber and the energy of the 8 particles. It is
. highest for high Z materials, low energy incident B particles and large
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angles of incidence (angles measured with respect to the detector's
surface) (Morozov 1973; Seltzer & Berger 19745 lKanl 1979, p.61-62).
Tabata et al. (1971) and Kuzminikh & Vorobiev (1975) give empirical and

" calculated expressions for the variation of the backscattering coefficient
with the Z of the stopping material, the energy ‘of the incident B
particles and the angles of incidence.

(b) The escape of bremsstrahlung photons out of the detector.’
Bremsstrahlung is the electromagnetic radiation emitted by charged
particles (g particles in this case) as they decelerate during their
interaction with the detector material. Due \to the statistical nature of
the photon interaction with matter, some of this bremsstrahlung egcapes
from the detector resulting in incomplete energy deposition for the
incident B particles. The fraction of electron energy converted into
bremsstrahlung in an absorber increases with an increase 1in the energy of
the incident electron and with an increase in the Z of the stopping
material (Knoll 1979, p.20-21, 57).

(c) Transmission through, or sidescattering out of the detector. In the
case of detectors with dimensions smaller than the range of the incident 8
particles in the detector material, only a fraction of the particles will
be stopped in the detector. The rest of the B particles are scattered out
of the sides of the detector or pass through it before losing all their
energy. The fraction of g pargticles stopped in the detector decreases as
the energy of the g particles is increased, if the dimensions of the
detector are held constant (Berger et al. 1969; Antman & Svahn 1970:
Morozov 1973; Lund & Rudstam 1976; Noma et al. 1983; Bom 1984).

Shape of the Response Function

Due to the effects mentioned above, the shape of the response
function of energy sensitive detectors to electrons is different from that
of the ideal delta function. The electron response function of these
detectors is usually made up of a full energy peak which represents counts
from detector pulses generated by electrons that deposit all their energy
in the detector, and a low energy tail which extends from the full energy
peak to zero energy. The low energy tajl results from pulses generated by
electrons that have not deposited all of their energy in the detector
(Energy lost through bremsstrahlung, backsctter, sidescatter and
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transmission). The width of the full energy peak depends on the
resolution of the spectrometer. Therefore for low resolution spectrometers
(8uch as scintillators) some of the counts in the '"full energy peak' may
result from events in which some of the electron's energy was lost through
bremsstrahlung, but which are not resolved 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,
all of the phenomenon described previéusly for electrons are present
although their relative contributions may be different from those in the
case of electrons (Knop & Paul 1965 p.9: Sen & Patro 1966: Antman & Svahn
1970; Knoll 1979 p.62). In addition, the effects of the production of
anhihilation radiation, and the subsequent absorption of some or all of
the annihilation energy are present as well., After the positrons are
stopped in the detector, they annihilate with electrons from the detector
material producing two photons of 511 keV energy each, travelling in
opposite directiong. There is a finite probability that some or all of the
energy of one or both of these photons will be deposited in the detector.
Since the deposition of this annihilation radiation 1is coincident with the
deposition of the positron's kinetic energy, they will add up and appear
as one signal with a pu_l\sé-‘ height proportional to the sum of the energies.
This summing can also tal{é place when the positron is stopped in the
detector but some of 1ts kinetic energy 1s lost through the escape of
bremsstrahlung radiation from the detector medium. Another possibility is
that of in-flight annihilation of the positron in the detector material,
after it has deposited only a fraction of its kinetic energy in the
detector. Again some or all of the annihilation energy can sum up with
the deposited kinetic energy. ,

Therefore, the response function of energy sensitive detectors to
positrons 1is more complicated than tha%: for electrons. In addition to the
full energy peak and the low energy tail ( the shape and height of which
are different from those in the electron case), the response function to
positrons has a high energy portion which extends from the full energy
peak to an energy of 1022 keV above the peak as a result of the summing of
the annihilation radiation energy (Cramer et al. 1962; Beck 1969; Kaina
1977; Rehfield 1977; Johnston et al 1981; Cﬁfford 1981: Avignone et al.
1983; Bom 1984).

-
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2.3.1b Distortions Resulting from the Multichannel Nature of the
Spectrometers ' ‘ ‘

1) Coincident Summing

The g decay of a parent nucleus quite often is followed by the
emission of coincident vy rays from the daughter nucleus. Because of the
sensitivity of energy deposition spectrometers to vy rays, the summing of
some or all of the energy of a vy ray coincident with the B ray results in
serious distortions to the g spectrum (O'Kelley 1961 p. 426, 430). The
importance of this effect depends on the solid angle of detection and the
v ray efficiency of the detector. , '
2) Random Pile-Up

This is anothgr suming effect which results from the accidental

addition of two separate pulses originating from two non-coincident
radiations thatnhappen to be detected withir} a time in‘terval, shorter thanjl
the resolving time of the spectrometer and the associated electronics i
(O'Kelley 1961 p.431). The pulse height generated by the laddition will

¢ depend on the heights of the inividual pulses; ard their time separation.
The importance of this effect increases as the count rate is increased
(knoll 1979).

2.3.1c Distortions Caused by g Particle Scattering

The combination of the energy analysis and the detection functions
in one component in energy deposition spectrometers results in other
problems as well.

Q0 The passage of the B particles in any material intervening between
the radicactivity and the detector (such as detector dead layers,
electrical contacts, windows, reflectors, finite thickness of the
radioactive source, etc.) results in energy losses and degradation. The
eénergy loss of the B particles depends (among other things) on their
initial energy and the angles of incidence (Knop & Paul 1565). Such an
energy loss will theréfore result in distortions to the shapes of B
spectra (Gardner & Meinke 1958; Crameret al 1962; Dakubu & Gilboy 1978;
Clifford 1981).
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At low B particle energies (below 100 keV), the ahsorption of B
particles in the intervening materials also becomes a source of
distortions (Persson 1964, Jacobs et él 1967). Another distorting effect
arises from the detection of B‘partlcles reaching the detector after their
energy has been degraded by scattering from objects in the vicinity of the
‘source or detector (such as collimators, source holders, chamber walls,
etc.) (Bertolini et al 1969: Cramer et al 1962: Persson 1964: McMillan
1970; Ishii 1975; Kaina et al. 1977; Dakubu & Gilboy 1978; Borovoy et al.
1979; Clifford 1981: Bom 1983). Even elastic_ally scattered g particles
reaching the detector will result in distortions to the shape of the B
spectrum since the probability of such scattering 1s energy dependent and
therefore the efficiency of the‘spectrometer system will be dependent on
the energy of the incident g particles.

Similarly, if the source-detector combination is placed in air (er
any other gas) rather than vacuum (as is the case in many scintillation
spectrometer arrangements), then energy losses experienced by the g
particles, the absorption of some of the g particles in the gas, and
changes in the efficiency of the spectrometer due to scattering in the gas
will all result in g spectrum deviations, especially at low energies (Bisi
et al. 1956; Gardner & Meinke 1958; Bosch & Urstein 1963: Kennett & Keech
1963; Nicler & Bell 1965; Persson 1964: McMillan 1970).

In the case of positrons, annihilation photons can be produced
during the scattering and stopping of positrons in any material in the
vicinity of the source or detector (Hoyle et al. 1983). These photons
represent a potential source of y ray background that have to be taken

into account.

2.3.2 Types of Energy Deposition g Spectrometers:

2.3.2a Proportional Counters

High pressure proportional counters have been used to study B
decays with endpoints below 1.5 MeV (Fulbraight 1955). However, their poor
energy resolution ( /12% for a well designed counter Wu & Geoffrion 1960),
the large detector dimensions needed to stop high energy g rays (due to .
the low density of gases and therefore the iong range of energetic B8
particles in them (Knoll 19?79 p.359) ), make them unsuitable for precise B

£
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spectrometry.

The cumbersome problems involved in the design and operation of
proportional counters render them unviable options as g8 spectrometers,
especially for accurate spectroscopy in regions far from stabilaty. These
difficulties include: v ray background in the counters due to their large
volume, poor linearity, deperndence of pulse height on count rate, slow
pulse rise time, and the necessity of introducing the sources internally
into the high pressure chambers since thick walls are needed 1n order to
withstand the pressure differential (Fulbright 1955; Wu & Geoffrion 1960;
Wortman & Langer 1963: Curran & Wilson 1965; Knoll 1979).

2.3.2b Scintillators

Solid scintillators, both plastic (organic) and crystalline
{organic and inorganic), coupled to photomultiplier tubes (PMT's) have
been often used in 8 spectrometry.

In compariscn w11;h proportional counters, the higher de;151ty of the

solid scintillators makes them suitable for the manufacture of 8
spectromeée.rs of reasonable dimensions even for high energy B particles.
The excellent timing characteristics of scintillators (especially organic
plastics) are quite advantageous 1n B spectroscopy applications especially
1n coincidence experiments (O'Kelley 1961: Bosch & Urstein 1963; Birks
1964 pp. 370-—375; Neiler & Bell 1965).

However, solid scintillation B spectrometers suffer from several

Adrawbacks which lessen their usefulness as tools for precise B

spectrometry. Some of these drawbacks are: their modest resolution, the
non-linearities that are inherent 1n the operation of PMT's (Cramer et al.
1962; Knoll 1979 p.290), the dependence of the gain of the PMT on theJ
count rate in the spectr&méter, instabilities and long term drift in the

gain of the PMT, and the non-linear energy response of scintillators.

1) Resolution

Among these drawbacks, the.major shortcoming of scintillators is
perhaps their poor resolution caused mainly by the statistical spread in
the heJ:ght of the pulses generated by the spectrometer. The chain of

events which must take place 1n converting the incident radiation
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to light and the subsequent generation of an electrical signal involves
many inefficient steps. The most important of thesé steps is the
conversion of scintillation light to photoelectrons by the photocathode
of the PMT. At this point the number of information carriers
(photoelectrons) is at a minimum and therefore the statistical
fluctuations in this number are most significant (Knoll 1979 pp. 334-338,
p.359). As a result of this, the typical 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. 1962; Rhode & Johnson
1962;:Bosch & Urstein 1963; Snyder & Beard 1964; Sen & Patro 1966: DiCola
et al. 1967; Munnich 1980; DeBeer et al. 1970: Clifford 198l1). The
resolution of anthracene, stilbene and NaI(Tl) crystals is a few percent
better than that of plastics as a result of the higher scintillation
efficiency of crystalline scintillators in comparison with plastics (Bis;
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 unlike magnetic spectrometers, the resolution of
scintillation spectrometers i1s dependent on the energy of the incident B
particles (Bosch & Urstein 1963). The resolution ( AE/E) 1s usually .
proportional to E ~Y* (E= energy absorbed in the scintillator) (Gardner
1960; O'Kelley 1961 p.428; Cramer et al. 1962; Birks 1964 p. 370; Sen and
Patro 1966: Beck 1969: Wohn et al. 1972; Otto et al. 1979:; Tsoulfanidis
1983 p. 407). The E Y* energy dependence 1s a direct consequence of the
fact that the major contribution to the resolution comes from the
statistical fluctuations 1in the number of photoelectrc;ns. Departures
from the E "™ dependence of resolution on energy have been observed
(Ricc1 1957: Persson 1964). This 1s usually the result of the
contribution of light collection efficiency to the resolution.

The poor resolution of scintillation spectrometers results in
distortions to the shape of the B spectrum, particularly at the low and
high energy ends of the spectrum (Gardner & Meinke 1958: Cramer et al.
1962; Wenninger et al. 1968). The distortions of the high energy portion
the B spectrum have adverse effects on the accuracy with which the
endpoint of the B spectrum can be determined (Bisi et al. 1956; Garder
1960; Persson 1964; Slavinsakas et al. 1965: Sen & Patro 1966: Wohn et al.
1972; Girard & Avagnone 1978; Bom 1983). Deconvolution techniques are
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required to correct for these resolution 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; Persson 1964; Snyder & Beard 1964; Worman & Cramer 1964; Slavinskas
et ai.1965; Rogers & Gordon 1965; Jacobs et al. 1967; DiCola et al.1967;
Klyuchnikov et al. 1968; Beck 1969; Wohn et al. 1972; D'Auria et al. 1976
Stippler et al. 1978; Otto et al. 1979; Clifford 1981; Wouaters’&s.et al.
1983). For the application of these deconvolution techniques, the
variation in the resolution as a function of energy has to be known or
measured (DiCola et al. 1967 and references therein: ngulfanidis et al.
1969). Moreover, these corection methods tend to fail at low enérgies
(below 100 to 200 keV) due to the deterioration in resolution at low
energies, thus limiting the range of energies over which the spectrometer
can be useful (O'Kelley 1961; Bertolini et al. 1964; Nieler & Bell 1965,
DiCola et al. 1967).

Q
2) Non-linearities and Calibration Problems

The non-linearity of scintillatién 8 spectrometers is another
important shortcoming. The non-linearity results mainly from variations
in the scintillation efficiency with the energy of incident electrofis
(especially in inorganic crystals: Birks 1964 pp. 431-437; Knoll 1979
p.259 p.338), or from variations in light collection efficiency with g ray
energy (especially in large plastic scintillétors*;\ Gardner & Meinke
1958; Cramer et al. 1962; Wohn et al. 1972).

The non-linearities, gain drifts and instabilities in scintillation
spectrometers are all potential sources of considerable distortions in
measurements of B spectra .\ These effects are quite hard to detect because
of the continuous nature of the 8 spectrum. Determining the
non-linearities of scintillation spectrometers and correcting for them or
in fact even obtaining a simple energy calibration of these
spectrometers(especially organic scintillators) is quite a difficult task.
At ener{;ies below 1 MeV where conversion electron sources are available
for calibration, the resolution of the spectrometers is usually poor
enough that the K and L conversion lines overlap resulting 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 lines but also their
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relative intensities in order to reconstruct the doublet peak (Rhode &
Johnson 1962; Wohn et al. 1972; Borovoy et al. 1979). Alternatively, X
ray coincidence technigues have tl) be used in order to distinguish the K
and L conversion lines (Persson 1964; Snyder & Beard 1964: De Beer et al.
1970). '

Ancther problem of calibrating with ‘conversz.on electrons is that
calibrations obtained with electrons are not valid if the spectrometer is
to be used to study positron spectra. The differences between positrons
and electrons in the energy loss per unit path length in the scintillation
material result in differences in the scintillation response (or
efficiency) of the spectrometer for the two different types of B8
particles. This 1n turn results in different output pulse heights for the
same deposited energy depending on whether the energy was delivered by
electrons or positrons. Furthermore, the difference'ﬂbetween the two
calibrations is a function of the deposited energy (Rhode & Johnson 1962).

At energies higher than 1 MeV the calibration problem is
complicated by the lack of convenient high energy conversion electron
sources, At these energies, both Compton edges of high energy y rays and
endpoints of B spectra have been used for calibration (Bisi et al. 1956;
Gardner & Meinke 1958; Cramer et al. 1962; Beck 1969; Wohn et al.-1972;
Bosch et al. 1973; Stippler et al. 1978; Wouters et al. 1983 Hoyle et él.,
1983). One problem that 1s experienced when the Compton edges of ~ rays
are used for calj_brgtion is the difficulty in defining the location of the
Compton edge due to the poor resolution of the scin‘tillatlon spectrometers
and the high intensity of the Compton continuum (below the Compton edge) )
due to muli;ible v ray scatterings in the scintillator (Ricca 1957; Cramer
et al. 1962; Beck 1%69; Wohn et al. 1972). Another problem criginates
from the fact that yrays illuminate the whole volume of the scintillator
while the g particles are confined to certain regions of the scintillator
(especially wixen collimators ares used). In addition, the g particles
penetrate only to a well defined depth in the scintillator which is
determined by their range in the scintillating medium while the Y rays
interact éssentially with the whole sc:;ntillator. Therefore , ‘the '.
existence of any differences in the different regions of the scintillator
as to the efficiency of their optical coupling to thg photocathode ‘will .
result in differences between the y ray calibration and

2
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the appropriate calibration for B rays (Cramer et al. 1962).

The’use-of B endpoint measurements for calibraélon is hampered by
the lack of an adequate set of previous accurate endpoint measurements for
decays that are convenient to use 1n calibrating the spectrometer (Ricci
1957). Another difficulty results from the need to use an 1terative
procedure to obtain the energy calibration. This 1is because the-
calibration B8 spectra have to be corrected for the spectrometer's resporise
function and such correction techniques in turn require knowledge of the
calibration (Wohn et al. 1972: Wohn & Talbert 1978; Clifford 1981 p.41).

Monoenergetic electron or positron b&ams from acceleratérs or
magnetic spectrometers have alsc been used 1n calibrating scintillation B
spectrometer (Kaina et al. 1977; Stippler et al. 1978; Otto et al. 1979;
Pahlmann et al. 1982). This method suffers from the problems of
reproducing the same experimental condition during calibration as those
prevelant at the time of B‘spectra accumulation (angles of i1ncidence of
particles on detector, stray magnetic fields from the accelerator or the
magnetic spectrometer, electroniq settings, etc.).

The high efficiency for y ray detection of inorganic scintillation
g spectrometers (especially Nal{Tl) crystals) is often exploited in
calibrating these detectors using the full energy peak that results from
the absorptlon of all the energy of the 4 ray in the detector ( Der
Mateosian ard Smith 1952: Lewis 1952: Leutz & Ziegler 1962; Wenninger et
al. 1968). The drawback of this techmique is the uncertainty in the
calibration which results from differences in the scintillation efficiency
of the detector for ¥ rays and electrons of the same energy (Birks 1964
pp. 431-437: Knoll 1979 p.259,338). Differences 1in the scintillator
volumes illuminated by the y rays and B rays that were mentioned before
can result in differences between 8 ray & y ray calibrations as well.

3) Reflector Thickness -
In most scintillation spectrometers, the B particles have to
traverse the thickness of a light reflector that surrounds the

- scintillator before depositing their energy in the spectrometer. Such a

reflector is necessary for the efficient collection of the scintillation
light. However, its presence represents a dead layer which will result in .
distortions to the shape of the spectrum due to the energy loss and

&
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absorption of low energy g particles. Special care and attention are paid
‘to minimizing its thickness (Persson 1964: Jacobs et al. 1967: Beck 1969:
Titus 1970; Clifford 1981),.

Inorganic Scintillators

Thallium activated alkali halide crystals (eg. NaI(Tl), RbI(T1),
CsI(T1)) have been sometimes used as B spectrometers (Lewis 1952, Der
Mateosian & Smith 1952; Egelkrat & Leutz 1960, 1961; Leutz 1961: Leutz &
Ziegler 1962; Nieler & Bell 1965; Sen & Patro 1966: Wenninger et al. 1968;
Kaina et al. 1977). Among these, NaI(Tl) crystals are probably the most

- 'popular.

The high atomic number of the Iodine (Z=53) 1in these crystals amd
the high density of Nal (3.67 g/am®) (Knoll 1979 p.257) causes them to
have a high efficiency for the detection of ¥ rays (0O'Kelley 1961). This
high y ray efficiency enables one to monitor the calibration and control
the stability of the spectrometer by monitcring the position of a vy peak
from a radioactive source (Kaina et al. 1977). '

On the other hand, the high effective Z of these crystals has some
detrimental effects as well. o

1) y Ray Background °

The high ¥ ray efficiency results in a large y ray background that
is superimposed on the v spectrum, problems with large B-+ summing (random
& coincident) and large summing probability for the annihilation radiation

energy in the case of positrons.  In fact, because of the high y ray
efficiency of these crystals they are ineffective for use as B
spectrometers except 1n cases where the B decys are not accompanied by ¥
ray emission or where very effective y ray suppression methods are used.
In the case of positron emission, special techniques to eliminate the
effects of 511 pile-up are used (Wenninger et al.1968).

2) Increased Production and Escape of Bremsstrahlung Radiation

The higher Z of incrganic scintillators results 1n a larger cross
’sectlcn for the production of bremsstrahlung_radiation during the stopping
of g particles in the crystal. The high Z algo results in a higher cross
section for reabsorption of this radiation. Nevertheless, the net
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fraction of the incident electron energy that escapes from the stopping
medium in the form of bremsstrahlung radiation increases with Z almost
linearly (Berger & Seltzer 1965, 1968). This causes the response function
of NaI(Tl) to electrons to depart considerably from the ideal form.

3) Increased Backscattering

Since the fraction of backscattered electrons increases with 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 scatter out of
the detector before losing their full energy (Bosch & Urstein 1963; Neiler
& Bell 1965: Sen & Patro 1966; Titus 1970). This renders inorganic
scintillation crystals useless as B spectrometers unless the adverse
effects of backscattering are overcome. To achieve this, several
different approaches have been tried:

a) Internal Sources

The use of internal sources in inorganic scintillators has been
accomplished by i1ncorporating radioactive atoms into the crystal structure
of the scantillator during the crystal growing process {Lewis 1952:
DerMateosian and Smith 1952; Egelkraut & Leutz 1960, 1961: Leutz 1961;
Leutz & Ziegler 1962; Nieler & Bell 1965; Wenninger et al. 1968). This
technique eliminates the spectral distortions that are usually causéd by
the radioactive soyrce and by’ the scattering of B particles in w::Lndcus and
dead layers and allows for the extension of the spectral measurements to
very low energies. It also provides for high efficiency counting of the
radiocactivity (essentially 4x efficiency).

There are several shortcomings that are inherent to this technique.
Among these 1s the obviocus difficulty of estimating the influence of the
background counts due to sources of radiation external‘ to the detector on
the g spectrum. Another problem 1s the escape of g particles through the
surfaces of the crystal before they have deposited their full energy in
the scintillator (DerMateosian & Smith 1952). To reduce the effects of
this phenomenon on the shape of the B spectrum, the volume of the
scintillation crystal has to be made as large as possible in order,to
reduce the surface to volume ratio and therefore the probability of B8
particle escape (Wenninger et al.1968\) - The use of a larger crystal also
results in less bremsstrahlung escape but 1t would complicate the problems




~56-

F

of v ray backrjround and B-v summing.

An important drawback of the use of internal sources is the high
probability of coincident summing of v rays, ‘annihilation photons and
conversion electrons with g particles. This high probability stems from
the large solid angle (practically 4x) in which the activity is counted
(O'Kelley 1961: Nieler & Bell 1965). ’

The difficulty of measuring the response function of internal
source spectrometers to B particles is also a cause of trouble. The
contributions to the response function of these spectrometers come mainly
from the poor resolution and bremsstrahlung radiation losses. Simulating
the effects caused by the distribution of the B activity throughout the
crystal is nearly impossible. .

The main failure of the technique of internal sources is its
non-versatility since it is applicable only to a few elements and of these
only fairly long-lived isotopes (several days at least) can be studied.
b) 4x Geometry

This method is somewhat similar to the previous one. Here the
radioactive source is completely sandwiched between two NaI(Tl) crystals
such that electrons backscattered from one detector will werx:tfti:r the second
one and deposit their energy there (Bannerman et al. 1951: Ketelle et al.
1956). The two crystals are viewed either by one or two photomultiplier
tubes and the coincident signals from the two halves are summed.

A more detailed discussion of 4x B spectroscopic techniques will ke
given in the sections dealing with organic scintillators and silicon
detectors. Suffice to mention here that the use of NaI(Tl) crystals in a
4x geometry results in the same type of problems that are experienced by
the two other types. The problems are further complicated by the high, y
ray efficiency of NaI(T1l) crystals and therefore the higher probability
for summing of coincident y and X rays. The high Z of Nal crystals also
aggravates the problems associated with bremstrahlung production and
escape and backscatter losses due to the imperfect attainment of the 4x
geometry. ‘

The technique of 4x counting in Nal crystals has not found many
'applicatxons in g spectroscopy. It has been used mainly to increase the
efficiency foCcoincment summing and thus to help in establishing the
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relationshipé between different radiations emitted from the same isotope
which in turn help to.clarify the decay scheme. The technique has been
applied mainly to internal conversion elec?ron studies.

“V_E) Antibac!/(scattering Veto Detectors

To reject electrons backscattered out of a scintillation crystal,
special detectors surrounding the crystal and opera ed in an
anticoincidence mode with the scintillation spectrometer have been used
(Kaina 1977).

In addition to the obvious complexity of such an arrangement, it
also suffers from low efficiency as a result of the small solid angle left
available after the installation of the veto detectors, Vl;:‘.g effective
rejection of backscattered electrons is to be achieved. 'I’he high
backscattering coefficent of Nal also implies that the majority of counts
are rejected as a result of backscattering.

Since the ratio of backscattered to incident electrons depends on
the energy of the dincident electrons (Titus 1970), the efficiency of a
system with antibackscattering veto detectors ‘:lill be energy dependent and
has to be accurately determined.

d) The Triple Coincidence Method

This method is applicable only to positrons. It attétnpts to
eliminate the effects of backscattering by demanéing a coincidence between'
pulses generated by the positrons in the B scantillator and the pulses
generated by the two annihilatiori photons in two ¥ ray detectors placed
close to the g scintillator (Sen & Patro 1966). Thus counts are
registered only 1f they result from positrons that have annimlated' inside
the g spectrometer. A detailed discussion of the problems of this
technique 1s given in Appendix B. ’

Finally, a problem that is particular to NaI(Tl) crystals 1s caused
by their hygroscopic nature. As a result, they have to be kept in a dry
atmosphere or in vacuum at all times and are therefore usually
encapsulated 1n a protective enclosure with fairly thick entrance windows
(0.3 mm Al in the work of Kaina 1977). The passage of B particles through
such a window results in considerable distortions tc the g spectrum (Bosch
& Urstein 1963). '
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Organic Scintillators
Organic scintillators, including pure crystals and liquid or solid

(plastic) solutions, are perhaps the most popular type of B spectrometers
in use. Their fast flourescence decay time (in the nanosecond range) is
very useful for fast timing apphcatmns (O'Kelley 1961 p.241). It also
allows one to operate oxlgamc scmt:.llat:.on spectrometers.at high counting
rates without the adverse effects of random pulse pile-up {Iafigliola et
al. 1983a).

The low effective atomic number of organic scintillators (see ,
Tsoulfanidis 1983, Table 6.2 p.202) results 1n a considerable reduction in
the ratio of backscattered to incident electrons in comparison to
inorganic scintillators and semiconductor detectors (O'Kelley 1961 p. 421,
. 425; DiCola et al. 1967; Titus 1970; Knoll 1979 pp. 61-62)., Since the
cross section for bremsstrahlung production also decreases with a decrease
in 2 (Knoll 1979 p. 57) less energy 1s lost from the detector through this
mechanism as well (Berger & Seltzer 1965, 1968). Furthermore, because of
the low effective Z of organic scintillators and their low density
(Anthracene 1.25 g/cm 3 plastics v1g/cm® see Knoll 1979 table 8-1 pp.
246-247), the probability of y ray interaction per unit thickness of the
detector is smaller i1n organic scintillators than in semiconductor or
inorganic scintillation spectrometers.

Anthracene (a crystalline organic scintillator) was an early
favourité for use in g spectroscopy. However, it has been largely
replaced by organic plastics because of the problems 'associated with 1ts
usage, The main problems which are encountered with anthracene are its
volatility in vacuum (Nieler & Bell 1965 p.251), its fragility, and the
deperdence of its scintillation efficiency: on the orientation of the
directions of the incident electrons with respect to the crystal axis
(Knoll 1979 p.243).

Organic plastic scintillators are widely used as g spectrometers 1in
studies of nuclei far from stability and especially for QB measurements in
these nuclei (see for example Cramer et al. 1962; Beck 1969; Wohn et al.
1972; Westgaard et al. 1972; D'Aura et al. 1976; Stippler et al.
1978;Davids et al. 1979; Otto et al. 1979; Munnich 1980;Pahlman et al.
1980; Clifford 1981; Johnston et al. 1981; Della Negra et al. 1982; Detraz
et al. 1983; Wouters et al 1983; see also CERN 1970, 1976, 1981: AMCO S:

¢




-59-

AMOO 6). The low cost of plastic scintillators, their ruggedness,
availability in practically any size and machinability to any desired
shape have made them quite popular (Gardner & Meinke 1958; O'Kelley 1961
p.420, 425; Cramer et al. 1962).

However, these organic scintillators suffer from several drawbacks
that limit their usefulness as precise B spectrometers. One of these
drawbacks is the problem of ¥ sensitivity. As mentioned before, organic
scintillators have a low v ray interaction probability per unit thickness
of the detector. Nevertheless, because of the low density of plastic
scintillators, detectors manufactured from this material have to have
large dimensions in order to be able to stop high energy B particles
within the detector volume., The larger volumes result in high y ray
sensitivities as will be illustrated below (see also Gardner & Mienke
1958). ‘ .
For 10 MeV electrons incident on a typical plastic scintillation B
spectrometer (made 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 1 MeV y ray is about 30% (Data
taken from Nuclear Enterprises 1980). The same 10 MeV electrons have a
range of about 1 cm in germanium ( Haller & Goulding 1981)% A germanium
detector of this thickness interacts with about 25% of a beam of 1 MeV
photons incident on it (Haller 1982). Thus the 4 sensitiviy of large
plastié scintillators is just as important as that of germanium detectors
(Padro 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—Compton ratio for y rays is smaller in plastic
scintillators. This, combined with the poor resolution of scintillators,
causesithe effects of y ray contamination of the continuous g spectrum to
be morerdifficult to detect and correct in organic scintillators than in
Ge detectors (Padro et al. 1977 and figure 4 therein). For these reasons,
an effective v ray suppression teéhnique has to be used in conjunction’
with the use of organic scintillators as B spectrometers.

In addition to the problem of ¥ senéitivity and the problems
mentioned in the beginning of this section such as difficulties with
calibration and linearity, and poor resolution, organic scintillators
(like all energy deposition B spectrometers) suffer from distortions of
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the B spectra caused by electrom backscattering.

Because of the dependence of the ratioc of backscattered to
inicident electrons on the energy of the incident electrons.and the angles
of incidence (Titus 1970), estimates for this ratio in different 8
scintillation spectrometers tend to vary dep'e'ldlng on ‘the source detector
geometry ard the energy range of interest. Values given in the literature
range all the way from 4% to 35% for energies below 1.5 MeV and angles of
. incidence ranging from normal to the surface of the detector to 70° to
the normal (Freedman et al. 1956; Gardner & Meinke 1958; Bertolini et al.
1960; Cramer et al.1962; Bosch & Urstein 1963; Persson 1964; Slavinskas et
al. 1965; Neiler & Bell 1965; Sen & Patro 1966; DiCol; et al. 1967;
Tsoulfanidis et al. 1969: Titus 1970; Bosch et al. 1973).

The backscattering of B particles from organic scintillators
results in excess counts at low energies and deviations of Fermi-Kurie
plots from linearity. It can also affect the accuracy with which the erxd
point can be determined (Bisi et al. 1956; Gardner & Meinke 1958:
Bertolini et al. 1960; Cramer et al. 1962; Bosch & Urstein 1963; Kennett &
Keech 1963: Slavinskas et al. 1965; Sen & Patro 1966). To reduce the
distorting effects of béckscattering on the shapes of B spectra
accumulated with organic scintillation spectrometers several solutions
have been attempted.

1) Collimation

By limiting the angles of incidence through collimation, such that
the 8 partlcles enter the surface of the detector perpendicular (or near
perpend&cular) tq\ it, the percentage of backscattered electrons can be
reduced. Beta rays entering the detector at near normal incidence angles
have a greater chance of penetrkatmg deep into the detector before
scattering (O'Kelley 1961:; Bosch & Urstein 1963).

The main problems resulting from collimation are the reduction in
the efficiency of the spectrometer as a result of the reduction in solid
angle for g particle detection (0.5% of 4x in the work of Persson 1964)
ard the problems caused by 8 particle scattering from the collimator .
(Persson 1964; Clifford 1981). Careful attention has to be paid to the
design of the collimator and the material from which it is built (De Beer
et al., 1970). A low Z material (e.g. Prespex) will result in less
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electron scattering but it will also result in the enhancement of the
solid angle for vy ray detection over that for B particles since it will
have little collimating effect if any on the y rays emitted from the
source (Gardner & Meinke 1958). Such a collimator will also have little
attenuation effect on the annihilation photons produced by positrons that
are stopped in the collimator. On the other hand, a high Z material (e.g.
lead) will result 1in a high probability for electron scattering from the
collimator and a high cross section for bremsstrahlung production by 8
particles during their interaction with the collimator material (Cramer et
al. 1962).

2) Well-Type Scintillators
By using a hollow scintillator w;th a hole in the shape of a

truncated cone machined into 1t, and by placing the radiocactive soufce at
the top of the cone, %Pe fraction of backscattered electrons escaping the
detector can be significantly reduced (up to an order of magnitude lower
than 1in flat scintillators) (Bisi et al. 1956; Gardner & Meinke 1958;
O;Kelley 1961: Bosch & Urstein 1963; Neiler & Bell 1965: Wohn et al.
1972). In this arrangement, the B particles emitted from the radiocactive
source are effectively being collimated and directed into the bottom of
the well that 1s machined 1n the scintillator so that most of the
backscattered 8 particles will strike another part of the scintillator ard
deposit their energy there.

The main problems affecting this arrangement are the reduction in
the solid angle (0.7% of 4« 1n the work of Wohn et al. 1972), and the
dafficulties in light collection resulting from the shape of the
scintillator especially in the large volume detectors that are needed for
the study g spectra with high endpoint energies (Freedman et al. 1956;
Gardner & Meinke 1958). The poor light collection from the conical secticn
can introduce a non-linearity 1in the calibration of the spectrometer
(Kennett & Keech 1963; Wohn et al. 1972). '

3) Antibackscattering Veto Detectors

In this technique, veto detectors surround the scintillation
spectrometer and detect any 8 particles scattered out of 1it. Emﬁloyed in
an anticoincidence mode, the detectors are used to reject events in which
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the g particles are backscattered from thelscintillation spectrometer
before losing all of their energy there. These detectors can also 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 B scintillation
spectrometer from all sides, they can serve to reject events in which the
B particles are sidescattered out of, or transmitted through, the
spectrometer (Kennett & Keech 1963). Depending on the y ray detection
efficiency of the veto detectors, they can also be helpful in eliminating
some of the events in which a fraction of the energy of the g particles is
lost from the spectrometer in the form of bremsstrahlung radiation.

One of the principle drawbacks of such a systeh is its low
efficiency as mentioned before in the discussion of similar systems used
in conjunction with inorganic g scintillator. The solid angle for B ray
detection in spectrometers with antibackscattering detectors is usually
smaller than that in well-type spectrometers (Kennett & Keech 1963).
Another problem is the dependence of efficiency on the B particle energy
and the difficulty in determining this dependence (Kennett & Keech 1963).

4) The Triple Coincidence Method
This method 1s similar to the one described for inorganic

scintilldtors. The positrons are detected in coincidence with the two
annihilation photons to ensure that none of the backscattered electrons
contribute to the accumulated spectrum (D'Auria & Preiss 1966; Sen & Patro
1966+ Beck 1969: De Beer et al. 1970). This technique suffers from the
same problems as in the case of inorganic scintillators except that the
effects of bremsstrahlung production and escape, and the effects resulting
from y.ray interactions with the g scintillator are less important than in
the case of inorganic spectrometers due to the low Z of plastics. (See
Appendix B for a full discussion of the triple coincidence method).

5) Correcting the B Spectrum for the Effects of Backscattering
When flat organic g scintillation spectrometers are used, the

distortions to the shapes of g spectra, which result from the
backscattering of p particles, can.be corrected for using one of several
deconvolution technique. Usually these techniques are used to correct for
' the effects of resolution, bremsstrahlung escape, and backscattering

- y
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,simultaneously. Therefore they show the same deficiencies at the low
.energy end of the spectrum as the resolution correction techniques.
Sometirﬁes the backscattering and resoclution corrections are applied
separately (Persson 1964; Slavinskas et al. 1965).

The application of the B spectrum correction procedures requires a
preclise determination of the shape of the response function of the
scintillation spectrometer to B particles (Freedman et al. 1956: Gardner
& Meinke 1958:; Gardner 1960; Bertolini et al. 1960: Persson 1964:
Slavinskas et al. 1965; Sen & Patrod 1966:; Jacobs et al. 1967: DiCola et
al. 1967: Beck 1969: Bosch et al. 1973; D'Auria et al. 1976; Otto et al.
1979: Clifford 198l1). Knowledge of the relative contributions of the
different parts of the response function {e.g. total counts in the full
energy peak compared to the backscatter tail) is usually not good enough,
especially when measurements of the B spectrum shape factors are attempted
(DiCola et al. 1967). ‘ .

As mentioned before, the response function of 8 spectrometers to
electrons and positrons are considerably different so that response
function measurements for one type of g particles are generally not
‘applicable to the other. The differences in the shapes of the electron
and positron response functions are a conseguence of the differences in
the backscattering coefficients for positive and negative g particles and
the effects of annihl‘h.atlon radiation pile-up ( Cramer et al. 1962; Sen &
Patro 1966; éeck 1969; De Beer et al. 1970; Johnston et al. 1981: Clifford
1981) . ) ,

An important aspect in the determination of the response function
of a spectrometer is that the experimental conditions prevalent during the
accumulation of the 8 spectrum should be dupllC§-t83 when the response
function 1s measured (Freedman et al. 1956: Bezzx":'c‘blml et al. 1960: Cramer
et al. 1962; Persson 1964 DiCola eth al. 1967). The source-detector
geometry 1s a parameter that should be reproduced during measurements of
the response function (D'Auria et al. 1976; Qtto et al. 1979). This 1s
because of the strong dependence of the ba:::kscattermg coefficient on the
angles of incidence of the B particles (Titus 1970).

Other methods for analyzing B spectra and accounting for the
detector distortions without the direct use of the response function have
also been applied (Westgaard et al. 1972; Davids et al. 1974; Pardo et al.
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1977; parks et al. 1977; Stippler et al. 1978: Davids et al. 1979:; Detraz
et al, 1983). These techniques are usually too crude to be applicable in
precise shape factor measurements. Their main use has been in the
determination of endpoint energies with modest accuracy.

Several methods have been used for the determination of the

response function:

a) Measurements of the Spectrometers Response Function Using .

Internal Conversion Electrons

The use of 1internal conversion sources for the determination of the
response function of the spectrometer is limited to energies below 1 MeV
due to the lack of convenient conversion electron sources above thas 4
energy. In addition, the response function measured with conversion
electrons 1s not valid for positrons. e

X ray and y ray coincidence techniques are required to separate the
K and L conversion lines froﬁ each other and to reduce the baqufopnd
caused by the noncoincident 8 and « rays emitted from the source. - Even
then, the Compton background caused by y rays that cannot be eliminated
wlth coincidence techniques 1s quite important and has to be carefully
subtracted from the spectrum (Freedman et al. 1956; Gardner 1960:
Bertolini et al. 1960: Bosch & Urstein 1963: Persson 1964: Sen & Patro
1966: Jacobs et al. 1967; Tsoulfanidis et al. 1969; De Beer et al. 1970).

b) The Use of Accelerators or Magnetic Spectrometers

Monoenergetic electron and positron beams from accelerators and/or
mégnetlc spectrometers have been frequently used for measurements of the
response function. The main difficulties experienced with this method are »
the reproduction of the angles of incidence of g particles on the surface
of the detect (Trtus 1970: D'Auria et al. 1976: Otto et al. 1979;
Clifford 1981), determinming the accelerator dependent background and
correcting for it (Cramer et al. 1962: Titus 1570), determining the
resolution of the m;gnetlc spectrometer or the-energy spread of the
accelerator beam and correcting for it (Beck 1969: Titus 1970; Wohn et al.
1972} and f1nall§ shielding the scintillation B spectrometer against the
magnetic fields of accelerators and spectrometers (Titus 1970; Clifford
1981).
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c) Monte Carlo Methods ‘
The suggestion has been made to use Monte Carlo methods to simulate

the response of the scintillation spectrometer to B particles (Sen & Patfb
1966). Such a simulation should take into account not only the
interaction of the g particles with the scintillation medium but also the
dependence of light cgllection effitiency on the location 'of the

interaction. . . .

' -
A

6) The Use of Internal Sources’

Two different techniques for incorporating the radioactivity to be
studied within the scintiliator material have beeﬂ used. -In the first,
the radioactive source material is addedgto the plastic scintillator
during manufacture thus becoming an integral part of the Spectrometer.
This approach eliminates many of the problems associated with the use of
external sources such as low efficiency and backscattering. However it is
difficult to find a chemical form in which to introduce the radioactivity
which wi1ll not quench the flourescence of the scintillator (O'Kelley 1962
p.427). The technique is also limited by the time needed to perform the
chemical and physical processes required to incorporate the radiocactive
isotope i1nto the scintillator. This time limitation severly restricts the
half-lives of the isotopes that can be studied using such a technique.
Other problems mentioned in the section on the use of internal sources in
inorganic scintillators such as electron escape through the scintillator
surfaces, difficulties with response function measurements, background
evaluation, and g — ysumming all apply to plastic scintillators as well,
For all of these reasons this technique has not been widely applied to B
spectroscopy studies but rather to absolute counting of weak, low energy B
activities (Birks 1964 p. 358 pp. 361-370).

In the second technique, the carbon in the scintillation medium is
activated using nuclear reactions induced by neutrons or protons (Birks
1964 p.371). The carbon isotopes thus produced act as'internal sources

and can be studied with the scaintillation spectrometer. Such a technique,

however, is obviously so limited in the number of isotopes to which it can

be applied that 1t does not merit further discussion.

<
’
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7) 4x Detection ' . &
. In order to eliminate the effects of bac);."s"cattering, 4x counting
_teChniques have also been used in conjunction with organic scintillators.
In such a set-up, the source is almost completely surrounded by the
A scintillation medium such that B particles backscattered from any portion
of the scintillator will impinge on another part of it. Therefore few, if
any, BI particies can escape the spectr%ter. Two different approaches to™
achieving the-4x-geometry have been attempted. In the first approach; the
. radiocactive source 1s sandwiched between two scintillators, each viewed by
a different photomultiplier tube. The output pulses from the PMT's are
summed in coincidence with each other (Rhode & Johnson 1962 and references
v 1-6 therein, Klyuchnikov et alﬂ. 1968). In the second approach, ‘either the
scintillator (plastic or anthracene) is divided into-two halves between
" which the radioactive source is sandwiched, or a slot is machined into a
plastic scintillator and the radicactive source is inserted in the slot.
In both E:ases, the scintjllation medium 1s viewed by one PMT only (Ketelle
1950; Shline 1957; Snyder & Beard 1964; Rogers & Gordon 1965: Westgaard et
al. 1972). “ |
Problems of 4y Scintillation S;kctrometers \
- Although the 4x detection method does  eliminate most of the effects

of ‘B particle backs;attermg from the scintillator, it nevertheless
suffers from some important deficiencies: . ) T

a) Deterioration in Resolution ] '

i, Wen two PMT's are used in a sum—coincidence mode, the resolutic;n
of the 4x spectrometer is worse than the resolution of either of the twol

. halves separately. This is usually the case. when signals from two

detectors are summed Since the resolutions of the two detectors are added
in quadratures. « -
'b) Gain Matching '

When two PMT's are’u'sed, the output gains from the two PMT's have
to be perfectly matched so that the output pulses generated by the
spectrometer are r%ot dependent on the particular path that the g particles -
follow in the two scintillators (Rhode & Johnson 1962). Similarly, when
only one PMT Views the scintillation medium it is important to verify that
the scintillation efficiency and the light collection efficiency of the

»

. . [



K4

67—

two halves of the spectrometer are the same (Kettelle 1950).

Failure to attain such matching of the two halves of the
spectrometer results in a worsening.of the resclution of the spectrometer
and distortions in the shapes of moncenergetic electron lines measured
with the sepctrometer. This in turn causes changes in the shape of the
response function of the spectrometer and distortions to the shapes of
continuous B spectra. Vgrifying that the galn match 1s achieved over the
full energy. range ,of 1nterest 1s Quite i1mportant since any non-linearities
in the system would result in a gain mismatch of the two halves of the
spectrometer. Checking for these mismatches 1s subject to the same type
of difficulties as calibrating these 41 scintillation spectrometers.
¢) Calibration . )

In addition to the calibration problems suffered by all
scintillation 8 spectrometers and which were discussed previously, 4x
systems suffer from additional problems that are peculiar to this
technique.

Depending on the thickness of the scintillators used, X ray
coincidence techniques used to separate the K conversion line from the L
and M lines'may not be appl:icable to 4x systems. The large thickness
needed to stop B particles from decays with high endpoint energies result
1n severe attenuation of the low energy X rays and a drastic reduction 1in
efficiency if a coiqcidence technique 1s used.

" The internal conversion electrons that are used to calibrate 4z
scintillation spectrometers are always followed by the coincident emission
of X rays and/or Auger electrons. The large solid angle of detection .
offered by 4x spectrometers results i1n a high probablilty for detecting
these coincident radiations. Because of the eoincidence sum mode of
- operation of 41 spectrometers, the output pulse generated by the
spectrometer will be proportional to the sum of the energy of the
“cdnversion electron plus the energy of the particular Auger electron or X
ray that accor;panies it. Since each internal conversion transition can be
haccompanied by one or several different Auger transition and/or X rays,
and sirice some of the X rays can escape undetected or deposit only a.
fraction of their energy in the detector, the resulting conversion
~ electron spectrum will not be a single line but rather a distribution made
t}%of a-continuum and several discrete lines at the different sum



&

-68—

energisgs.» However, the poor resolution of.the scintillation spectrometer
spreag;.é these lines into one continuous distribution with an approximately
guassian shape. Determining the shapé of this distribution and the energy
of 1ts peak requires a complicated calculation involving the different X
ray 1ntensities, flourescent yields, K to L conversion ratios and the
response']‘.unctlon of the scintillator to X rays. Such a sophisticated
calculation with all the associated uncertainties 1is rieeded 1'n order to
obtain a simple ene < calibration for the 41 scintillation spectrometer.
The uncertainties in the calibration are- further augmented i1f the
spectrometer systems suffers from the non-linearities and energy d zgg?"’
£

thresholds (at low energies) that are often observed in organic /--m'/

Sy,

scinti1llators (Persson 1964: Sen & Patro 1966). A full description of gll
complications involved 1n calibrating 4x plastic scintillatron B
spectrometers 1is given-in the work of Rhode & Johnson (1962).
d) Losses 1n Dead Layers

In a 4x arrangement, 1n ordér for electrons backscattered from one
detector to be detected in the second scintillator, they have to pass
through the source material, source backing and covering, and any dead
layers (such as reflectors) on the front face of the scintillators. The
energy loss of B Sartlcles 1n these layers 1s quite important since 1t is
dependent on the energy of B particles and 1s highest at low energies
where the probability of backscattering i1s at its highest as well.
Mcreover, the high backscattering probability for low energy 8 particles
implies that the B particles can undergo several backscatterings in the 4r
spectrometer each time paSsing through all the inactive layérs ard losing
energy in a non-linear fashion. The distorting effects of the enefgy loss
and absorption of low energy B particles in the dead layers on the shape
of the g spectrum are quite serious, especially 1in the low energy portion
of the spectrum (Snyder & Beard 1964; Klyuchnikov et al. 1968). The
existence of these adverse effects restricts the thickness of 'ghe source
backing to extremely thin films and therefore limits the method and the
speed with which sources can be introduced ‘in the spectrometer (Rhode &
Johnsor 1968}).
e) Imperfect 4n Geometry

[

.1(.%’ SF

- Any separation between thé two detectors in a 4x spectrometer
results in the escape of some of the backscattered electrons through the
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gap between the 'two halves of the spectrometer before having deposited
their full energy in the scantillator. Si the backscattering
probability 1s dependent on the energy of the incident B8 particles, the-
fraction of B particles escaging from the spectrometer will likewise be a
function of the g particle energy, resulting in castorticn to the shape of
the g spectrum. ’ :

Although this effect 1in plastic 4r scintillation spectrometers 1s
not as serious as in the case of 41 J.norganlc)scz.ntillators or
semiconductor spectrometers, nevertheless Rhode & Johnson (1962) place an
upper limit of about 0.6 mm (0.025 1in) on the separation between the two
detectors. This separation must also be reproducible to avoid
dlscrepa.r{:les between measurements made_at c?lffernt times.
£} Coupling the Two Halves of the Spectrometer.

It follows from the discussion of the two preceeding points that
the two halves of the spgétrometer enclosing the radiactive source have to
be as close together as possible and the dead lavers between them have to
be as t!un as possible. Therefore, 1n most cases the two halves are
directly coupled to each other optically with no reflectors separating
them from the source. Such an arrangement requires a light-tight
enclosure to surround the spectrometer and imposes restrictions on the
source introduction mechanism and therefore on the half lives of the
isothpes that can be studied with this technique (Rhode & Johnson 1962;
Snyder & Beard 1964).

g) Non-coincident v Ray Background

Due to the small separation between the two halves of the
spectrometer, the background resulting from the detection of
non-coincident v rays emitted from the radiactive source can not be easily
estimated using the conventicnal technique of covering the source with a B
absorber and recording the ¥ bacliground alone (Gardner & Meinke 1958:
O’'Kelley 1962).

h) Summing 'of Coincident Radiation
The J:arge solid angle for radiation detection in 4x spectrometers

I

results in a high probability that any radiation emitted in coincidence

with the B particles will be detected and some or all of its energy summed
with that of the g particles. This is an important effect in cases where .
the g decay 1s accompanied by coincident Y ray emission, especially if the

¥

2
s
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v transition happens to be highly converted.

Since the vy rays do nct always deposit their full energy 16'the
;peCUmeter, their detection -adds a Compton continuum in summation with
the B spectrum. Moreover, 1f positron fpectra arg being measured, then
saome or all of the energy of the tweo 511 KeV annihilation photons can sum
up with the kinetic energy deposited by the positrons and with any
coincident ¥ rays resulting in further complications of the measured B
spectra (Sheline 1957). All of these coincident, summation effects cause
severe distortions to the g spectra measured with 4 x scintillation
spectrometers 1n a manner which i1s difficult to interpret. They can alsc
result 1n counts above the end point of the B spectrum (Gardner & Meinke
1958: O'Kelley 1961, Neiler & Bell 1965).

In order to reduce the summing effects of y rays and coincident
radiation, a vy detector 1is placed outside the g spectrometer and operated
1n coincidence with it. The B particles counts are retained only if they

are detected in coincidence with the detection of the full energy of a vy

. ray in the external B detector. (0O'Kelley 1961; Rhode & Jchnson 1962 and

‘\

references 4, 5 therein; Snyder & Beard 1964; Neiler & Bell 1965;
Westgaard et al. 1972: see a e section on the g -y coincidence method
for 4 ray suppressicn).

To eliminate the effects of annihilation radiation summing, the
triple coincidence method is usually used 1n conjunction with 4x
scintillation spectrometers. In some cases a third ¥ ray detector is
operated 1n coincidence with the other detector (four fold coincidence)
and used to suppress the detection of coincident y rays (see Appendix B).
i) Measurement of the Response Function of a 4x Spectrometer

Deconvoluting the B ray spectra measured with 4x scintillation
spectrometers in order to correct for the distortions caused by she
response function of the spectrometer requires knowledge of the sl§fpe of
the response function and changes in the shape over a wide range
energies (DiCola et al, 1967). The response function of these
spectrometers cannot be assumed guassian in shape. The effects of energy
loss and absorption of low energy g particles in the source, dead layers
and windows, imperfect 4y geometry and bremsstrahlung escape result in the
addition of a low energy tail to the guassian response function.
Knowledge of the shape of this response function is crucial when B
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spectrum shape factors are investigated (Snyder & Berard 1964 : DiCola et
al. 1967).

Direct measurements of the response function of a‘4x spectrometer
to electrons above 1 MeV are not possible. This 1s due to the lack of
convenient conversicn electron sources at these energles and the
wmpossibility of introducing monoenergetic electron beams from
accelei‘ators or magnetic spectrometers into the 4x spectrometer. As for
positrons, since there are no monoenergetlc positron emitters, direct

measurements of the response function are not possible.

\

Magnetic Transport

An alternative method to that of having the scintillation medium

" surround the source 1s to separate the two halves of the scintillation
spectrometer (bet:wéen which the source 1is located) from each other and
rely on a ho@mmus magnetic field to transport the 8 particles from the
source t;a the detectors. The magnetic field also guides the B particles
backscattered from one half of the scintillation spectrometer to the
second half (Christensen et al. 1967).

The problems of this method are essentially the same as those of
other 4; scintillation spectrometers except that the magnetic transport
method suffers less from the adverse effect of the y ray backgrour;d and X
ray summing. This 1s a result of the separation between the source and
the detectors and therefore the lower solid angle for y ray detection.

The strong magnetic field used to transport the g8 particles requires the
use of long light guides 1in order to be able to position the PMI far away
from the scintillator so as to lessen the magnetic field effects on the
PMP. The use of long light guides increases the noise in the system and
results in a deterioration in resoclution of the spectometer.

The magnetic transport method has been used more frequently with 4
silicon spectrometer arrangements and‘ therefore a more detailed discussion
of its merits and limitations appears in the section on silicon
spectrometers. Most of the arguments appearing there are applicable to 41
scintillation spectrometery using magnetic tranport especially those .

concerning increased energy loss in dead layers and long transient times.
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2.3.2c Seiconductor Spectrometers

Semiconductor detectors, manufactured from silicon or germanium,
have been successfully used as 8 spectrometers. Although their enerqy
resolution (usually a few keV), 1s not as good as the best quality
magnet1c spectrometers at low energies, they can usually surpass the
resclution of most magnetic spectrometers at high energies (Reynolds &
Persscon 1965; Hollander 1966; Spejewski 1966: Bertolini & Rota 1968;
Trischuk & Kankeleit 1968). Furthermcre, the multichannel nature of
semiconductor spectrometers and the possibility of using them 1in hagh
luminosity configurations have made these spectrometers quite popular as
tools in electron spectroscopy (Gaibson et al. 1965).

Compared to other multichannel electron spectrometers (organic
scintillators and proportional chambers), semiconductor detectors have the.
advantages of far suberlor resolution, smaller dime551ons las a result of
their higher density), minimal circuitry, strict proportionality between
the output pulse and the energy deposited in the detector (1.e. linearity
and i1ndependence of the pulse height from the type of particle depositing
the energy), freedom from drift, insensitivity of pulse height to count
rate, and thin entrance windows (Gibson et al. 1965 p.363; Bertolini &
Rota; Knoll 1979 p. 402).

However, due to the higher Z of semiconductor ‘8 spectrometers in
comparison with plastic scintaillators, the distortions to the shapes of 8
spectra caused by the backscattering of B particles and the escape of
bremsstrahlung radiation from the detector will be more severe.

Silicon Spectrometers

Silicon detectors of all types: surface barrier, diffused junction,
ard lithium drifted, were the flrst‘semiconductor detectors to be used
extensively 1in g spectrometry as a result of their earlier development in
comparison with germanium detectors (see McKenzie 1979) .

As g spectrometers, silicon detectors have some important

_advantages over germanium detetors. These advantages include the

possibility of using silicon detectors at room temperature (although for
best resolution they have to be cooled to cryogenic temperatures) and the
lower atomic number of silicon (Z=14 for silicon, Z=32 for germanium).
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The lower atomic number of silicon detectors and their lower density in

comparison to germanium render them less sensitive to Y rays above 40 keV

(Haller 1982). The lower Z resufts in lower backscattering coefficients
{the saturation backscattering for normally incident 1 MeV electrons 1s
about 9% and 24% for silicon and germanium respectively, values calculated
from the expresssion given by Kuzminik & Vorobiev 1975). Likewise, as a
result of the low Z of silicon, less energy is lost through bremsstrahlung
production and escape froml silicon detectors than in the case of germanium
spectrometers (Berger & Seltzer 1965, 1968; Grosswe 1974).

Among silicon B detectors, the Si{Li) type 1s the most commonly -
used type since better resolution (in comparison to diffused junction
detectors) can be achieved with this type.

Several silicon B spectrometer an'angements have been reported 1n
the ll\terature (see for example the compilation of Behrens & Szybisz 1976
and references in Bertolini & Rota 1968).

These silicon B spectrometers can be divided into two types: ones
with low source-detector geometry (solid'angle of detection < 2x) and 4x
detection systems.

-

Low Geometry Silicon B Spectrometers

Many such _Spectrometer configurations have been used in B
spectroscopy (Bosch et al. 1963: Bertolini et al. 1964; Charoenkwan 1965;
Marlow & Waggoner 1967; Bertolini & jota 1968; McMillan 1970: Baosch et al
1974; Lund & Rudstam 1976; Dakubu & Gilboy 1978).

The main problem encountered with low geometry silicon B
spectrometers is the spectral shape distortion caused by 8 particle
backscattering from the detector. This distortion manifests itself as an
excess of counts in the low energy region of the B spectrum. It can also
result 1n errors in the determination of endpoint energy (Charoenkwan
1965).

As in the case of organic scintillators, the estimates for the
ratio of -backscattered to incident g particles vary depending on the
energy ard the angles of incidence of g particles on the surface of the
detector in the particular spectrometer set-up. These estimates vary from
B% to'45% (Bertolini et al. 1964; Charoenkwan 1965; Bertolini & 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 & Rudstam 1976; Dakubu
&, Gilboy 1978).

Correction procedures that account for the effects of
backscattering (and sometimes resolution) on the B spectra measured with
si1licon detectors have been reported (Bertolini et al. 1964: Charcenkwan
1965: Di1Cola et al. 1967; Dakulu & Gilboy 1978). These correction
procedures usually require knowledge of the response function of the
silicon detectors to B particles. Alternative methods which do not
require direct knowledge of the response function but require comparisons
with standard spectrum measurements have also been used (Charcenkwan 1965
McMillan 1970).

The techniques for determining the response function of silicon
detectors to g particles are similar to those used for plastic
scintillators: conversion electrons detected 1in coincidence with
electromagnetic radiation (Bosch et al. 1963:; Bertolihi et al. 1964;
Charoenkwan 1965: Dakubu & Gilboy 1978}, mono—energetic beams from
magnetic spectrometers or accelerators, and Monte Carlo methods (Brundit &
Sen 1965 and reference 2 therein; Nilsson et al. 1967; Berger et al 1969
and references 1-9 therein; Antman & Svahn 1970; Booij 1970; Hughes 1980).

In general, measurements of the response functions of silicon
detéctors suffer from the same difficulties as in the case of )
scintillators. Again, the same experimental conditions prevelant during
measurements of the B spectra should be duplicated when the response
function 1s measured. In this context, the effects of B particle
scattering in the source and backscattering from the source backing have
an important influence on the response function of the spectometers
{Bertolini et al. 1964; Charoenkwan 1965: Dakubu & Gilboy 1978). Other
problems experienced in the measurements of the response function of
silicon detectors are: differences in the response function for electrons
and positrons, background related to the magnetic spectrometer or
accelerator, and difficulties in determining the resolution of the
magnetic spectrometer and ensuring that it does not influence the response
function measurement (Berger et al. 1969 and references therein; Antman &
Svahn 1970). As an alternative to correcting the measured 8 spectrum for
the effects of backscattering, the use of antibackscattering veto
detectors has been proposed and used in an experimental arrangement (Lund
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& Rudstam 1976). The determination éf the efficiency of the B8
spectrometer and especially the variation of efficiency with energy
becomes of paramount importance in this case (Lund & Rudstam 1976).

A 4x anticoincidence arrangement wlt—h two silicon detectors
sandwiching the radiocactive source has also been attempted (Schmitz et al.
1972). In this configquration, one detector 1s chosen as the B
spectrometer- and operated 1in qhthOlnCLdence with the second detector
(Flothmann et al. 1969: Schmitz et al. 1972). This technique has the
added advantage of reducing the contribution to the background orginating
from Compton scattering of y rays emitted from the source since Compton -
events in which the veto detector 1s traggered by the scattered photons
are rejected.

The same antibackscattering technique has been tried 1in a 4x
spectrometer which uses a magnetic field to transport the electrons from
the souwrce to one of the detectors, and backscattered electrons from orie
detector to the other. Again, one of the two silicon detectors 1is
operated as veto detector to reject backscattered electrons. An estmiate
of the backscatterin§ coefficient of silicon for 0.5 and 1 MeV incident
electrons was abtained (v29%) but no detailed investigation of the
surtability of the technique for B8 spectroscopy' was carried out (Andersen
& Christenseén 1968). )

There are two serious drawbacks associated with the use of 4x -
anti-backscattering arrangments. The first 1s the dependence of the
backscattering coefficient on energy which results 1in an energy dependent
efficiency for the whole spectrometer system. The second problem 1is
caused by the fact that the energy spectrum of the backscattered B
particles extends to very low energies. The low energy portion of the
backscattered spectrum results from events in which the g particles deposit
most (but not all) of their energy in the spectrometer and are then
backscattered with only a small fraction of their incident energy
remaining. Because of the existence of a low energy threshold in the
anticoincidence unit (of about 10 keV), such events w1ll not trigger the
anticoincidence circuit and the counts generated by the g particles in the
spectrometer before being backscattered will therefore be retained. This
results in a lwo energy "shoulder" in the spectrum of a monoenergetic

electron line and serious distortions in the case of continous g spectra

»
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(Schmmitz et al. 1972).

4x Si1licon Spectrometer Systems

4x s1licon spectrometers have been used quite extensively for g
spectroscbpy studles. There are two approaches to achieving the 4«
, \
geometry: close proximity of the detectors to the radiocactive source and

magnetic transport of ‘the B particles from the source to the detectors.

4x Spectroscopy Using Two Silicon Detectors in Close Proximity to the

2

source
4 This type of spectrometer arrangement 1s probably the most widely

ed among si1licon B spectrometers. In this configuration the radiocactive
source 1S sarldw1ck;ed between two silicon detectors which are placeci close
to each other (separation between detectors <<l mm). The source 1is
therefore almost completely surrounded from all directions by the
detectors and 8 particles emitted 1n approximately 4x solid angles are
detected. Morecaver, electrons backscattered from one detector will end up
being detected in the second detector and thus the effects of
backscattering are almost completely eliminated. To achieve this, the
total energy of the backscattered electron is accounted for by summing the
coincident pulses from the two detectors (Reynolds & Persson 1965:
Spejewski. 1966; Persson et al. 1971; Gils et al. 1972; Schmitz et al.
1972, Schuperferling & Hoffmann 1974). \

- In general, 4x silicon spectrometer systems suffer' from the same
typ? of problems discussed in the section on 4r organic scintillation 8
spectrometers.
a) Deterioration in Resolution
As a result of summing the signals from the two silicon detectors,

the resolution of the 4x spectrometer will be worse than the resolution of
either of the two detectors separately. This reflects the sum of the
resolution of the two detectors (in quadratures) and any imperfections in
the sum circuitry (Schmitz et al. 1972; Flothmann et al. 1972). The
resolution of 4x silicon spectrometers i1s usually of the order of 10 keV
(Reynolds & Persson 1965; Spejewskil 1966; Trischuk & Kankeleit 1968;
Persson et al. 1971: Flothman et al. 1972). If the two detectors are

connected, in parallel with each other, to the input of the same
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preamplifier, the increase 1n the "1nput capacitance to the preampllfﬁler
(as a’'result of the summing of the capacitances of the two detectors)
causes a deterioration in resolution as well (Tsoulfandis 1983, p. 317).
b) Gain Matching

In most cases 1n 4n silicon spectrometers, the output pulses from
the two detectors are amplified separately and then added to each other
electronically in a sum amplifier. Since the output pulses are summed,
the gains of the two halves of the 41 spectrometer (the detectors and the
associated ciruitry: preamplifier, amplifier, etc.) have to be perfectly
matched. Provisions for keeping the gains stable have to be made as well
(Reynolds & Persson 1965; Trischuk & Kankeleit 1968: Persson et al. 1971;
Gils et al. 1972).

In certain cases the two detectors are similar enough that the
‘pulses from the two detectors can be added by simply connecting the two
detectors in parallel to each other and feeding the pulses into the same
preamplifier (Spejewskl 1966, Trischuk & Kankeleit 1967). In this case it
i1s crucial that the number of charge carriers generated and collected by
each detector, per unit deposited energy, ould be the same. In other
words, one has to ensure that the two detglctors are nearly identical and
no signlflcarit differences in%phe Fano fartor or in charge trapping exist
between the two detectors, oth&guse the charges collected by the two
detectors can not be summed directly {Trischuk & Kankeleit 1967, 1968).
c) Calibration _

The improved resolution of silicon spectrometers simplifies the
problems 1involved in calibrating 4x 5111cc.>n B spectrometers(m compar 1son
to plastic scintillation spectrometers. Nevertheless, the uncertainties
in the determination of the conversion electron energles caused by the
summing of coincident radiation (X rays and Auger electrons) are still a
source of problems in 4n silicon spectrometers. Such summing causes
shifts in the energies of the conversion lines used for calibration and
distértions to the shapes of their peaks. (Spejewski 1966; Schmitz et al.
1972).

d) Losses in Dead Layers

In analogy to 4n scintillation spectrometers, B particles suffer
energy losses during their passage thraugh the source material, ‘the thin
film covering it, the backing (for backscattered electrons) and the thin

¢
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insensitive regions on the front surfaces of the detectors (this regloh is
made up of the front face electrical contact and usually a thin dead layer
of silicon) (Persson et al. 1971: Schuperferling 1975). The enerqgy loss f
of the g particles in these layers 1s dependent on their initial energy
(Haller & Goulding 1981), and can therefore result 1in serious distortions
to the shapes of g spectra. Furthermore, the low energy B particles which
have the highest rate of energy loss in these dead layers also have a
higher backscattering probability than high energy B particles. Therefore
the low energy 8 particles have a higher probability of traversing more
dead layers and of losing more energy 1in doing so (Trischuk & Kankeleit
1968; Gils et al. 1972; Schmitz et al. 1972).

Because of the 4r geometry of the detectors, B particles émitted at
practically any angle (including very shallow angles) are accepted by the
detectors. Beta particles emitted at shallow angles follow longer paths
through. the dead layers and therefore lose more energy than particles
emitted at angles close to the perpendicular to the surface of the
detectors. As a result of these differences in path length, the energy
loss of B particles will be a function of their angle of emission. Even 8
particles of the same energy will experience considerably different energy
losses depending on the angles of emission (Flothmann et al. 1972). Since
the angles of emission of B particles that are accepted by the detectors
depend on the distance between the two detectors, the adverse effects of
energy losses in the dead layers will be critically d‘ependent on the
separation between the two detectors (Flothmann et al. 1972; Schmitz et
al. 1972).

These energy losses can cause small downward shifts in the energies
of monoenergetic electron lines {Trischuk & Kankeleit 1968, Flothman et
al. 1972}, deterioration in the resolution of the 4r spectrometer as a
result of the spread 1n energy losses caused by the differences 1in the
number of passages through the dead layers (Persson et al. 1971; Schmitz
et al. 1972), asymmetries in the shapes of .monoenergetic electron peaks
(Flothmann et al. 1972) and can even result 1n a small satellite peak at
an energy lower than that of the full energy peak (Schuperferling 1974).
All of these effects will obviously cause a considerable deformation of
the shape of the response function of the spectrometer and therefore
result in important distortions of the true‘shape\s of B spectra.



e) Imperfect 4x Geometry

b
b

The near impossibility of attaining a [;eﬂrfectuz;n source-detectors
geometry with silicon detectors results in serious dis{:brtions to the
shapes of B spectra. The difficulty in reaiizir;g- a 4n geometry stems from
several factors (Gils et al, 1972). The finite (however small).thickness
of the front contacts of the detectors effectively sepai‘ates the two
detectors and leaves a small gap in the active detector materi'al
surrounding the source (Schmitz et al. 1972). Another factor is the |
requirement that the radioactive sources be deposited on, and covered
with, thin films in order to avoid contaminating the detectors by
depositing the radiocactivity directly on their surfaces (Trischuk & e
Kankeleit 1968). The delicat,:ev nature of the front surfaces of the two
détectors requires that they should not come into direct contact with each
other or with other surfaces (source covJering or backing). (Gils et al.
1972). Finally, the need sometimes to avoid electrical breakdown between
the two detectors places a restriction on how close to each other they can
be positioned (Reynolds & Persson 1965).

The finite separation between the two detectors (imperfect 4=
geometry) brought about by the factors mentioned abave result in quite
remarkable distortions to the shapes of B spectra measured with 4n silicon
spectrometers. Ino fact, 1':he measured shape factors of the °B spectrum have
values that are function of the separation between the two detectors
(Reynolds & Persson 1965, Traschuk & Kankeleit 1968°). "

The g spectrum shape distortions are caused by B particles escaping
through the gap between the two detectors after they have been
backscattered from one of the detectors and lost some of their energy
there (Reynolds & Persson 1965). The escape of some of the backscattered
B particles manifests itself as an excess of low energy counts in the B
spectrum (up to several percent)?(Reynolds & Persson 1965; Spejewski
1966). In the spectrum of a monoenergetic line, the distortion appears as
a low energy continuum extending from the full energy‘peak to zero enerqgy
(Flothman et al. 1972; Schuperferling 1975). In the work of Gils et al.
(1972), an upper permissible limit of 0.05 mm was set on the separation
between the two detectors of (for detectors of 2 cm® surface area each)

©

was set.

(0
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C/ f) Source Introduction Mechanism

-

1]

All of the 4= silicon 8 Spectr;me“ter systems menticned above are
operated at about liquid nitrogen temperature in order to improve the °
’resolutlon of the detectors For example, an improvement 1n resolution of
‘& single S1(Li) detector from 60-75 keV at 25 C to 5.8 keV at 77K was

~cbgerveéd in the work of Spejewski 1966 . The requirement that the

radioactive sources, which are mounted on extremely thin films to minimize
dead iayer losses, be introduced from outside the spectrometer (where they
are at atmospheric pressure and room temperature c;onditlons) into the tiny
gap between the two detectors (which are urnder vacuum and at cryogenic
temperatures) and be accurately positioned there, obviously complicates
the design ard engineering problems quite considerably. This is
especially true in the case of short lived nuclei where the whole process
of source introduction has to be accomplished as rapidly as possible (Gils
et al. i972) . As a matter of fact, most of the 4r silicon spectrometer
systems are not equipped to handle short lived activities since the l
detectors have to be warmed up tc room temperature and atmospheric
pressure ard moved away from each other k;efore a new sourcce can be
introduced (Reynolds & Persson 1965; Spejewski 1966; Trischuk & Kankeleit
1967; Schmitz et al, 1972).

g) Non~Coincident vy Ray Background .

As in the case of organic scintillators, Compton scatterimng of
non-coincident ¥ rays adds to the background experienced by 4r silicon
spectrometers (Spejewskl 1966; Schmitz et al. 1975).

h} Summing of Coincident Radiation

As menticned 1n the section on 4r scintillation spectrometers, the
large solid angle for radiation detection results in a high probability
for the summing of the energy of the B particles with some or all of the
energy of any coincident radiation. Such suninlng results in‘ Serious
spectra shape distortions. (Spejewski 1966; Gils et al. 1972; Schmitz et
al. 1972; Flothmann et al, 1972; Schuperferling 1975.

To suppress the effects of coincident y ray summing, B-y
coincidence techniques using one or two large NaI(Tl) y detectors
surrounding the 4« spectrometer have been utilized. (Spejewski 1966,
Gils et al. 1972, Schuperferling & Hoffmann 1974).

Beta decays are always accompanied by the coincident emission of a

©
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continuous spectrum of v rays. This phenomenon is called internal
bremsstrahlung emission and originates from the electromagnetic
¥ interaction of the nucleus with emitted B particles ( Petterson 1965). 1In
4y silicon B spectrometry some of the 1internal bremsstrahlung photons will
interact with the g detectors and deposit some or all of their energy
there in coincidence with the deposition of the energy of the B particles.
The sunmatlonvof energies that ensues causes distortions in the shape of
the g spectrum that have to be corrected for (Trischuk & Kankeleit 1967).
i) External Bremsstrahlung f)nfésion
Because of the hlgI; Z of silicon in comparison with organic
scintillators, the phenomenon of bremsstrahlung production and escape from
the g spectrometer is more important in 4x silicon spectrometers. This
effect increases in importance with the increase in the endpo1int energy of
the B\spectnxm (Flothmann et al. 1972; Gils et al. 1972). In a
monoenergetic electron line spegtrum bremsstrahlung losses manifest
themselves 1n asymmetries 1n the‘shape of the electron line and a low
energy continuum and even a broad satellite peak below the full energy
peak (Flothmann et al. 1972).

The distortions to the shape of g spectra resulting from,
bremsstrahlung escape are dependent on the exact geometry and sizes of the
source and the detectors. An accurate evaluation of the magnitude of the
effect of bremsstrahlung "on the shape of the g spectrum requires an
extensive Monte Carlo simulation. 'U51ng such an evalution, special
corrections have to be applied to the g spectrum to rectify the
distortions caused by bremsstrahlung losses (Trlsghuk & Kankeleit 1976;
Gils et al. 1972;: Weilner et al. 1973). The failure to apply these
corrections can result 1n considerable deviations from the true shape of
the g spectrum, especially near the endpoint.

j) Deconvoluting the g Spectrum and Measurement of the Response Function
of the Spectrometer. N

‘\\\Eeta spectra measured with 4y silicon spectrometers usually have to
be correé%d\ for the finite resolution of the spectrometer system,
especially near the endpoint (Reynolds & Persson 1965; Willett & Spejewski
1967; Trischuk & Kankeleit 1967: Schmitz et al. 1972). The distorting \
effects of energy loss in dead layers, bremsstrahlung losses and the
escape of some of the backscattered electrons due to imperfections in the

3
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4x geometry combine to produce asymmetries in the shape of the response
function of 4x silicon spectrometers (Persson et al. 1971; Flothmann et
al. 1972; Schuperferling 1975). '

The shape of the response function can no longer be approximated by~
a symmetric guassian and the exact shape of the response of a particular
spectrometer has to be determined accuarately in order to be able to
deconvolute the measured B spectra from its distorting effects
tSchuperferling 1975). ,

Internal conversion electrons, in coinc1d§nce with the appropriate
X rays, have been used to measure the response function of 4y silicon
spectrometers. The X ray coincidence condition 1s usec} to remove the B
and y ray background that accompany the conversion electrons (Persson et
al., 1971; Flothmann et al. 1972; Schuperferling 1975). The problems
encountered in using this method for response function measurement are
discussed in detail in the work of Flothmann et al. (1572). Briefly, the
major difficulties are: attentuation of the X rays in the silicon
detectors to such an extent that in order to obtain acceptable coincidence
counting rates the separation between the two detectors has to be
increased to expose the radioactive source to the X ray detector, thus
altering the response function of the spectrometer in" the process:
problems of variation' in the coincidence counting 'efficiency with the
deposited B particle energy; choice of the appropriate internal conversion
transition with long lived isomeric states in order for the coincidence
method to be effective in suppressing the B and y rays (Schuperferling
1975): and finally the problem of y rays causing eoincidence counts in the
X rays detectors after being Comptom sce;ttered from the g detectors
(Schupeferling 1975).
. A Monte Carlo simulation of the response function has also been
attempted with limited success.: (It failed to reproduce the shape of
experimentally measured monoenergetic electron lines (Schuperferling
1975)).

2) 4x B Spectroscopy Using the Magnetic Transport Technique

In this approach, a skt:.;c;n;_’éyllndrically symmetric magnetic field,
supplied by a superconducting solenoid serves as an electron guide
transporting the g particles from the source to the detectors and the

backscattered B particles from one detector to the other. The source is
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placed at the ®enter of the'solenoid, and the detectors are placed along
the axis of the solenoid on either side of the socurce separated from each
other by a considerable distance (»10 c¢m). Beta particles emitted from
the source” (in a 4x solid angle) follow helical trajectoriles in the
magnetic field and are transported to either one of the detectors
depending on the original direction 1n which they were emitted. Beta
particles that are backscattered from one detector travel in the opposite
direction and are detected by the second detector. The two detectors are
operated in a summation mode and therefore the energy deposited by a8
particle in both detectors is added up in the same manner as 1in more
conventional 4x B spectrometers. The strong magnetic field confines the
particles to -orbits of small radii so that they are intercepted and
analyzed by one of the silicon detectors. The purpose that the magnetic
field serves is to allow the two silicon detectors to be physically

. separated from the source and from each other while at the same time
maintaining the 4x solid angle for 8 ray detection.

The separation between the source and the detectors results in a
small geometrical solid angle subtended by the detectors at the source and
therefore in a reduction in the probability for y ray detection. As a
consequence of this, the ratio of the solid angle for the detection of B8
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 rays with the silicon detectors) is achieved (Shera et
al, 1967: Andersen & Christensen 1968: McMillan 1970: Hamilton 1975).

In addition to the technical problems of contructing a
superconducting magnet system with the required cryostat and associated
support equipment (vacuum, power supply, etc.), the 4x detection method
using a magnetic guide suffers from the same difficulties experienced by
the usual 4x silicon detector arrangemetns (except for problems that are

caused by v, ray detection).

: I‘%jtrdeter»ioratlon in resolution caused by signal summing is still a
problem (Shera et al. 1967; Hamilton 1975). Moreover, the space
limitations inside the bore of the solenoid require that the preamplifiers
be placed outside the solenoid and at a considerable distance form the
detectors. This IE'S}IltS in the use of long cables between the detectors
and the preamplifiers :and therefore in a large input capacitance for the



preamplifier which in turn causes a degredation in the resolution of the
spectrometer system (S’herela et al. 1967; Andersen & Christensen 1968;

Anderson 1968). The resolution of these 4x spectrometers is typically in
the 10-20 keV range (Christensen & Andersen 1968; McMillan 1970). ~

The summing of electrons (internal conversion and Auwger electronss)
emitted from the source in coincidence with the g particles is a problem
in these spectrometers as well (Shera et al. 1967: Hamilton 1975). 1In
fact, the conversion electron spectrum of2%7Bi measured with 4x silicon
spectrometers employing a magnetic field always contains KK, KL & LL sum
peaks resulting from the addition of the various components of two
coincident internal conversion transitions in the decay of this isotope
(Anderson & Christensen 1968).

| A problem which is peculiar to this type of spectrometer is caused
by the lorig transit time taken by backscattered electrons to travel from
one detector to the other. Depending on the distance between the two
detectors, the energy of the B particles under study, and the integration
time of the amplifier, up to a few percent of the coubts generated by
backscattered B particles may fall outside the intergration time of
amplifier and therefore not be counted. This effect increases in
' importance if multiple backscatterings are considered (Shera et al. 1967).

The helical paths that the B pa’rticles follow in the solenoidal
field result in an increase in the energy loss suffered by the g particles
when they traverse any dead layers intervening between the source and the
detectors. Thas 1s a cénsequence of the increase in the mean path length
in the dead layers caused by the spiral trajectories that the 8 particles
are forced to follow by their interaction with the magnetic field
(Hamilton 1975).

The treatment of the problem of B particle trajectories in the
magnetic field of the solenoids has been quite rudimentary. The
simplifying assumption of a uniform magnetic field has always been used
instead of using the actual magnetic field geometry generated by the
solenoid (Shera et al. 1967; Andersen & Christensen 1968; McMillan 1570;
Andersen 1974). As a result of this simplification, there has probably
been an underestimation of the significance of backscattered g particles
that are not detected in the second detectdr. These B particles that miss
detection are usually backscattered g particles that remerge from -the
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surface of the .detector far away from the| solenoid axis and at large

angles with respect to this axis and therefore follow trajectories with
radii-large enough that they collide with the r}\agnet's bore or miss the
"second detector altogether (Andersen & C ristensen 1968).

The problems of source detector alignment and source introduction
mechanisms are still complicated in spite of the considerable separation
betwegn the two détectors. The space limitations imposed by the diameter
of the magnet's bore is the cause of these complications.

E‘in“allx; , beca;use of the particular source-detector geometry in
thése spectrometers and the fact that the source and detectors are
contai'ned within the solenoid and its cryostart, these spectrometers are
not suitable for g - ycoincidence studies iMc:M\illan 1970).

‘The Limitations of Silicon g Spectrometers

The major drawback of silicon spectrometers is thegr limited
sensitive thickness and and therefore the limited range of g decay
energies that can be studies using them. In the case of Si(Li) detectors,
the restriction on active detector thickness is the result of ‘{the low
mobility of lithium in silicon and therefore the limited thickness of the
compensated region which may be obtained with lithium drifting {Coche &
Siffert 1968). 1In the case of diffused junction and surface barrier
detectors, the limit on the sensitive detector thickness is set by the
resistivity of the starting silicon material available and by the voltage
that the detector's contacts can withstand before breakdown (Coche &
Siffert 1968 p 133). ‘

" Although Coche & Siffert (1968 p 161) seem to indicate that the
thickness of the compensated region, obtained by lithium drift, can be as
high as 10 or 15 nm,l nevertheless silicon detectors (lithium drifted or
otherwise) are available commercially with sensitive thicknesses of up to
5 mm only (Haller .& Goulding 1981, EG&G 1981, H/F 1981, Decker et al.
1982, EMERTEC Schlumberger 1983). ‘ A sensitive thickness of 5 mm of

" silicon correspords to the range of electrons with energles to about 2 MeV

{even a 15 mm thickness represents the range of 6 MeV electrons in
silicon) (Berger et al. 1969 and reference 24 therein). For g particles
whose range in silicén exceeds the thiclsnesé of the /sensitive layer, there
is a small probability that they will be stopped in the active portion of
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the detector %,d ldsg their energy there (low full peak efficiency). }he
probability of full’energy deposition decreases rapidly as the energy of

" the incident g particles increases (Bertolini & Rota 1968; Berger et al.

/

1969)= This inconplete energy loss causes severe distortighs to the

the electron
energies that can be completely stopped within the E\letec or active region
(Bosch et al. 1963). N '

Stacking several transmission type silicon det tors 1n a telescope
arrangement in order to obtain a sufficient sensitive hthickness to stop '
energetic B particles results in several problems. Operating the
detectors in a sum coincidence mode requires that the gains of all the
detectors be perfectly matched. It also results in a deterioration in thé
resolution caused by the summing of the signals. In adition there are
the problems of distortions of the shapes of B spectra due to the energy
losses in the dead layers that exist on the front and back contacts of
each of the detectors that a;e traversed in the stack. Another problem is
that of matching the solid andles subtended by the active area of each of
the detectors at the source. Using a small diameter front detector
results in a large probability for energy loss through sidescattering
while using a large diameter ¥ront detector and collimating® the B
particles incident on it results in distortions due the detection of §
particles scattered from the collimator. In both cases the solid angle
for detection is determined by the back detector (the last one in the
stack). This solid angle will be quite small because of the separation
between the back detector and the source. ,

Another solution for the limited thickness of silicon detectors has
been attempted. 1In this approach, the g rays are made to enter through a
flat edge on the side of the detector (the B particle.;; enter the detector
in a direction parallel to the plane of the contacts on the two faces of
the detector). The incident 8 particles thus '"see" a thickness of silicon
almost equal to the diameter of the detector (Marlow & Waggoner 1967; Lund
& Rudstam 1976). However, since the detector is rather narrow (its width
being the thickness of the sensitive region ~ 5 mm), there is a large
probability for sidescattering out of the detector. To suppress this
effect, anticoincidence electron detectors are arranged to surround the
silicon spectrometer in order to veto any outscattered electrons (Lund &



Ruistam 1976), °

Future Developments !

*  Recent reports have demonstrated that with the.availability of
ultra high purity silicon (100 Kp-cm), the'manufacture of thick (up to 15
mm), ’totally depleted, silicon surface barrier detecto:ors is now feasible
(Shiraishi et al. 1983 and references 12, lt! therein). The excellent

. resolution of these detectors (a few keV for 1 MeV electrons), and the

~

feasibility of making extremely thin contacts on both faces of the

/ detectors (transmission type detectors suitable for.stacking) make these

newly developed detectors, quite promising for use as high energy B
spectrometers. |
Finally, there has been a brief report recently on the use of a B
spectrometer consisting of a 10 mm thick silicon detector and a thin (150
um) silicon detector arranged in a telescope configuration (Nitschke 1983).

2 4
‘
4

Gefmanium B Spectrometers
Although the very first semicénductor radiation detector was

manufactured from germanium (see McKenzie 1979), the development of
germanium detectors as radiation spectrometers lagged behind that of
silicon detectors mainly because of the requirement that germanium should
be operated at liquid nitrogen temperature. However, during the 1960's
and early 1970's germanium y ray spectrometers (first lithium drifted and
then high purity) were developed and gained wide popularity.

In spite of the advanced stages of development that germanium y ray
spectrometers had reached by 1976, there had been only a few reports of
electron spectra measured with germanium detectors. These early reports‘
consisted mainly of measurements of internal conversion electron spectra
to test the detector's performance and the thickness of the detector's
contacts (see for example Delyser et al. 1965: Strauss & Larsen 1969:
Hansen 1971; Pehl & Cordi 1975). There were also reports on the use of
conversion electrons and monoenergetic electron and positson beams (from a
magnetic spectrometer) Eo measure the average energy required to create an
electron-hole pair in germanium and the dependence (if any) of this energy
on the species of particle depositing the energy (Ewan & Tavendale 1964;
Pehl et al. 1968). 'E‘inally there were reports on the feasibility of using

!
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a germanium detector as a B spectrometer or as an internal conversion
« €lectron spectrometer but without much in the way of applications (Camp &
Armantrout 1965, Gruhn et al. 1969; Paris & Teherme 1969).

Thinn germanium detectors were also used as conversion electron
spectrometers and low energy beta spectrometers 1n nuclear orientation
studies because of their good performance at low cryogenicC temperatures
(<10 K) (Frank et al. 1964: Brewer & Shirley 1970; Hung et al. 1976;
Vydrik 1977; Boysen & Brewer 1977). However, there had been no published
reports on the use of germanium detectors for precise B spectrometery
measurements until 1976. ‘

The development of the .lithium drift processes for' compensating
germanium in the sixties made the production of planar Ge(Li) detectors
with sensitive thicknesses of up to 20 mm quite feasible (Ewan 1979, Knoll
.1979 p 416). This thickness cé‘rresponds to the range of electrons of
about 20 MeV energy in germanium. (According to Ewan (1968), to a very

‘ good approximation the range of electrons in germanium 1s given by R = E -
0.2 where: R=Range in millimeters, E=Energy of the electrons in MeV. See
also Evans (1955) p. 625). This energy range includes essentially all
known 8 endpoint energies. ,

However, Ge(Li) detectors are quite difficult to fabricate and
handle. The high mobility of lithium in germanium imposes'that Ge(Li)
detectors be kept at cryogenic temperatures (isually liquid nitrogen
temperature) continuously after the lithium compensation process (Knoll
1979 p.416). Otherwise, if the Ge(Li) detector is warmed up to a room
temperature even for a few manutes, the high mobllit‘y of lithium would
result in the precipitation of the lithium and the decompensation of the
sensitive region (Haller & Goulding 198l). This implies that"Ge(Li)
detectors should be maintained 1n the same cryostat in which they were ]
mounted immediately following manufacturé. '

Ge(lLi) detectors are also very sensltive to any surface
.contaminatioh and tl:\er\,efore ‘should be kept at a high vacuum at all time

» with special care taken to ensure that any condensable gases or vapors in
the detector's cryostat are elimnated {Camp & Armantrout 1965; Boysen &
Brewer 1977: McKenzie 1979: Haller & Goulding 1981). Theilr temperature
and vacuum requirements cause severe handling problems and have hampered
the use of Ge(Li) detectors as B spectrometers., Nevertheless, a Ge(Li)
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detector (enclosed in' its own, separate cryostat with a thin entrance
window) has been used as a B spectrometer (D'Auria‘et al. 1976).

The development of high purity germanium (Ge(HP)) detectors in the
early seventies eli’m;mated most of the handling difficulties encountered
with Ge(Li) detectors (McKenzie 1979, Hal¥er & Goulding 1981). High
purity germanium detectors can be easily recycled to room temperature and
aret less sensitive to surface contaimination than Ge(Li) detectors. ’

Ge(HP) detectors are commercially available up/to a sensitive "
thickness of 15 mm which implies that all B8 particles, even those
em'itted in the most enexgetic B decays, can be stopped within the
sensitive region of the detector. All of these factors have paved the way
for the application of germanium detectors to the field of g spectrometry.

The pioneering work done at the Foster Radiation laboratory in the
mid seventies clearly demonstrated the potential of high purity germanium
detectors as excellent B spectrometers especially for §tudies of nuclei
far from stability (Moore et al, 1976: Rehfield 1977). Prior to that,
there had been only one unpublished report on an unsuccessful attempt to
use a germanium detector Ge(Li) for measurements of co_ntinuous spectra
(see Otto et al, 1979 and reference 2 therein).

Since then, the use of high purity gérmanium detectors in 8
spectroscopy, and especially in regions far from stability, has been quite
widespread. (See the following references for detailed instrumentation
descriptions: Giarard & Avignone 1978; Blonnigen et al. 1980; Decker et
al. 1982: Bom 1983; Trzaska et al. 1983: Avignone et al. 1983). (See the
following references for examples on applications in g spectroscopy using
Ge(HP) detectorss: Pardo et al. 1977; Wunsch & Wollnik 1977; Berg et al.
1978; Wunsch et al. 1978; Stippler et al. 1978b; Keyser et al. 1979;
Davids et al. 1979; Sollnik 1986; Wollnik et al. 1980; Munnich 1980; AMCO
"6 (1980) pp. 443-449, 485-492; Decker et al. 1980, 1981; CERN (1981) pp.
129-133, 141-147; Ara1 et al. l9él; Pahlmann et al. 1982; Moltz et al.
1982: Della Negra et al. 1982: Brenner et al. 1982; Iafiglicla et al.
1983b: Nitschke 1983: Alkhazov et al. 1983; Blomquist et al. 1983).

Even with this broad popularity of Ge(HP) g spectrometers, in
practically all of the cases mentioned above, the use of germanium
spectrometers was confined to measurements of the endpoint ehergy of a
single branch in the B decay. 1Indeed, only in investigations carried out
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at this laboratory have germanium g &pectrometers been used for branching
ratios and shape factor measurements (Rehfield 1977, 1978% Hetherington et
al. 1983s Hethex:ington 1984: arnd also irf the work og Iafigliola et al.
1983b, a germanium B spectrometer was used for branching ratio
measurements). The work of Decker et al. (1982) and Bom (1983, 1984)
clearly ghows the sensitivity of measurements perfomied with germanium
spectrometers to the deviation of the shape of the measured B spectra from
the allowed shape. However, no actual shape fact\or measurement were
undertaken in either case.

In another application of Ge(HP) detectors to B spectroscopy, the
shape of the low energy (156 keV endpoint energy) B spectrum of '“C has
been studied using a germanium spectrometer. This experiment was a
by-product of an investigation of the carbon impurities in high purity
germanium crystals. The long lived **C isotope was used as a radioactive
tracer and was 1ncorpora;ted into the detector material during the crystal
growth process. Therefore the measurement was effectively an internal

. source measurement with no need for the application of any corrections to

the raw data (~Haller et al. 1982; Haller 1982).

.

The Appeal of Germanium B Spectrometers:
In additlon» to the small dimensions of Ge(HP) detectors (in

.comparison to scintillators) and their excellent resolution (resolutions

of 4-5 keV at 1 MeV have been reported) (Mcore et al. 1976; Rehfield &
Moore 1978; Girard & Avignone 1978) they have two other qualities which
make them quite attractive as B spectrometers. The first is the linearity
of their energy response which has been verified to 200 ppm in the case of
electrons incident on the detector (Decker et al. 1982). The second is
the high full-energy-peak efficiency for y ray detection in germanium
detectors which allows the use of y rays to calibrate the germanium g
spectrometers rapidly and accurately, especially at high energies (the
pulse generated by the germanium spectrometer is a function of the energy
‘deposited in the detector and is independent of the species of radiation
depositing the energy) (Moore et al. 1976; Wunsch & Wollink 1977; Rehfield
& Moore 1978; Wohn & Talbert 1978; Wollnik 1980: Wollnik et al. 1980;
Brenner et al. 1982; Decker et al. 1982; Iafiqiola et al. 1983b; Bom.1983:
Trzaska et al. 1983).
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The use of high purity germanium detectors as B spectrometers

however is hampered by several factors:

1. Low Temperature Operation .

Although Ge(HP) detectors can be stored at room temperature without
any adverse effects, nevertheless they require cooling (usually down to
liquid nitrogen temperature) for proper operation: the small band gap in

germanium results in a leakage current that 1s too high at room
temperature to allow the use of germanium dicdes as radiation detectors
(Gouldi?mg & Pehl 1974). 1In fact the resolution of germanium spectrometers
deteriorates very rapidly as their termperature rises above 150 K because
of the considerable increase in the leakage current (Goulding & Pehl 1974).
Therefore, germanium detectors have to be placed in a special
cryostat 1n order to be cooled during their operation. They also have to
be operated in vacuum to provide thermal insulation and to eliminate the
possibility of contaminants condensing on the cold surface of the detector.
As a result of this vacuum requirement, Ge(HP) g spectrometers are
usually installed in a separate cryostat with,a thin entrance window
throu;lih which the B particles have to pass before being detected and
analyzed by the spectrometer (Girard & Avignone 1978; Moltz et al. 1982;
Trzaska et al. 1983). Typical window thicknesses are several tens of
microns of a low Z material {(aluminum, titanium, berelium, nickel, or
mylar) (D'Auria et al, 1976; Davids et al. 1979; Brenner et al: 1982;
Decker et al. 1982, Bom 1983: Nitschke 1983: Arai et al. 1984). Beta
particle scattering, energy losses, straggling and variation of energy
losses with incident g particle energy in these windows result in
distortions to the g spectrum for which correctiocn have to be made,
especially at low energies. Such corrections are not easy to calculate
» theoretically with precision (Decker et al. 1982; Bom 1983).

2. Problems Caused by the Relatively High Z or Germanium

a) A More Complicated Response Function
The higher Z of germanium in comparison to that of silicon or

plastic scintillators results in: an increase in the backscattering
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coefficient (a backscatter ratio of about 25%-35% at 1 MeV is observed in
the different Germanium s;pectrometers depending on the angles of incide;cb
and is in agreement with the formula of Kuzminikh & Vorobiev (1975) see
Moore et al. 1976; Rehfield & Moore 1978; Noma et al. 1983; Bom 1983,
1984), an increase in the amount of sidescattering, an increase in
bremsstrahliﬁg production and escape (Berger & Seltzer 1965, 1968;
Grosswend 1974), and an increase in 511 pile-up (in the case of positrons)
(Rehfield & Moore 1978; Noma et al. 1983; Bom 1983, 1984). The shape
response function of germanium detectors will therefore deviate quite
considerably from the ideal delta function shape. The determination of
the shape of’the response function at various energies and unfolding the
distortions 1t causes to the shape of the continuous B spectrum is a very
important task in the analysis 'of data collected with a germanium g
spectrometer.

Different approaches tq the problem of the determination of the
shape of the response function of germanium spectrometers to B particles
have been taken:

1) Monte Carlo Simulations

Detailed Monte Carlo studies of the response function of germanium
detector to g particles have been performed (Varley et al. 1981; Noma et
al. 1983). These are sophisticated computer simulations which take into
account all the possible interactiodns of the g particles and the secondary
particles that they produce during their interaction with the germanium
crystal (secondary electrons, positrons and photons). Monte Carlo codes
designed to simulate one specific type of the -g particle interactions
(such as 511 summing or sidescatter probability) have also been written
(Avignone et al. 1981; Bom 1984). “

2) Measurement of the Response Function

Using monoenergetic electron beams from magnetic g spectrometers,
the response functions of different germanium spectrometer.% to g particles
have been measured (D'Auria et al. 1976, Otto et al. 1979, blonnigen et
al., 1980, Varley et al. 1981: Decker et al. 1982). A crucial aspect in
the measurement of the shape of the response function is the determination
of the background spectrum and its subtraction frorﬂ the true spectrum
generated by the incident moncenergetic electrons in the germanium
spectrometer . The compcnent of the background that is caused by electron
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scattering and iaremsstrahlung production in the magnetic spectrometer -is
particularly important in this context. (Blonnigen et al. 1980; Varley et
‘al. 1981;: Decker et al.'l982). Furthermore, during measurements of the
response function of the detectors, special attention has to be paid to
reproducing the angles of incidence of the B partica.es on the face of the
detector that result from the particular source-detector geometry which is
used when the actual 8 spectra measurements are perfermed (D'Auria et al.
1976 Decker et al, 1982).

The excellent energy resolution of germanium B spectrometers
requires that the monoenergetic beams used for the response function
measurements have a very narrow momentum spread (i.e. the magnetic
spectrometer has to have an excellent resolution). Otherwise, particular
features in the shape of the response function would be, smeared out. In
addition, the shape of the monoenergetic electron line produced by the *
magnetic spectrometer has to be symmetric with no hlqh or low energy tails
which, if present, would be superimposed on the response function of the
germanium detector.

3) The Generation of a Semiempirical Response Function

In this approach, an approximate general shape for the response
function is determined from physical arguments concerning the type of
interactions between the B particles and the germanium detector. The
different parameters describing the shape of the response function (e.q.
the relative intensitigs of the different parts of the response function),
and the variation of thése parameters with energy, are then adjusted such
that a set of standard B spectra measured with the spectrometer can be
deconvoluted using the same response function after the adjustment (Moore
et al. lh976; Rehfield & Moore 1978; Rehfield et al. 1980; Arai et al.
1981, 1984: Bom 1984). °

This approach is hampered by,the lack of an adequate set of
standard sources whose B spectra shape have been accurately measured and
well established, especially for- hlgh endpoint energy decays (Moore et al.
1976) . ) L

Other ‘techniques for analyzing the B spectra measured with
germanium spectrometers have been attempted as well. (P"a;*do et al. 1977;
Girard & Avignone 1978; Davids et al. 1979: Avignene et al. 1981: Trzaska
et al, 1983). These techniques do not take into account the response
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function of the spectrometers (at least not directly). They have been
used mostly for rapid determination of the endpoint energy of the 8
spectrum with modest accuracy and without a detailed analysis of the

spectrum but are too rudimentary to be used in shape factor measurements
or even for precise endpoint energy determinations.

[
s

b) High Sensitivity to y Rays

~
The high sensitivity of germanium detectors to vy rays reguires that

certain measures be taken so that counts resulting from vy ray detection in
the germanium B spectrometer do not end up distorting the 8 spectrum to
such an extent that extraction of any useful information from- it becomes
impossible. ‘ ‘

) In certain cases, the effects of y ray interaction with the A
germanium detector are taken into account in the B spectrum deconvolution
_Procedure. However, such an approach requires complete knowledge of the
decay scheme of the nucleus under study‘aﬁd the intensities and energies
of the y rays emitted from the radioactive soﬁrce and the ¥ ray response
function of the detector as well (Pardo et al. 1977; see alsc Davids et
al. 1974 for a description of the analysis technigque).

In another approach, the probability of v ray interactions with the
detector is minimized by using a detector with a small volume and not
thicker than necessary to stop the most energetic B8 particles from the
particular decay under investigation (Girard & Avignone 1978),

A much more fruitful approach to reducing the distorting effects of
vy ray detection is to employ an effective y suppression technique in
conjunction with the germanium B spectrometer. The different vy
suppression techniques that have been used with germanium spectrometefs
include: ,

1) Particle identification using two detectors in an AE-E telescope
arrangement. The AE detectors that have been tried are: plastic
scintillators (D'Auria et al. 1976; Otto et al. 1979), a multawire

‘ proportional chamber (Bom 1983), thin surface barrier silicon detectors
{Davids et al., 1979: Shahien 1981: Iafigliola et al. 1983b; Nitschke 1983) -
and a thick Si(Li) detector (Trzaska et al. 1983).

2) Magnétic transport using either an achromatic electron guide employing

a superconducting solenoid (Moore et al. 1976, Rehfield 1977), or a sector
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magnet with a wide (10%) momentum range transmission (Blonnigen et al.

© - 1980; Wollnik et al. 1980). ' -

3)B -4 coincidence methods have been used to eliminate the non coincident
y ray backgréund and to select specific B decay branches in order to
simplify the data analysis (see for example Pardo et al. 1977; Girard &
Avignone 1978; Moltz et al. 1982; Decker,et al. 1982: Brenner et al. 1982:
Avigrnone et al. 1983).

2.4 Methods of y Ray Suppression 1n Energy Sensitive Detectors

One of the major problems encountered with energy depositicn B
spectrometers is their sensitivity to y rays. This sensitivity can result
in a severe contamination of the accumulated g spectrum with counts caused
by the interaction of 4 rays, emitted from the radioactive source, with
the energy sensitive detector. .Such effects are quite important in rnuclei
far from stability since their B decay usually leads to intense v ray
emission.

In order for a y ray photon to deposit some or all of its energy in
the detector material, it has first to transfer thils energy to one or more
electrons in the detector material (photoelectric or 'Compton effects).
Alternatively, the photon can create an electron-positron pair in the
detector material. The charged particles (electrons qarxidp051trons) to
h{hich the photon energy has been transferred, dissipate their energy as
they travel through the detector material producing the ionization (and

)

the scintillation in scintillation spectrometers) which provides the
detection signal. d .

For a beam of photons incident on an absorber, the fraction of the
beam that in_teracts with the absorber (and therefore causes a signal-if

the absorber is a detector) is given by

F=1l-exp(-ut) 2.1

¥

. where

F = The fraction of the photon beam interacting with the absorber

M o= The mass attenuation coefficient for the absarber material
(am2/q)

t = The mass thickness of the absorber (g/cm?)
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The mass thickness (t) can also be written as
t=p X
where
p = The density of the absorber material kq/cn %)
x = The thickness of the absorber material (cm)
The mass attemuation is given by

where | )

x,0,x = The linear attentuation coefficients resulting from the |
photoelectric, Compton, and pair proéuction interaction
respectively. '

The compton term (c/phhich dominates the mass attenuation
coefficient in the v ray energy region 0.5 - 2 MeV is practically
indeperndent of Z of the absorber for the common detector materials (gases
except hydrogen, plastic scintillator, silicon, germamium and Nal).

The photoelectric term(t/pwhich is important at low energies, and
the pair production term (x/pWwhich gains importance at energies above™ 4
MeV, can be written as

(T/p)‘-:aT (N/RA)
where (o/p)aax (N/A) . >
at %= The fundamental compton and pair production cross sections per

atom e
N = The number of atoms per mole = constant
A = The mass number of the abscrber

The furdamental cross sections T, X can be expressed as follows:

/

5T = constant ( zR/ E?Y)

ak.= constant 7 ?’_



‘2 = The atomic number of the absorber

E = The energy of the incident vy ray .

P = A complicated function of the energy of the incident 4 ray
energy. It increases approximately logarithmically with y ray
energy but is nearly independent of Z.

n = An expcnent with a value between 4-5 depending on the y/?ay

energy
Therefore -

(\T/p) = constant (2/A) ( 2 n-‘1/1':3 ) ,
_ (x/p) = constant (Z/A) 2 P ,

Z/A=0.45 ¢+ 0.05 for all elements (except hydrogen z/ax1) ‘

It is clear from the arguments above that in order to minimize the
probabllltyﬁbof ¥ ray interaction with an absorber, the thickness, density
and atomic number of the absorber have to be made as small as possible. ’
(The preceeding development closely follows that given by Evans 19855 ).

Different approaches to the Problem of 4 ray suppression have Jeen
tried. Some of these approaches are:

2.4.1 The B2 Absorber Method
This is one of the‘'most common methods for correcting for the

contamination of the g, spectrum with counts caused by ‘-y rays emitted from
the radioactive source. A low density, low Z absorber (polyethelyne,
prespex, lucite, beryllium, carbon, \ancl aluminium have been used for
example), thick enough to stop the most energetic B rays ‘emitted in the
decay, is interposed between the radiocactive source and the detector.
Since no g particles will penetrate through the absorber to be detected by
the g detector, the spectrum accumulated with the abosrber in place
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results from ¥ rays penetrating through absorber and interacting with the
‘detector. This spectrum is therefore subtracted from the original
spectrum accumulated by the B8 spectrométer {containing both B ard ¥
counts) to yield a B spectrum with no vy contamination (see for example
Freedman et al. 1956; Ricci 1957: Gardner & Meinke 1958; Cramer et al.
1962; Kantele et al. 1964: Persson 1964: Wohn et al. 1972: Bosch et al.
1973, 1974; Dakubu & Gilboy 1978).

One of the problems with the B absorber method is the need for an
accurite normalization procedure to adjust the intensity of the spectrum
accumulated with the absorber in place, so that this intensity corresponds
to the intensity of the y ray background component of the spectrum taken
without the ‘aborber. )

Another problem is caused by the fact that the B8 absorber method
does not account for the effects of8 -y summing (both random and
coincident) in the B detector (Kantele et al. 1964). Furthermore, the B
ray absorber itself contributes to the background in the -detector. This
contribution comes from the bremgstrahlung radiation emitted as the B8
particles are stopped in the absorber, from the annhiliation photons
produced in the absorber if a positron spectrum is under stuciy, and from ¥
ray scatteri;'ng in the absorber which can be accompanied by secondary
electron production (O'Kelley 1961 p. 426).

Finally, for highly energetic B decays, the thicknesss of the
absorber required to stop the g particles cah be large enough that the
attenuation of the -{rays by g absorber can be significant (see for
‘examplé the calculation of the 4 sensitavity of plastic scintillators).

A thickness equivalent to 22 mm of aluminum is required to stop 10 MeV
electrons. This thickness results in a 30% attenuation of 1 MeV y rays.
Accounting for this attenuation is especially troublesome in cases where
collimators are used between the source and the g spectrometer (Persson
1964).

2.4.2 B -~ y Coincidence Method
Another method for suppressing the effects of y ray detection in

energy sensitive 8 spectrometers 1s thronigh the use of B -y coincidence
" techniques. In this approach the g spectrum counts are acccumulated only
if they are in coincidence with the full energy peak of a y ray detected
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in a separate y ray detector. Such coincident y rays are emitted during
the deexcitation of the excited levels of the daughter nucleus that are
fed by the B decay of the parent.

The B8 - 4 coincidence method eliminates most of the distortions to
the B spectrum that would‘be caused by the gating y ray if no coincidence
condition was imposed. This method also helps in suppressing most of the
adverse effects of non coincident y ray detection. Furthermore, the 8 - v
coincidence technique is quite useful in eliminating the detection of B
rays emitted by any radiocactive contaminants in the source and 8 rays
emitted in the decay of the daughters of the nucleus whose decay 1s under
investigation (Brenner et al. 1982). And, if the data acquisition is done
in a multiparameter event mode, then the B -y coincidence data can also
be used to verify the B feeding values to the various excited states '
(Brenner et al. 1982). ’

Both NaI(Tl) and germanium y spectrometers have been used in such
coincidence studies.

In addition to the obvious complexity of such a system it suffers
from several other drawbacks:

1. Low Efficiency
The requirement of coincident detection of two radiations (g andy )

in two separate detectors results in a reduction in the efficiency of the
spectrometer system. The efficiency of the g - y coincidence set-up is
proportional to the product of the efficiencies of the g and ydetectors.

2, Variation of Efficiency with Pulse Height ‘ )

The possible dependence of the efficiency of the coincidence system
on the pulse heights of signals generated in the 8 detector can result in
serious distortions to the shape of the B spectrum. Such a dependance can
result from the details of the working of the coincidence circuit
(Spejewsski 1966; see also Knoll 1979 pp 690-704).

3. Knowledge of the Decay Scheme ,

In order to be able to use the B - y coincidence method for «
suppression, complete knowledge of the decay scheme is needed. This
requirement comes about because of the fact that the 8 —y coincidence
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technique is completely ineffective in suppressing the effects resultiné
from the interaction (with the B detector) of 4 rays that are coincident
with the 4 ray used in gating the p spectrometer. Therefore the choice of
the appropriate gating y ray is crucial. Such a 4 ray should cbviocusly be
in prorrpt gpincidence with the g decay branch under consideration.
Furthermore, it should not be in coincidence with any other events that
can result in counts in the g spectrometer (e.g. g particles from other g
branches feeding higher levels that deexcite through a y ray cascade to
which the gating + ray belongs, and other + rays in such a cascade) (Gils
et al. 1972). Using a v ray that is part of such a cascade to trigger
the g - y coincidence results in the collection (in the g detector) ofg
spectrum composed of more than one branch. It alsc results in the usual ¥
ray distortions affecting the B8 sf:ectrum (a superimposed background and a
summing contribution) caused by the other v rays in the cascade (Pardo et
al. 1977; Keysér et al, 1981; Pahlmann et al, 1982).

Gating the g spectrum with a sum peak representing the sum of the
energies of all the 'y rays 'in a cascade has been used in Q 8 masurements
(Lund & Rudstam 1976). However, unless a very large solid angle for ¥ ray
detection is available (4x), the efficiency of such a B -~ ¥ coincidence
method would be very small (as a result of the multiplication of the
efficiency for detecting the y rays). The technique of sum peak gating is
not very useful if the p feeding to each individual high energy level is
small.

Finally, iri using the sum peak as a trigger one is choosing a B
branch which is in the low energy region and which is therefore more
susceptible to the different causes of distortion (higher energy loss in
dead layers, more straggling, higher backscattering coefficient, etc.)

4. Ground State Branches , wr
The g - 4 coincidence technique obviously can not be used to

suppress « rays when the g branch feeding the ground state of the daughter
nucleus is sought. However, if a g - y anticoincidence is used, the
ground state branch can be enhanced but without exclusive branch selection
or very effective y ray suppression. This is because the efficiency for ¥
ray detection is never 100% (Lund & Rudstam 1976).
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5. Chance Coincidences
Depending on the count rate and the time resolution of the
coincidence system, some of the counts accumulated in the g spectrum will

result from accidental (as opposed to true) coincidences between the p:and
4 branches of the coincidence circuit. The chance-to-true coincidence
ratio can be as high as several to 10% in a typical g - y coincidence
experiment (Gils et al. 1972; Bosch et al. 1973, 1974; Dakubu & Gilboy
1978). ‘

6. Internal Bremsstrahlung

All B8 decays are accompanied by the coincident emission of a
continuous spectrum of photons extending up to the endpoint energy of the
B spectrum. This phenomena results from the electromagnétic interaction
between the emitting nucleus and the B particle and is referred to as
Internal Bremsstrahlung (Pettersson 1965).
| Photons emitted during the internmal bremsstrahlung processes can be
detected in the‘-y ray detector and result in a g - y coincidence. The
effects of such coincidences have to be taken into account when the data
is analyzed (Bosch et al. 1973).

/ .
7. Compton Background
” The Compton continuum of a high energy 4 ray, detected in

coincidence with a B particle, contributes to all the cd¢incidence gates of
lower energies. This contribution is especially important in cases of low
intensity g branches (Bosch et al. 1963; Persson 1964; Charocenkwan 1965;
Keyser et al. 1981:; Pahlmann-'et al. 1982). Sometimes anticompton guards
(veto detectors) are used around the 4y detector to reduce the magnitude of
this effect (Lund & Rudstam 1976). ‘

In 42 B sp;ectrometers using B - y coincidence techniques, there is
the added possibility of a y ray Compton scattering in the g detector, and
ther! causing a trigger signal in the y detector (as a result of the wide
energy window settings that are usually used when low resolution Nal 4 ray
detectors are employed). Such events can result in counts above the
endpoint and shape distortions of the 8 spectrum (Rhode & Johnson 1962;
Spejewski 1966: Gils et al. 1972).
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‘8. Random Summing

The B - 4 coincidence technique does not reduce the adverse effects
of the random pile-up of pulses in the g spectrometer. The importance of
this effect depends on the singles count rate in the g detector ard is

therefore unaffected by he coincidence condition.

¢

2.4.3 Particle Identification Methods
Particle identification methods have been used to distinguish

between g rays and photons incident on energy sensitive g spectrometers

and therefore to help suppress the detection of y rays in such i
spectrometers. In this approach a thin detector (AE detector, or dE /dx
detector) is interposed between the radiocactive source and the main 8 -
detector (E detector) where the g particles are eventually stopped. This
XE-E arrangement is referred to as a “telescope system.”

Beta particles passing through the AE detector deposit some of
their enefgy there before being stopped in the E detector where they
deposit the rest of their energy. As for vy rays, because of the small
thickness of the A E detector, there is only a very small probability that
the photons will interact with it and cause a detection signal. Therefore
by gating the E detector signals with the signals from the AE detector,
events resulting from B rays can be differentiated from those caused by a

v ray interaction in the E detector since the spectrometer will be

activated only if a charged particle passes éhrough the E detector.

The reduction in the vy ray detection pfébabillty in a telescope
system in comparison to the case when a single g detector (with the same
thickness as the E detector) is used is called the y ray suppression g
ratio. It is equal to the ratio of the probabilty of a y ray causing a
detetction signal in both the E and AE detector to the probability of the
same v ray causing a signal in the E detector only. The « ray suppression
in télescope systems therefore comes about because of the small probabilty
for a 4 ray interaction with the AE detector as a result of its small
thickness.

A y ray interaction with the AE detector is very likely to produce
signals in both the AE and the E detectors. For electrons produced by the
photoelectric interaction of a ¥ ray with the AE detector, there is a high
probabilty that the photoelectrons will be emitted in the forward
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direction (i.e. the original direction of the incident vy ray). fhis is
especially true for Y ray energies above 0.5 MeV (Evans 1955 pp. 695-697).
In the case when the « ray undergoes a Compton scattering in the AE
detector, there is a high probabilty for the photon to be scattered either
in the forward or the backward direction but a low probability for
scattering sideways (i.e. perpendicular to the direction of the incidentsy
ray). As a result, the probability for the emission of a Compton electron
is highest in the forward direction (Evans 1955 pp. 682-684, pp. 690-692).
Similarly, for ¥ rays undergoing palr production interactions in the AE
detector,- the angular distribution of the emitted electron-positron pairs
(with respect to the incident photon direciton) is strongly forward peaked
(Evans 1955 p 703). ' )

The forward directed secondary electrons that are produced by the
processes described above have a high probability for ?}aver51ng the small
thickness of the AE detector and interaccting with the f]

the case of Compton scattering, the forward scattered photons themselves

E detector . In

can also interact with the E detector. Among all of these possible
processes. Compton events in which the incident photon 1is scattered
backwards and a high energy electron is producéd in the forward direction
are the ones with the highest probabilty for producrrg signals in both the
E and AE detectors (Toriyama et al. 1980; Ohya et al. 1982).

In comparison to the processes described above (production o N
forward directed electrons in the AE detector), there is a negllglﬂéy
small probability for events in which the incident 4 ray passes through
the E detecéor without an interaction and then undergoes an interaction
with the E detector which generates a detection signal in both the E and
AE detectors. These improbable events can cause a detection signal in the
AE detector as a result of the interaction (with the AE detector) of a
photon, Compton scattered in the backward direction, or a secondary
electron or positron emitted from the E detector in the direction of the
AE detector. The occurance of such events is highly unlikely because of
the small cross section for the production of backward directed secondary
electrons, the large thickness of the E detector which 1nsures that most
of the secondary electrons produced in the E detector will be stopped
there as well, and finally the small probability for interaction with the
thin AE detector in the case of a backward scattered photon.
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It follows from the preceeding discussion that, to first order, the
v ray sup-press‘i‘on ratio of a telescope system is equal to the probabilty
for a ¥ ray interaction with the AE.detector alone divided by the
probability for a y ray interaétion in the E detector by itself.

ﬁs:.ng equation {2.1), we have

"‘3
]

R l-exp(-ultl)

[\N}
it

l-exp( -upt,)
where
B, B = The probabilty for y ray interaction with the AE détector and
the E detector respectively (i.e. the v ray efficiens of the two
detectors).
By, H2= The mass attenuation coefficient for the #AE detector amd the .
E detector materials respectively.
1'1 , t2 = The mass thickness of the AE and E detectors respectively.

; _ ( =By ty) Hy t
Therefore, the yray suppression ratio = 1- exp 11 z—L—l—
1- exp ( - o t2) uy tz

Hence, if the E and AE detectors are manufactured from“the same
material, then the suppression 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). J\IYpical Y ray suppression ratics for telescope
spectrometers are of the or\dg.r 100.

It is quite clear then\, \\that in order to achieve a high 4 ray

suppression ratio, the AE detecfc\:r has to be made from a low Z, low
density material and its thickness has to be minimized. However using a (
&£ detector with a small mass thickness results 1in small energy deposition
by the 8 particles in the AE detector. This in turn causes the signals
generated by the interaction of the B particles with the AE detector to be
comparable in size to the electronic noise in the detector and associated
circuitry. As a result there is an increase in the probability that the
coincidence circuit will be triggered by a noise pulse in the AE detector
(Dickey et al. 19878). The use of a very thin semiconductor AE detector
can also cause other problems as will be seen later.

The arguments that have been used above to calculate the
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suppression ratio for ¥y ray originating from the radioactive B source are
abviously not applicable to the calculation of the effective suppressién
of y rays which originate from other sources ard which do not traverse the
AE detector (as is the case for the ambient Y rays in a high background
area). Telescope systems are most effective when such Y rays represent a
problem since their suppression ratiocs for these Y rays is much higher
than the values that are calculable from the equations used above (Kantele
& Passoja 1971).

The energy loss suffered by 8 particles in passing through the AE
detector has to be accounted for accurately so that the energy obtained
with the telescope system does truly represent the energy spectrum of the
incident g particles. In practice, there have been two approaches for
accomplishing this. In telescope spectrometers where the energy loss of
the g particles in the AE detector is small (e.g. if the AE is a thin
plastic scintillator or a proportional counter), then the%gggrgy loss in
the AE detector (including losses in dead layers such as eﬁ%%ance windows
and reflectors) is calculated and added to the energy of the energy of the
g8 particles detected by the E detector. In the second approach, the E -
AE telescope is operated in a éﬁm coincidence mode and the coincident
pulses from both detectors are added to each other to account for the
total energy of the B particles.

Both these methods suffer from problems which can cause distortions
to the shapes of p spectra measured with telescope spectrémeters.

1. Coincidence Mode Operation o . .
In this mode, the AE detector is used simply to gate the E detector

in the coancidence circuit. No pulse height information from the AE
detector 1s retained. The energy loss of the 8 particles in the AE
detector in this mode of operation is obtained from a calculation rather
“than direct measurement.
The problems with this approach are:
a) Dependence of the energy loss on the energy of the incident B particles.
The energy loss suffered by g particles in passing through the E
is dependent on their 1nitial energy especially for B particle energies.
below 0.5 Mev. Therefore adding a constant energy corresponding to the
energy loss of minimum ionlziﬁg electrons in the AE detector to the energy

v
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measured by the E detector (as is frequgptly done: see example Otto et al.
1979) would cause the telescope spectrometer to have a non-linear energy
response, particularly in the low energy reéiqn. -

' Using the Bethe-Bloch formula (see for example Knop & Paul 1965 p.
12) to calculate the energy loss in thq AE detector and the dependence of
this energy loss on the energy of the B particles does not yield very '
accurate results either since the formula holds rigorously only for

infinitesimal energy losses (infinitesimal layer thicknesses). The

Bethe-Bloch formula does not include the eéfects of the sldﬁing down of
the g particles during their £nteraction with the finite thickness of the
AE detector. Neither does the formula take into account the variations in
energy loss experienced by monoenergetic electrons as a result of the
differences in the length of the paths that they follew in the AE
detector. (Such path length differences are caused by electron scattering
in the AE detector material). The deviations of the actual energy loss
from the energy loss calcuiéted from the Bethe-Bloch formula will be most
pronounced at low energies where the energy loss is greatest (Bom 1983).

Among the effects causing deviations from the energy loss as
calculated from the Bethe-Bloch formula, the variation in the energy losg
caused by electron scattering in the AE detector is perhaps the most
important since it can cause serious distortions to the shape of the B
spectrum. Because of the small mass of the electron, it can suffer
significant deflections in its interaction with matter and its path as it
passes through the AE detector can be very tortucus. 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 B8 pérticles traversing thé AE detector
will therefore vafy widely depending en their path lengths (Beck 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 primary energy of the B particles.

To account properly for all the variations in energy loss in the AE
detector, the spectrum of energies deposited by monoenergetic B particles
in this detector has to be carefully calculated (using Monte Carlo
techniques for example) at different incident 8 particle energies. The
spectra thus obtained should then be used to convolute the g particle
energy spectrum accumulated by the E detector.
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As an alternative, Beck (1969) used a single channel analyzer to-

set a window on the heights of the pulses accepted in the AE detector so

that pulses generated by scattered electrons with long path lengths are
excluded. This technlque of pWlise height selection in the AE detector has
also been used to discriminate against backscattered B particles. A nore
detailed discussion of the technique will be given later in this section.
The major shortcomings of the pulse hieght selection method are the
reduction .in efficieny and the dependence of efficiency on 8 particle
energy as will be shown later. ,
b) S&aggling

Even if the effects of large angle scatterings are eliminated and

" all the electrons follow paths of the same length in the AE detector there

would still be large variations in the energy losses experienced by
monoenergetic electrons passing through the AE detector. These
differences in energy loss are due to the statistical nature of the
interactions between the incident B particles and the detector material.
Since the individual ionization energy losses suffered by the electrons
(in single collisions) vary over a wide range of energies (from zero up to
one half of the electr:)n's kinetic eﬁergy because of the small mass of the
electron) the total energy lbss experienced in collision can be quite

different from one electron to the other., In addition to this, the

electron may also lose any fraction of its energy in a radiative collision.

—#fccording to the treatment of Landau, the spectrum of the energy |
losses of monoenergetic B particles in a thin absorber is a nonsymmetric
distribution with a peak corresponding to bthe most probable energy loss
and a full, width at half maximum (fwhm) equal to about 20-25% of the most
probable energy loss. Furthermore, the asymmetry of the distribution of
energy losses in the thin absorber increases with a decrease in the energy
of the dncident B particle. Therefore for a fixed absorber thickness, the
1mportaénce of stragglmg increases with a decrease in the primary energy
of the B partlcles. (Bethe & Ashkin 1953 pp. 255-259; Eyans 1955 pp.
621-622: Seltzer & Berger 1974) .

The straggling of the energy loss of B partlcles during their

passage through the AE detector” has the effect of broadening the
resolution of the telescope spectrometer in comparison to the resolution

. of the E' detector alone (Toriyama et al. 1980; Bom 1983). It can also

rop
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result in an energy dependent resolution due to the dependence of
straggling on the incident 8 particle energy (see Toriyama et al. 1980

&

2, Sum—Cdfﬁcidence Mode Operation

The alternative to calculating the energy loss of B particles in
the AE detector and adding it to the measured energy is to operate the AE
and E detectors in a sum-coincidence mode. In this mode, the pulse
heights from both detectors are added to each other to account for the
total energy lost by each individual B particle in the telescope system
(Kantele & Passoja 1971; Dickey et al. 1978; Borovoy et al. 1979; Clifford
1981s Ohya et al. 1982; Hoyle et al. 1983; Iafigiola et al. 1983b).'

Some of the problems encountered with this approach are the usual

problems encountered when signals from two detectors are summed. These
include the need for gain matching and stabilization (Iafigiocla et al.
1983b) and the deterioration in resolution due to summing. The problem of
gain matching over a wide energy range is cofplicated further in this case

[y

" as a result of the small thickness of the AE detector and therefore its

small full energy peak efficiency for high energy (above 0.5 MeV)
conversion electron lines. As for the deterioration in resolution, the
problem is most severe in telescope systems where the AE detector is a
semiconductor detector. The largest contribution to the resolution of
these detectors-comes from electronic noise which increases rapidly with
an increase in the value of the c;apacitance with which the input of the
preamplifier is loaded (Knoll 1979 pp. 651-652). The small thickness of
the semiconductor AE detector results in a large capacitance and therefore
in a signficant deterioration in resolution (Kantele & Passoja 1971; Ohya
et al. 1982). (The large capacitance causes an increase 1in the rise time
of pulses generated in the AE detector as well (Knoll 1979 p. 652). This
in turn results in the use of long resolving times in the E-pE coincidence
circuit and thergfore in an increase in the ratio of random to true
coincidences. It can alsé cause problems if the telescope spectrometer is
used in timing applications (Kantele & Passoja 1971)). Using AE detectors
with smaller surface areas helps to reduce the capacitance but also )
results in a lower efficiency (smaller solid angle) and an increase in the

~

side scattering.
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Finally, when operating the telescope system in the sum—coincidence
mode, one has to account also for the small energy losses in the two extra

‘dead layers (on the front and back of the AE detector) that are added as a

result of the introduction of the AE detector.
Attempting to alleviate the problems resulting from the use of thin

. semiconductor detectors by increasing the thickness of the AE detector has

the following disadvantages:

- A reduction in the Y ray suppresion capability of the telescope
spectrometer.

- An upward shift in the spectrometer's low energy cut off to higher 8
particle energies. '

- A strong deperdence of the transmission of the AE detector on the energy
of the transmitted g particles.

- An increase in the scattering of g particles during their traversal of
the AE detector resulting in an energy dependent spectrometer efficiency
(qu 1983).

Problems Experienced by Telescope Spectrometers in General

Telescope B spectrometers, indpendent of the type of the E or AE
detectors used or whether they are operated in a sum-coincidence or a
coincidence mode, suffer from several problems in common with each other:

|

1.8 - ~vSumming

o

a) Coincident Y Rays

Telesc?pe spectrometers a;re not effective in suppressing the
detection of coincident v rays if they strike the detector simultaneously
with their coincident B particle. Such a situation occurs when the
coincident 8 and v fays are pboth emitted into the finite solid angle
subtended by the telescope at the radiocactive source. The B ray then
trigg‘ers”' the coincidence circuit and the energy deposited by the g and v
rays is detected simultaneously and summed. The probability for the
occurence of such events is proportional to the sguare of the solid angle
which the telescope subtends at the source. Therefore in order to reduce
the effects of coincident p- y summing the solid angle of acceptance of
the telescope spectrometer has to be made quite small resulting in a

'
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decrease im the spectrometer's efficiency.
m .

b

b) Non-Coincident ¥ Rays

Telescope spectrometers are i1neffective in suppressing B - ¥ random

pile-up caused by the detection of a B particle and a ¥ ray in the
spectrometer in a period of time shorter than the resolvhmg time of the
coincidence circuit. Therefore the y suppréssion capability of telescope
spectrometers is effectively count rate dependent (especially at high
counting rates) (Borovoy et al. 1979).

2. Scattering from Solid Materials in the Vicinity of the Spectrometer

The addition of a AE detector between the source and the main g ray
detector increases the probability of B ray scattering from the AE
detector mounting and connections (Bom 1983). Very effective collimation
is needed to reduce such effects. It was found necessary to use active
_collimators (plastic scintillation veto detectors) in order to avoid the
use of thick i1nactive collimators from which B particles can scatter
(Kaina 1977; Kaina et al. 1977: Clifford 1981: Bom 1983).

3. The Dependence of the Telescopes Efficiency on the Energy of the

Particles
The detection efficiency of a telescope spectrometer for g a
particles is dependent on the energy of the incident B particles (see for
examples Toriyama et al. 1980 Fig. 5: Clifford 1981 Fig. 3-6; Chya et al.
1982, Fig. 6; Bom 1983). This energy dependence can cause serious
distortions to the shapes of continuous B spectra and complicate
measurements of shape factors. The variation in efficiency with B

particle energy is caused by three distinct effects.

a) Low Energy Cut Off .
As a result of the finite thickness of the AE detector, the

telescope spectrometer will have a low energy cut off limit corresponding .
to the energy of B particles whose range in the AE detector material is
equal to the thickness of the AE detector. Beta particles with energies
sless than the low energy threshold are not transmitted through the AE
detector and therefore are not detected in the E detector. Hence if the



. -111-

~ s
.

telescope 1s operated in a coincidence mode gated by signals from both
detectors, counts resulting from such low energy g particles are not
accumulated, ' (

Typical values for AE detector thicknesses are 200 um for silicon
detectors and 0.5 mm f&r plastic scintillators. These thicknesses
correspond to the range of B partlcles\Qf energies of 175 keV and 220 keV

respectively.

b) Energy Dependent Transmission of the AE Detector
Even for 8 rays whose range exceeds the thickness of the AE

detector, some of the incident 8 particles will not be transmitted through
the AE detecctor. The reason for this incomplete transmission 1is that
some of the incident B particles are backscattered from the AE detector
while some of the‘ other incident B particles are completely stopped in the
AE detector as a result of the long path lengths that they fc;llow in-.the
AE detector (caused by large angle scattering) (see Kantele & Passoja 1971
Fig. 2a, Ohya et al. 1982 Fig. 2).

As an example, using the empirical formula of Tabata and Ito
(1975), for a beam @f 1 MeV electrons perpendicularly incident on a 200um
thick silicon detector, about 4% of the incident electrons are not
transmitted through the detector. (The percentage is higher for oblique
incidence angles {Tabata & Tto 1976)). The fraction of transmitted
electrons is also a function of the incident electron energies and
increases with a decrease in the energy.

The energy dependence of the transmission of g particles through
the AE detector can cause serious distortions to the shape of the 8
spectrum measured with a telescope system.

Ao
¢) Scattering in the AE Detector
A beam of electrons passing through a thin absorber (such as the AE

detector) will emerge with a certain angular spread as a result of
scattering. Because of this angular spread, some of the g particles that
are transmitted through the AE detector miss the E detector altogether.
The shape of the angular distribution of the g particles emerging from the
AE 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 missing the E detector and the efficiency of the telescope
are energy dependent as well (Dickey et al, 1978; Bom 1983).

The Use of Telescope Spectrometers to Reduce the Effects of Backscattering

Telescope B spectrometers have also been used to reduce the effects
of g particle backscattering from the E detector. This is accomplished by
making use of the fact that the energy loss per umit path length for g
particles is nearly independent of their energy for energies above about
0.5 MeV. Thus by selecting the AE pulses such that the only events
retained are those where the energy loss in the AE detector corresponds to
the Mt probable energy loss of minimum ionizing B particles passing
through the AE detector, it is possible to discriminate against
backscattered 8 particles (which would have a high energy loss due to the
double passage through the AE detecctor) (Knott et al. 19709; Kantele &
Passcja 1971).

‘ The AE\pulse height selection also improves the y ray suppression
of the E - AE telescope. The improvement in 4 ray suppression is achieved
because of the fact that the most prcbable y ray interactions with the AE
detector are Compton scatterings. The spectrum of energies deposited by
the Compton events in the AE detector forms a flat continuum most of which
is discriminated against 1if a pulse height window is set on the AE
detector (Knott et al. 1970; Kantele & Passoja 1971).

Furthermore, the pulse height selection method can be useful in
eliminating the coincident summing of B particles and conversion electrons
since the amount of energy deposited by two particles passsing through the
AE detector falls outside the window set on the pulse height in the E
detector (Michaelis et al. 1969).

The dafficulties encountered with the pulse height selection
technique are: (

1. Reduction in Efficiency
The efficiency of an energy sensitive B spectrometer with an ideal

antibackscattering system is lower than the efficiency of the same
spectrometer without the antibackscattering by a factor equal to the
backscattering coefficient. This is due to the fact th&t no information

from events in which the g particles are backscattered is retained or used

"
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in the spectrum analysis.

2. Variation in the Energy Loss of Monoenergetic B Particles in the
AE Detector s
Even for monoenergetic B particles incident on the AE detector, the

energy loss experienced by the different particles varies greatly as a
result of both straggling and the large difference in the path lengths of
the g particles in the AE detector. The pulse height selection method
discriminates against any events in which there had been a large energy
loss in the AE detector, without diétinguishing between single pass or
backscattered events. Therefore, there 1s a reduction in the
spectrometer's efficiency for detecting events in which theg particles are
not backscattered out of the spectrometer since some of the single pass
events are also rejected,

3. Dependence of the Efficiency on the—Energy of the B Particles
(see Kantele & Passoja 1971 table 1). {
The energy deperdence of efficiency is caused by two effects: the
first is the dependence of the backscattering coefficient of g pérticles
on their energy. Therefore, even for a spectrometer with an ideal system
which rejects only events in which backscattering takes place whose
rejection is 100% efficient, the efficiency is energy dependent.
The second effect results from the dependence of the shape of
spectrum of energy losses of monoenergetic B particles passing through AE

detector on the primary energy of the 8 particles (Berger et al. 1969;
Seltzer & Berger 1974). Thus the percentage of single pass events with a
high energy loss which are inevitably discriminated against by the pulse
height slection method is also a function of the incident B particle

energy.

4, Inapplicability of the fechnique at Low Energies

At energies below 500 keV, the energy loss of g particles per unit
path length is strongly dependent on the B particle energy (Evans 1955 p.
609: Knop & Paul 1965 p. 13). Therefore the pulse height selection method
for discrimination against backscattered electronS is impractical.

v
!
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5. The Escape of Backscattered B Particles ‘
Depending on the solid angle subtended by the AE detector at the
position of the E detector, some of the backscattered g particles can

escape from the spectrometer without traversing the AE detector a second
time, thus reducing the e%fectlveness of the pulse height selection method
for rejecting backscattered p particles (Kantele & Passoja 1971). Also,
since for a low Z materials (Z < 30) the angular dastribution of
backscattered electrons (at saturation) is dependent on the primary energy
of the incident B particles (Tabata 1967 and reference 8 therein), the
fraction of backscattered B particles escaping detection will be enerqgy
dependent as wel]i , resulting in distortions to the shape of the B spectrum.

2.4.4 Gamma Ray Suppression Using Magnetic Fields
The bending of B particle trajectories in magnetic fields has been °

exploited in many vy ray suppression schemes that are used in conjunction
with energy sensitive B8 detectors. Among energy deposition B
spectrometers, semiconductor detectors and particularly silicon
spectrometers have been the ones most widely used with magnetic field ¥
ray Suppressors. 4

The differentiation between y ray and g ray trajectories as they
traverse a magnetic field located between the radicactive source and the
energy sensitive detector is the basic property that is used in magnetic <
ray suppression. In most (but not all) cases the B particle trajectories
are bent on an arc of a circle (due to the magnetic field) which allows
one to interpose a y ray absorber along the straight line joining the
source and the detector 1in order to shield the B ray detector.

Energy sensitive B ray detectors utilizing a magnetic field for v
ray suppression differ from the hybrid g spectrometers described
previously in two main aspects. The first is that unlike hybrid
spectrometers, the magnetic field in vy suppressors is not used in the
determination of the momentum of the B particles (i.e. no measurement of
the magnetic rigidity is performed). The m\agnetic field serves simply to
transport the g particles to the energy deposition B spectrometer where
the energy determination takes place.

The second aspect in which magnetic ~ ray suppressors differ from
hybrid g spectrometers is that the magnetic field is usually held constant

»

4
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in a suppressor amd varied in hybrid spectrometers. This is not always
the case (as will be seen later in this section). Since some magnetic
transporters have a narrow momentum range at a constant magnetic field
value, the field value has to be varied to cover the full momen tum range,
if a study of a wide energy spectrum is attempted.

) Many of the basic 1ideas used in the design of magnetic v ray
suppresors were taken from concepts that had been developed in conjunction
with magnetic B spectrometers. Some of the most common magnetic vy ray
suppression methods will be discﬁssed in what follows,

o -

2.4.4a 1. Extended Focal Plane Devices
There are two types of these energy dispersive devices:

1) Sector Magnets
Sector dipole magnets which focus g particles of different energies

along an extended focal plane have been used as magnetic Y ray
suppressors. A large area energy sensitive g detector (usually a silicon
spectrometer) is placed at the focal plane such that it covers a large
por/t‘ion of the focal plane and therefore receives a wide band of electron
energies simultaneously.

The use of sector magnets in y ray suppressicn offers several
advantages (Mladjenovic 1979). One advantage is that both the source and
the detector are in a field free region which provides easy access to both
of them. A second advantage arises from the fact that positrons and
electrons are deflected 1n differert directions so that intense conversion
electron lines do not hamper measurements of weak positron activities,
Another benefit derived from the use of sector magnets is the ease of
selection of a momentum range covering a region of interest through the
use of slits or baffles. This allows one to study a specific part of the
g spectrum (e.g. the endpoint) without the problems of pile up caused by
intense emission of low energy g particles and electrons. Stronger sources
and higher counting rates m the region of interest (hence shorter
collection times) can therefore be used.

Other advantages associated with the use of sector magnets include
excellent y ray suppresion and small angles of incidence of B particles on
the detector surface., Because of the particular geometry of sector
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transport magnets, very effective Y ray shielding can be used between the
source and the detector without interfering with the B ray transmission of
the magnet. The small angles of incidence on the surface of the detector
can be accomplished by orienting the detector such that the 8 particles
are incident perperdicularly (or nearly so) on the detector (Mladje;'xovic
1979). The degree to which this is achievable depends on the orientation
of the focal plane with respect to the central ray and the width of the
transmitted momentum band. The small angles of incidence of the 8
particles reduce the probability of backscattering from the detector.
Some of the difficulties encountered with the use of sector magnets
as magetic y ray suppressors are: .
1. The limited momentum range that can be covered with sector magnets at a
constant magnetic field value (Ap/p= 7% in 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)). The limited momentum range is
caused by the physical extension of the focél plane on the one hand and
the limited surface area of semiconductor detector on the other (Cambi et
al. 1972; Fazzini et al. 1983). c
To increase the width of the momentum band (Ap/p) that can be
investigated with sector magnets, one can use either smaller magnets with
smaller radii of curvature and therefore smaller dispersions (the radius
of curvature is 4 cm in the work of Cambi et al. 1972, 1t is 14 cm in the
work of Sakai et al. as quoted by Mladijenvoic (1979)), or detectors with
larger surface areas (Fazzini et al. 1983). The probiem with the use of
smaller magnets is the reduction in source size and therefore the
luminosity of the spectrometer-transporter system {Mladjenovic 1979). The
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 al. (1972) and 500 mm” in the work of
Fazzini et al. 1983) and by the problems of increased sensitivity to ¥
rays of the larger detectors (Fazzini et al. 1983):
2. Difficulties with the fringing magnetic fields which increase in
importance as the width of the gap between the magnet poles is increased.
As a result, magnets with smaller gaps have to be used resulting in the
low transmission values that are typical for sector magnets (< 1%)
(Mladjenovic 1979; Fazzini et al, 1983).
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3. Problems of B particles scattering from the walls of the vacuum chamber
and from the baffles that are used to define the B particle trajectories
(Cambi et al. 1972).

4. The deperdence of the focusing properties of the sector magnet:_ on the
position of the focus along the focal plane (i.e. on the B particle '
energy) (Fazzini et al. 1983; see also Armini et al. 1967).

5. Complications in the response function of the energy sensitive B
detector resulting from the energy dependence of the posit:.ion of the entry
points of B particles intc the detector.

Due to all of these problems, the use of sector magnets in «y ray
suppression has been limited to in-beam conversion electron studies (Cambi
et al. 1972; Mladjenovic 1979; Fazzini et al. 1983). Sector magnets have
also been used in "orarge" systems to increase efficiency. 1In these
systems several sectors are arranged symmetrically in the azimuthal
direction around an axis with the source placed on the symmetry axis and a
separate detector for each sector (Mladjenovic 1979 and references' 34, 35

therein) .

b) Semicircular Magnets

A semicircular homogeneous field magnet has also been used as an
extended focal plane B transporter {(Catura 1965). 1In this case, both the
source and the detector are placed in the uniform magnetic field (along
the focal plane), and an energy range is selected by pl:j\cing a baffle in
front of the detector. ,

Like sector magnets, semicircular magnets have the advantages of
electron positron separation and good ¥ ray shielding. Semicircular
magnets have the added advantage that the g ’particles enter the detector
perpendicular to its surface and therefore suffer less backscattering.
The perpendicular incidence results from' the fact that the focal ‘plane of
semicircular magnets is perpendicular to the trajectories of the B8
particles.

‘ Semicircular magrnets also suffer from many of the problems
encountered with sector magnets including low transmission (0.3% in the
work of Catura 1965) and narrow momentum band width (Ap/p = 8.8% in the

-work of Catura 1965). To overcome the drawbacks of a limited momentum

range, Catura (1965) used a swept magnetic field to cover the full 8
spectrum.
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2.4.4b "Mini-Orange" Trans\port Systems

"Mini-Orange" transport systems resemble the high transmission
"Orange" (toroidal) type g spectrometers. (For a detailed description of
orange g spectrometers see for examples Siegbahn 1965 pp. 119-139;
Mladjenovic 1976 Chap. 11; Mladjenovaic 1979). In both cases, a toroidal
magnetic field is generated by several sector magnets that are arranged in
an azimuthally symmetric configuration around an axis on which both the
source and the detector are positioned. A lead ¥ ray absorber is placed
along the symmetry axis between the source and the g8 detector to shield
the detector. ‘ ' ’

In the mini-orange systems, small permanent magnets are used,
instead of electromagnets, to generate the magnetic field. The toroidal
magnetic field produced by these permanent magnets is no longer used to
resolve electrons of different energies. Instead it is used simply to
transport electrons from a wide energy range by causing electrons emitted
from the radicative g source to converge onto the detector in a fashion
somewhat analogous to the action of an optical lens (Van Klinken & Wisshak
" 1972, Van Klinken et al. 1975). The toroidal magnetic field also acts to
separate the positrons from the electrons by bending the trajectories of
particles of one charge sign toward the detector and those of the opposite
charge away from the detector.

Because of”the focusing action of. the magnetic field of mini-orange
transporters, the number of 8 particles incident on the detector is
considerably larger than that determined by the geometrical solid angle
subtended by the detector at the source (see Ishii 1975 Fig. 6 for
example) . Therefore the source and the detector can be separated by a
considerable distance without an appreciable loss in transmission. At the
same time the small geometrical solid angle subtended by the detector at
the source and the attenuating effect of the yray absorber result in a
large reduction in the flux of ~rays incident on the detector (Van
Klinken & Wisshak 1972). However, due to the dependence of electron
transmission and the ¢ ray attenuation on the energy of the electrons and
the yrays respectively, the enhancement in the ratio of electrons to the
v rays incident on the detector (the y 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. The most popular type of l
permanent magnet$ used have been SmCq. because of its attractive magnetic
characteristics (high remnance, near constant magnetization for large
demagnetizing fields, and its availability in the form of small, thin and
strong permanent magnets (see Van Klinken et al. 1975 Fig. 10: Ishii 1975
Fig. 2)). The small size, low price and simplicity of mini-orange systems
have made them quite popular (Mladjenovic 1979).

Problems Encountered with Mini-Orange Transport Systems:

Despite their attractive features, there are some major problems
encountered with the use of mini-orange transport systems in B
spectroscopy. Some of these problems are:

’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 Klinken & Wisshak
1972; Ishii 1975).
2. Narrow Momentum Band and Strong Dependence of the Transmission on the 8
Particle Energy

The transmission of mini-orange transport systems is quite strongly

" dependent on the energy of the incident B particles. The exact dependence

of transsmission on energy is detvennined by several factors including the
geometry of the set-up (the distances of the source and the detector from
the magnets, dimensions of the detectors and magnets, shape of the
magnets, etc.) and the strength of the magnetic field (Van Klinken &
Wisshak 1972, van Klinken et al. 1975). 1In general, the transmission
versus energy curve is asymmetric with a sharp low energy cutoff. It is
also characterized by a broad maximum with a full width at half maximum
(fwhm) of a few hundred keV (Van Klinken & Wisshak 1972 Figs. 4, 5; Van
Klinken et al. 1975 Figs. 2, 7, 8, 14; Van Klinken et al. 1978 Figs. 4,5;
Neumann et al. 1979 Figs. 2, 4).

Inéreasing the momentum range of the transmitted electrons (i.e.

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 with varying gap widths between the magnets.
In all 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. Low Transmission at High Energies ,

As a result of the particular shape of the transmission curves of
mini-orange systems, the transmission at electron energies above ~ 2 MeV
is quite small. Therefore such systems are not very suitable for the
study of energetic 8 particles.

The peak of the transmission curve can be shifted to a limited
extent to higher energies. This shift~to higher energies can usually be
accomplished by increasing the source and detector distances from the
magnets or by increasing the strength of the magnetic field through the
use of more magnetic material (increasing the number of magnets or their
thickness). These steps, however, result in a significant 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; *
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 fashion in which the
permanent magnets are magnetized. Therefore when a calculation of ‘the
transmission curve of a mini-orange system is attempted, it is necessary
to use a crude approximation of the shape of the magnetic field (e.g.
purely toroidal fields) (Van Klinken et al. 1975; Ishii 1975).
Considerable discrepencies between calculated and measured transmission
curves have been observed as a result of the rough approximations used ih
calculating the magnetic fields (Van Klinken & Wisshak 1972; Neumann et
al. 1979).

5. Gammy Ray Related Background
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The .y ray background is caused mainly by two effects. The first is
the penetration of high energy v rays through the central absorber. The
second effept is the productic;n of secondary electrons through, the
interaction of 7y rays with the magnets (Squ5 has a high density and a
high effective Z) or other parts of the transport system that lie between:
the source and the detector (Van Klinken et al. 1978; Neumann et al. 1979).
6. Beta Particle Scattering from the Magnet Surfaces

The lazrge surface areas offered by the multiple magnets that are
used in a mini-orange system result in a large probability for the B

‘particles to scatter from these surfaces and reach the detector after

their energies have been degraded (Van Klinken et al. 1975).
7. Trochoidal Orbits '
Electrons that reach the detector after executing multiple loop in

e magnetic field (trochoidal orblts) cause irregularities and
guctuatlons in the transmission curve. Such irregularities are qui{:e
hard to detect (Van Klinken et.al. 1975). .
8 Large Angles of Incidence on the Detector

. As a result of the large angles of incidence of 8 partlcles on the
detector in a mini-orange system, the.probability for B particle
backscattering is quite large (Van Klinken & Wisshak 1972;  Van Klinken et

al., 1975). Special detectors with unconventional shapes {(e.g. conical or

" cylinderical sensitive surface) have been propossed and used to reduce

backscattering (Van Klinken et al. 1975, 1978).

'As a result of all of these difficulties that are experienced by
mini-orange transport systems, the use of such systems in the field of g
‘spectroscopy has nout'been popular. Beta spectra measurements with
mi_ni—orange systéms have been undertaken mostly to determine the
transmission curves of mini—orapge spectrometers (Van Klinken & Wisshak

1972 Van Klinken et al. 1975. @"n}) ] .

1

2.4 .4c Archromatic Magnetic Transport Sizstems
There are four types of these non dispersive magnetic transport

¥

systems.

a) Triple Focusing Systems ’
Triple focusing transport systmes are generally constructed from
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flat, uniform field ﬁagnets. The deflecéion angle of a beam of electrons
passing through such a system is greater than 180°. The action of the
magnet results in triple focusing: double-focusing in space (axial -and -
radial directions) and momentum focusing at the locatiori of the energy
sensitive dete@%or. Thus unlike the case of extended focal)plane deviceé;
a wide range of energies can be accumulated wifh a small surface area
detector. -~ ‘

Triple focusing systems usually have an energy dispersive
intermediate focus where the width of the momentum band can be set with a
diaphragm system (Ejiri et al. 1976: Mladjenovic 1979). Triple focusing
systems with reasonably wide momentum bands have been constructed (AP/Pg,
= 10%, 40%, S57-80%, and 140% in the works of Blonnigen et al. 1980; Ejiri
et al. 1976: Nagai et al. 1982; and Komma 1978 respectively).

Some of the other advantages of triple focusing spectrometers, are:
- Large distances between the source and the detector which allow
excellent vy ray shielding of the detector (Blonnigeén et al. 1980; Wollnik
et al. 1980). '

—'Elettron—p051tron separation as a result of their different deflection
directions.

- The possibility of orienting the detector such that the.electrons have
perperdiculat ‘incidence onto the detector surface thus reducing the
percentage of backscattered electrons (Mladjenovic 1979; Nagai et al.

1 1982).

- Sharp time signals generated by the electrons incident on the detector
as a result of their well defined trajectories and the small differences
in. path length between particles of different energies. Mcreover, the
time signals generated by the electrons may be well separated from those
due to ¥ rays originating from the source (as a result of differences 1n e
the time of flight). These excellent timing charactéristics of triple
focusing systems are quite important in coincidence measurements (Ejiri et
al. 1978). ‘
- Elimination of intense but undesired parts of the spectrum throﬁéh the
selection of the transmitted momentum band (Komma 1578). This can be guite
useful in eliminating the effects of pile-up 1in studles of endpoint ;
energies of g spectra (Blonnigen et al, l9éO;AWOlln1k et al. 1980).

The major diffictulies encountered with triple focusing systems are:

- The requirement of a triple focus of small physical extension impcses

’
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stringent‘restrictions and tolerances on the design and construction of ‘
the magnets. The effects of the fringing field of the magnet are
especially important in this context (Ejiri et éi. 1976;: Komma 1978;
Blonnigen et al. 1980: Wollnik et al: 1980; Nagal 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 B spectrum at a fixed magnetic field value (for a spectrum with a
6 MeV endpoint, the low energy cutoff is about 1 MeV even for the widest
band system 1n use Ap/p, = 140%). This quality makes triple focusing
systems unattractive for shape factor measurements.,

- Their small solid angle of acceptance. This is perhaps the most serious
drawback of triple focusing systems. Typical values for transmission are

less than 0.5% resulting in very low efficiences.

2) Boomerang Systems
kil
In these zero dispersion systems, both the radioactiave source amd

=

the energy sensitive detector are placed in a homogeneous magnetic field.
The source ard the detector are positioned one above the other (in the
case of a vertical magnetic field), along a straight line parallel to the
direction of the magnetic field such that electrons emitted from the
source are focused at the detector's location after a deflection of 360°
(hence the name "boomerang" systems) (Elbek 1967; Paris & Treherne 1969; -
Plochock1 et al. 1971).

The operation of the boomerang transport systems 1s based on a

characteristic property of the uniform magnetic field. The trajectory of
a charged partaicle, émltted in a plane perpendicular to the uniform
magnetic field, describes a circle that passes through the point of
emlssion and 1s tangential to the original direction of emission.
Therefore,g particles emitted in different directions in a plane
perpendicular to the magnetic field of the boomerang system, are focused
back to the source position after one complete revolution irrespective of
their energy or angle of emission 1n the plane (Mladjenovic 1979). By
accepting § particles with a small component of velocity parallel to the
magnetic field direction, the non disderssive focus at 360° 1s extended
above the p051t1;n of the radioactive source. If an energy sensitive

detector 1s placed at this Jocation, then the full energy range of the
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focused B particles can be studies simultaneously. Because of the .
source~detector separation, a 7 ray absorber can be inserted between the
- source arnd the detector to shield the detecctor (ﬁlbeck 1967). Another
attractive feature of boomerang systems 1s that electron-positron ‘
differentiation can be easily achieved by accepting only particles that
have fhe correct sense of rotation in the magnetic field (Paris & Treherne
1569; Plochocki et al. 1971). !

Some of the difficulties encountered with boomerang systems are:
1. Low Effective Transmission

Boomerang systems provide momentum focusing and spatial focusing in
the radial direction only (no axial focusing at all) and therefore have
inherently low transmission in comparison to triple focusing devices.
Because of the lack of axial focusing, the non dispersive image (formed at,
360°) has a large physical extension in the axial direction and cqﬁ not "be
fully contained within the surface area of the detector. As a result, the
effective transmission of the spectrometer is quite small (less than 0.2%
in the work of Plochocki et al. 1971},

In order to increase the transmission of a boomerang system, Elbek
(1967) proposed the use of a detector with a cylinderical sensitive
surface so that B particles emitted in any radial direction can be
detected. This, however, 1s achieved only at the expense of the loss of
the ability to distinguiash between positrons ahd electrons. Furthermore,
even with cylinderical detectors, the transmission of boomerang sSystems is
st1ll expected to be quite small (Elbek 1967).

Using flat semicconductor detectors with larger surfaqe areas to
increase the effective transmission results i1n a derioration in resolution.
2. Difficulties with Momentum Band Selection.

As a result of the wide angles of acceptancce 1n the radial
direction, the intermediate (energy dispersive) focus at 180  1s no longer
well defined. Hence only a rough energy selection through,the use of
baffles 1s possible at this location.

3. Inadequate vy Ray Shielding

The small source—-detector separation (35 mm and 15 mm 1in the wor&s
of Paris & Treherne (1969) and Plochocki et al, (1971) respectively) does
not allow for'adequate absorber thickness and therefore the y ray

suppression 1s not very effective (Plochocki et al. 1971).

%
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4. Large Angles of Acceptance and Incidence

The large angles of acceptance in the radial direction (up to 90°
" if & flat detector is used and 180° with the use of a cylindrical
detector) are reproduced as angles of incidence on the detectors surface.
The large angles of acceptance aggrevate the problems of energy loss and
scattering 1n the source and the source backing. The large angles of
incidence result 1n an 1ncrease 1n backscattering from the detector and a
deterioration in resolution as a result of the increase in energy loss in
the detector's entrance window.
5. Dependence of Transmission 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 1s strongly dependent on the ehergy of the transmitted B particles
(see Plochoki et al. 1971 Fig. 1B). ‘
6. Dependence of Time of Flight on Energy

For a charged particle moving in a uniform magnet field, the time
taken to complete one revolution 1is given by (Jackson 1975 p. 581)

T = 2x E

ecB
where

= The time required to complete one revolution

= The total energy of the charged particle (kinetic + rest mass)
= The charge of the particle

= The magnetic field value

= The speed of light .

Since all of the B particles execute only one revolution in the

N0 W o m 3

homogeneous magnetic field of the boomerang system, their flight times are
independent of the radial or axial, angles of emission. However, as is
evident from the equation above, the time of flight of the B particles 1is
dependent on the energy of the B particles. This time dependence can

. cause problems in timin g and coincidence experiments espéc1ally when

boomerang transpert systems with weak magnetic fields are used.

3) Trochoidal Guides
The basic principles of the trochoidal motion of electrons in

magnetic flelds with azamuthal symmetry and high field gradients (B« r'—ﬁ
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n > 1) have been quite thoroughly studied and applied to the design of
electron-positron separators, palr spectrometers, and a few magnetic B ray
spectrometers (Malmfors 1958: Malmfors & Nilsson 1958: Siegbahn 1565 pp.
139-=145: Mladjenovic 1971 pp. 58-64: Mladjenovic 1972 pp. 596-602;
Mladjenovic 1976 pp. 201-220, Mladjenovic 1979).

The high transsmission and low dispersion properties of trochoidal
B spectrometers made them quite attractive for use as magnetic
transporters 1in conjunction with energy sensitive detectors (trochoidal
guides).

Trochoidal transport systems are achromatic steering devices in
which the electrons are guided in the fringing field of a cyllndrically‘
symmetric magnet. These electrons travel along the arc of a circle from
the source to the detector following trajectories consisting of multiple
loops with a precessing center of gyration (Watson et al. 1966, 1967;
Allan 1970; Gono et al. 1975: Mladjenovic 1979).

The motion of the electrons in the high gradient field i1s a
superposition of a trochoidal motion in the median plane (the magnetic
symmetry plane between the pole faces the magnet) and a vertical
oscillation about this plane (Malmfors 1958). 1In other words, the
electrons travelling in the fringing field region of the radially
decreasing magnetic field experience two types of drift motion: an
azimuthal drif along the circumference of the magnet and a vertical drift
consisting of a spiralling motion about the magnetlc'fleld lines. The
field lines are highly convergent in the fringing field region near the
magnet's pole tips. Therefore, depending on their axial angles of
emission, some of the electrons reachlﬁ% this region are reflected back to
the median plane because of the magnetic mirror effects (Watson et al.
1967). The magnetic mirror effect thus causes a vertical oscillation
about the median plane and results in an effective axial focusing at 1/2
period of the vertical oscillation (Watson et al. 1966).

In the radial direction, the acceptance solid angles 1s 180° (i.e.
any electron emitted i1n the median plane 1s accepted 1irrespective of 1ts
angle of emission in the plane) (Watson et al. 1966). Therefore the
transmission of trochoidal guides 1s usually quite high and can ideally
reach 30% or higher (see Watson et al. 1967; Allan 1970 Figs. 4-5; Gono et
al. 1975).
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Some of the other attractive features of trochoidal guides include:
- An energy independent transmission and a‘broad momentum range (Watson et
al. 1967; Allan 1970; Gono et al. 1975). Moreover, the transmission 1s
independent of the angular separation between the source and the detector
(Allan 1970).

- Electron-positron separation. The direction of the azimuthal precession
of the particles i1n the magnetic field depends on their electric charge,
therefore only particles of one charge sign are transported to the
detector (Allan 1970; Gono et al. 1975).

- Effective v ray shielding. As mentioned before, 1n trochoidal guides,B
particles are steered around the arc of a circle from the source to the
detector. And since the transmission 1s independent of the
source-detector angular separation, very effectiave vy ray shielding of the
detector can be achieved by providing a large angular separation between
the source and the detector (usually > 90°) and placing a y ray absorber
along the straight line extending between the source and the detector.

Some of the problems ehcountered with trochoidai guides are:

1. The Dependence of Transmission on the Dimensions of the Magnet.

Unlike other types of magnetic B spectrometers, trochoidal orbit
spectrometers have transmissions that are dependent on the phyisical
dimensions of the spectrometer (Malmfors 1958). Similarly, the
transmission of trochoidal guides 1s also dependent on, the size of the
magnet used, specifically 1ts radius of curvature and pole gap width
(Watson et al. 1967 egn. 8; Gono et al. 1975 egn. 9).

2. The Dependence of the Image Width on Energy.

The width of the image produced by the trochoidal guide for an
electron point source 1is épproximately equal to twice the radius of
curvature of the electrons 1in the magnetic field of the guide (Watson et
al. 1967). The width of the image 1s therefore dependent on the magnetic
rigidity of the g particles and hence their energy. As a result, if high
energy g particles are to be studied with trochoidal transporters, one has
to use eirther very high magnetic fields or large surface area detectors
(the magnetic rigidity of a 10 MeV electron 1s about 35000 guass cm).

Distortions 1n the shape of the magnetic field due to saturation
effects 1n the magnet poles at high magnetic fields limit the strength of
the magnetic fields that can be employed in trochoidal guides. On the
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other hand the use of large area semiconductor detectors 1s limited by
their availability and by the deterioration in resolution resulting from
" their large capacitances. )

The use of a detector whose width 1s less than the width of the
1mage at the highest electron energy under study results 1in an effective
transmission which 1s energy dependent and which has a sharp drop at high
energies (Allan 1970 Fig. 4; Gono et al. 1975 Fig. 5).

3. The Dependence of Time of Flight on 8 Particle Energy

The time of flight of B8 particles from the source to the detector
in trochoidal systems 1s independent of their initial direction of
emission. However, the transit time 1s strongly dependent on the energy
of the B particles (Malmfors 1958; Watson et al. 1967 egn. 4, Table 1:
Allan 1970 Fig. 6; Gono et al. 1975). In fact, trochoidal B spectrometers
were flrst proposed as time of flight spectrometers (Malmfors 1958:
Malmfors & Nilsson 1958). variations 1n the time of flightof 8 particles
can cause problems in timing experiments and especially coincidence
circuits (Allan 1970; Gono et al. 1975).

4. Large Angles of Incidence on the Detector.

Since all angles of emission 1n the median plane are acccepted, the
angles of i1ncidence on the detector will vary greatly. Some of the )
electrons will impinge on the detector at very shallow angles resulting 1n
an increase 1n backscattering (Gono et al. 1975).

5. The Increase in the Effective Thickness of Dead Layers.

Because of the trochoidal motion that the B particles execute in
the magnetic field, their paths in any dead layers that they traverse are
quite curved. This results 1n an increase 1n the effective thickness of
the dead layers as seen by the B particles passing through them (Allan
1970). Moreover, for a low energy electron, the radius of curvature of
the trochoidal orbit can be larger than the drift displacement along the
radial path after one revolution. This causes low energy electrons to
traverse a dead layer several times losing energy and scattering every
time they re-enter the dead layer (Watson et al. 1966: Gono et al. 1975).

The "magnification" of the thickness of the dead layers that
results from the two effects described above 1s strongly dependent on the
energy of the B particles. It has been observed to cause a deterioration

in resolution, energy shifts, low energy tails in the spectra 'of
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monoenergetic electron lines, a reduction in efficiency and an energy
dependent transmission (%atson et al. 1966, 1967; Allan 1970: Gono et al.
1975).

6. Problems with the Radiocactive Sources.

Since trocheidal transport system accept electrons emitted in the
backward as well as the forward direction, some of the accepted electrons
will traversé the source and the backing at least once. Furthermore, some
of the low energy electrons traverse the source and the backing several
times (as explained above). The s;urce backing therefore represents a
dead layer through which some of the electrons must pass. In fact, the
attenuation of low energy electrons (as a result of their multiple passes
through the source backing) was used to limit the transmission of the
trochoidal guide at low energies (Gono et al. 1975). In addition, unless
extreme care is exercised in the design and positioning of the source
holder, some of the electrons (especially at low energies) can collide
with 1t and undergo large energy losses and scattering (Watson et al.
1967; Allan 1970).

7. Coincident Summing

As a result of the large solid angles of acceptance of trochoidal

guides, coincident summing of conversion electrons and B particles can

become a serious problem (Allan 1970).

4) Solenoidal Tranposrt Systems

a) Modifid Lenses
Lens type B spectrometers have been modified for use as magﬁetlc

transport systems and operated in conjunction with energy sensitive
detectors (Picone et al. 1972; Avignone et al. 1973). The shape of the

magnetic field 1s maintained but the momentum selection slit i1s either

)

removed completely (Picone et al. 1972) or replaced with a wide pass
baffle (Avignone et al. 1973). The spectrometer can then be operated in a
high transmission, low resolution (wide bandi mode relying on the energy
dispersive detector to analyze the B particle energies. The vy ray
absorbers that are usually placed aleng the axis of lens g spectrometers
are retalned to help in the suppression of y rays.

The transmission of the modified lenses is typically a few percent.
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The momentum band, transported at a constant magnetic field value, is
usually quite narrow (AE/E = 14% 1in the work of Picone et al. (1972)).
Therefore, the magnetic field value has to be swept 1n order to be able to
cover the-full energy spectrum under study. This in turn results 1n
problems of normalization of the different segments of the spectrum,
Nevertheless, the narrow band nature of the modified lenses can be quite
useful in reducing the effects of pulse pile- up caused by the intense
emission of low energy electrons.

The problems of modified lens transporters are quite SlTllaI to
those of hybrid spectrometers. 1In fact the only difference between these
spectrometers and the hybrid spectrometers described previously 1s that in
the modified lens type, the determination of the B particle energy is
performed exclusively in the energy sensitive detector with no reliance on '

the measurement of the magnetic rigidity.

b) Axial Magnetic Guides
Burginyon ard Greenberg (1966) were the first to suggest the use of

strong, cylindrically symmetric magnetic field as a high transmission,
broad range electron transporter to guide electrons from a radioactive
source to an energy sensitive detector. 1In that work, both the
radloactive~source and the detector were placed in a uniform magnetic
field which acts as an electron guide maintaining a high transmission for
electrons but at the same time allowing thé source and detector to be far
from each other in order to reduce the solid angle for y ray detection.
In the particular set-up used by Burginyon and Greenberg, the magnetic
field was generated between the poles of a cylindrically symmetric,
iron—core magnet. The detector was oriented with its sensitive surface
parallel to the direction of the magnetic field and a small y ray shield
was placed between the source and the detector. However, that specific
source-shield—detector geometry resulted i1n a strong dependence of
transmlssion on the energy of the B particles including oscillations 1in
the transmission as a function of energy at high B particle energies.
Following the pioneering cited above, the use of axial magnetic
fields as electron guides became quite popular. In most cases, the strong
magnetic field 1s generated by a long solenoid and the detector 1s

oriented with 1ts sensitive surface perpendicular to the magnetic field
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direction (Burson 1968: Goudsmit 1969; Michaelis et al. 1969: Kotajima &
Beringer 1970; Waldschmidt & Osterman 1970; Morozov and Pelekov 1972;
Klank & Ristinen 1972; Morozov 1973; Konijn et al. 1975; Lindbald & Linden
1975; Hamilton 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 magnetic transporters have also been
used 1n conjunction with 4r semiconductor B8 spectrometers (Shera et al.
1967: Andersen 1968: Andersen & Christensen 1968; McMillan 1970) (see the
section on 4n silicon spectrometers for a detailed description). Axial
magnetic guides have been used for in-beam measurements, using neutron
beams from reactors (Burson 1968: Goudsmit 1969:; Michaelis et al. 1969;
Popeko et al. 1976) and proton or heavy 1on beams from accelerators
{Burginyon & Greenberg 1966: Kotajima & Beringer 1970; Klank & Ristinen
1972: Konijn et al. 1975: Landbald & Linden 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).

Axial magnetic guides used 1n conjunction with semicondcutor B
spectrometers have resolution, transmission, and luminosity values that
are comparable to the high transmissicn, large orange type magnetic B
spectrometers (Andersen & Christensen 1968; Burson 1968: Hamilton 1975).
However, the multichannel nature of axial magnetic guides results in much
higher figures of merit than those for magnetic spectrometers (von Egidy
1969).

The spectrometer system on which this thesis reports 1s composed of
an axlal magnetic transport system used in conjunction with an energy

sensitive Ge(HP) 8 detector.

Beta particles emitted from a radloactlye source placed on the axis
of the solencid follow helical trajectories as they spiral around the
magnetic field lines of the solenoid. An energy dispersive detecéor
placed on the solencid axis intercepts these trajectories, detects the 8
particles and analyzes their energy. The radii of the helical orb1§s of
the g particles are determined by the energy of the g particles (their
magnetic rigidity), their angle of emission with respect to the solenoid
axis, and the strength and geometry of the magnetic field. In order to
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achieve an energy independent transmission, the radius of the B detector
should be larger than the maximum diameter of the helical orbits of fhe
most energetic B particles under study. Therefore a strong magnetic field
is needed to confine the energetic B particles to orbits small enough 1in
diameter that a detector with a resonable size surface area can be used to
the study B spectra with high endpoint energies. Both normal and
superconducting solencids have been used to furnish the required magnetic
fields. Typical field strengths achieved are ¢everal kiloguass for normal
magnets and several tens of kiloguass (several tesla) for superconducting
magnets. % )

The widespread use of transport solenoids can be attributed to
. their many attractive features some of which are: '

1l. High Transmisison

Very high transmission values for B particles can be achieved with
transport solencids. Typical transmission values for a single solencid
vary from 4% to 40% (Goudsmit 1969; Kotajima & Beringer 1970; Morozov &
Pelekhov 1972; Konijn et al. 1975; Popeko et al. 1976: Moore et al. 1976;
Hagemann et al. 1979) and values as high as 50% can be easily achieved
(Morozov 1973; Andersen 19§4). Transmission values exceeding 50% can be
obtained with two solenocidal transport systems (magnet + detector) placed
on either side of the source (Maté et al. 1978: Arvay et ak. 1980). A
100% transmission (i.e. 4n aetectlon) can be realized with a single
transport system with two detectors on either side of the radioactive
source (see section on 4n silicon spectrometers for full details).

The high efficiency of solenoidal transport systems makes them
1deal instruments for coincidence measurements. They have been frequently
used 1n electron-gamma coincidence experiments (Burson 1968: Goudsmit
1969; Klank & Ristinen 1972: Lindbald & Linden 1975: Konijn et al. 1975;
Popeko et al. 1976: Backe et al. 1978: Arvay et al. 1983): Henry et al.
1982; Guttormsen et al. 1983) and electron-electron coincidence
experiments (Maté et al. 1978; Array et al. 1980; Guttormsen et al. 1983).
In the latter case, the source 1s sandwiched between two transport systems.
2. Broad Range and Energy Independent Transmission

If a combination of a strong magnetic field %nd a large surface
area detector are used, then the transmission of a solenoidal transport

system is independent of the energy of the B particles (see Arvay et al.
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1980 Fig. 10). The range of transmitted B partiéip energies extendss from
zero up to a maximum value determined by the radius of the detector and
the strength and geometry of the magnetic field. Since magnetic fields of
'S tesla can be easily achieved with modern superconducting solenoids, and
Ge(HP) detectors with surface areas of 2000 mm? (2.5 cm radius) are
commercially available, B particles of energies up to about 18 MeV can be
studies with an axial guide system,
3. Good v Ray Suppression

The large distance separating the radiocactive source from the
detector in a solenoidal transport system, ranging form 10 cm to 50 am for
the various existing sytems, results in a very small geometrical solid
angle for y ray detection. The 'rray suppression ratio (the ratio of the
solid angle of acceptance for B particles to the solid angle for v ray
detection) varies 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 high energy B decays would of
course result 1n an increase in the solid angle for y ray detection.

Secondary electrons that are produced by ¥ rays incident on the
walls of the spectrometer chamber in the region between the source and the
detector have a small probability of reaching the detector and
contributing to the background. The magnetic field of the solencid forces
any electron emitted from the chamber walls to follow a helical.trajectory
which intercepts the chamber wall afteg one revolution. There the
electron scatters again undergoing some energy loss and follows a tighter
orbat before 1ts next collision with the wall. This process 1s repeated
until the electron loses all of 1ts energy and i1s stopped in the chamber
wall. Because of the large source-detector distance, the probability of
the Compton electron being intercepted by the detecctor before 1t is
stopped 1n the wall 1s quite small (Burginyon & Greenberg 1966; Klank &
Raistinen 1972; Lindbald & Landen 1975; Hung et al. 1976.

Problems encountered with axial guide systems ©
Like any other g spectroscopy system, axial magnetic guides suffer

from certain problems and limitations some of which are discussed below
(see also Mladjenovic 1979).
. 1. Large Angles of Acceptance.
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With a uniform magnetic field of suﬁ?icient strength, the
transmission of an axial transport system is as high as 50%. 1In this
case, all of the B particles emitted 1n the direction 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 since they result in an increase in scattering and energy losses
in the source and the detector (Lindbald & Linden 1975; Popeko et al.
1976). The large angles of acceptance can also cause problems with
coincident summing of B particles and conversion electrons (Michaelis et
al. 1969; Konijn et al. 1975). I

In order to overcome the problem of large acceptance angles, the
particular profile of the magnetic field of a solenoid can be used to
limit the angles of acceptance. To achieve this, the radiroactive source
is placed at a location along the axis of the sclenoid where tﬁe magnetic
field 1s less than 1ts maximum value, with the maximum magnetic field
location lying somewhere between the source and the detector. In this
configuration, the magnetic mirror effect, which is produced by the
variation of the magnetic field strength along the axis of the solenoid,
causes electrons that are emitted at large angles, with respect to the .
solenoid axis, to be reflected back or botteled out of the solencid. The

maximum angle of acceptance then is given by:

The maximum angle of acceptance

@
n

B_ = The magnetic field strength at the location of the source

The max1mumkvalue of the magnetic field along the solencid axis
(Michaelis et al. 1969: Goudsmit 1969: Kotajima & Beringer 1970: Mor'ozov &
Pelekhov 1972: Klank & Ristinen 1972% Lindbald & Linden 1975; Guttormsen

w
il

et al. 1983). To first order, the angles of acceptance are also energy
independent.

The use of the magnetic mirror effect to limit the solid angle of
acceptance 1s quite an elegant solution, especially since it avoids the
use of baffles from which g particles can scatter.

2. Large Angles of Incidence

4
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The large angles of‘incidence of B particles on the surface of the
energy sensitive detector in axial guide systems represent a problem for
two reasom first is the deterioration lin resolution resulting from -
the increase in the effective thickness of the detector's entrance window
as seen by the B particles which are incident at large angles. '_I‘\l'ie second
and more important effect is the increase in the backscattering of\&\
particles from the detector as a result of the increase in the angles \Sfm
incidence. n —
In analogy to the large angles of acceptance, the problem of large ‘ \\
angfes of incidence can be solved by placing the detector in a lower
magnetic field region along the axis of the solenoid. The maximum angle of
incidence in this case is also given by equation (2.2} where éz now is
the magnetic field at’ the detector's location (Klank & Ristinen 1972;
Lindbald & Linden,\l“975; Popeko et al. 1976; Guftormsen et al, 1983).
If the locatlion of the maximum magnetic field value lies somewhere
between the source and the detector, then the positioning of the detector
in a low field region has the added advantage ‘that some of the B particiles
that are backscattered from the surface of the detector will be reflected
béck to the detector. This 1s again the result of the magnetic mirror
effect that 1s experienced by the backscattered particles 1n travelling
from the low magnetic field at th€ location of the detector to the

a

location of the maximum field value. The re-entry of these reflected B ;

-

particles into the detector increases the probability that they will
deposit their fuJ:I energy in the detector (Guttormsen et al: 1985;
Hetherington 1984). )

' However, the lower field value at the detector's position results
in an increase in the radii of the orbits of the B particles. The radius
of an electron's orbit is given by (..);ackson 1975 pp. 588-593; Guttormsen
et al. 1983) ’

“~ u

2 -
r _ BO
T B

A

where * ]

r = The radius of the orbit of the 8 particle at the localion of the
detector, . oy
The radius of the orbit of the g particle’ at the location. of th‘e

»

r
o
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magnetic field maximum
By

i Bz [
Therefore, detectors with larger surface area have to be used 1f they are

The maximum value of the magnetic f1eld :

0

The value of the magnetic fle&d at the detector's, location.

to be located in a lower field region.
3. Problems with Dead Layers. !

The helical trajectories of B partlcfles in the magnetic field of a
solenoid force them to follow curved paths 1n any dead layers intervening
between the source and the detector. The qurved pgths combined with the
large angles of acceptance and i1ncidence result in an increase in the path
lengths of B particles in’ ,Ehé dead laye‘rs? and therefore 1n an increase in
the energy loss and scatte'rlng experienced by the B particles.
consequently, it is quite advantageous to have the source and the detector
in the same vacuum chamber with no entrance windows separating them from
each other. Such an arrange;nergt-, showever, can result in difficulties when
cooled detectors are used and when’ the source 1introduction 1s to be
performed rapidly and frequently. , )

5. Difficulties Associated with Electron-Positren Differentiation

Since the only difference between the trajectories of electrons and
positrons 1s the sense of rotation about the magnetic field lines,
Qarticles of either charge will be transported by the axial guides. Thas
l‘ack differentiation between electrons and positrons capcause problems

", when nucleir with weak positron activities and nlntense conversicon electron
. emls‘smn are under study.
Do Helical baffles tt"xat distinguish bétween the twc charge states have
_been used to overcome this problem. Thelir use, however, results in
several drawbacks. The helical baffles transmit particles of the right
tharge only 1n a narrow momentum band. Therefore in order to study a wide
energy range, the magnetic field of the transporter has to be varied over
*" a wide range. This in turn introduces the problems of normalization of
, the different segments of the spectrum and the problems of variations in
« the transmission of the baffle with the magnetic field strength.
- The use of the charge selection baffle reduces the overall transmission
' of the guide system quite considerably (Komijn et al. 1975; Backe et al.
1978). " '
., - The helical baffles provide large surface areas from which the B

-
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particles can scatter. l
5. Pi1le-Up Prcblems

The high transmission - broad band nature of axial guide systems
and the extension of the range of transmitted B particles down to zero
energy, can result in high countlhg rates in the detector and severe
spectral distortions due to pulse pile-up. This 1s particularly
problematic 1n cases where there 1s an intensive emission of low energy
electrons (Auger electrons cr intense low energy B particles).

The flux of low energy électrons incident on the detector can be
sig'nlflcantly reduced by placing a small diameter circular baffle on the
solenoid axlis between the source and the detector. Such a baffle, “
however, would also stop some of the high energy B particles ard result in
oscillations 1in the value of transmission with changes in the B particle
energles. II sweeplng magnetic field component (with all the assocrated
problems) has to be introduced to smooth these oscillations. In addition
to the overall transmission at high energies is reduced considerably by
the introduction of the baffle (Kotajima & Beringer 1970; Klank & Ristinen
1972; Konijn et al. 1975; Lindbald & Linden 1975; Backe et al. 1978; Arvay
et al. 1980). Another important drawback of using a small diameter baffle
on the solenoid axis 1s that the baffle intercepts most of the B8 particles
with small acceptance angles while allowing particles with large angles of
acceptance to pass through (Klank & Ristinen 1972). As a result the
fraction of B particles that backscatter from the detector 1s 1ncreased.

Axial guides can also be operated i1n a long lens mode such that
they.transmit only a well defined momentum band. The narrow band
transmission can be achieved by 1ncorporating a set of momentum selection
baffles i1n the transport system. Operating the solenoid as a long lens,
;lowever, reduces the overall transmission of the system and requires that
the magnetic field be swept 1n order to cover a wide momentum range (Backe
et al. 1978: Ercan et al. 198l1: Henry et al. 1982).

6. Timing Problems

Beta particles travelling between the source and the detector in a
solencidal transport system follow helical trajectories that can be of
considerable length. Moreover, the lengths of these trajectories vary
considerably even for B particles of the same energy. The flight paths

are longest for particles emitted at the maximum acceptance angle and

}.\ N
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shortest for particles emitted along the axis of theseclenoid., As a -~
result, the txme of flight between the source and the d;;egtor 1s quite
long ard variable depending on the length of the specific trajectory,
consequently no sharp time signal is produced (Michaelis et al. 1969).

The lo}xg time of flight and its variation with energy can cause
problems in 4 x systems using axial guides {see section on 4x silicon
spectrometers and Shera et al. 1967). It can also be a problem in
measurements of short nmuclear lifetimes and coincidence experiments
(Konijn et al. 1975, Lindskog & Svensson 1976; Kantele et al. 1982).

7. Complications in the Determination of the Response Function of the B8
Detector ) -

The dependence of the points of entry of 8 particles into the
detector on their energy, and the large angles of 1incidence complicate the .
calculations of the res;S,onse function of the detector (using Mote Carlo

techniques for e’xample) .
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. R CHAPTER 3

THE SUPERCONDUCTING MAGNET SYSTEM:

THE SbLENOID, THE CRYOSTAT, AND THE SUPPORT STRUCTURES

3.1 Design Aims k

As was menticned 1n the first chapter, the present spectrometer
design 1s based on an idea that has been tried and proven i1n a previous
superconducting solencid spectrometer which was constructed and used at
this laS (Moore et al., 1976). The main motivations behind the design of
the present spectrometer were: resolving the problems encounééred with
the former, enhancing the capabilities of the whole system further and
improving the mobility, flexibility and adaptability of the'spectrometer
1n general,

The former spectrometer employed a 13.6 ¢m long vertical ;olenoid
with a usable bore of 3.67 cm diameter (Fig 3.1). The maximum operating
magnetic field produced by the sclenoid was 4.3 tesla at 120 ampere
(Rehfield 1977). The cryostat design was a conventional cne using liquad
nitrogen cooled radiation g@}elds. Both thg radioactive source and the
detector were contained within the cold {liquid helium temperature) bore
of the solenoid. The detector was maintained at liquid nitrogen
temperature by mounting 1t on the end of a cold finger attached to the
liquid nitrogen reservoir. The enhancement ratio of B rays to vy rays
incident on the detector was about 50.

Based on the experience gained from operating the previous vertical
spectrometer, some of the main problems identified were:

(1) The inconvenience of using liquid nitrogen cocoled heat shields. The
shields and the liquid nitrogen reservoir add extra weight to the
total weight of the spectrometer and therefore restrict i1ts mobility.

(2} The vertical configuration of the spectrometer. This complicgges the
engineering problems of the source introduction mechanism espéélally
if the spectrometer 1s situated 1n an area where space 1s limited.
The vertical height of the system places a demand for large overhead

space and makes the system guite awkward to operate. These are very
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Figure 3.1
Sectional view of a previous superconducting
spectrometer developed at this laboratory

solenoid beta
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important considerations if experiments are to be performed at
different laboratory sites.

The presence of thjsource and the detector inside the low
temperature part of the magnet. This hampers access to the detector
for its alignment, variation of 1ts position along the axis of the
solenoid, or for electronic connections.

Introducing calibration sources with long half lives into the bore

"of the solenoid resulted sometimes, through accidents, in the

contamination of the spectrometer with long lived activities. In
order to remove such activities, the whole magnet system has to be
dismantled to clean or replace the contaminated parts and then
rebuilt afterwards.

Along the line of sclving these problems, some of the development

.goals of the present spectrometer were:

(1)

(2)

To change the cryostat design in such a way as to eliminate the need
for the liquid nmitrogen cooled shields.

To achieve a higher magnetic field i1in a solenoid of greater length.
The higher magnetic field enables one to study B transitions with
higher epdpoint energies (for a fixed detector surface area), while
increasing the distance between the source and the detector results
1n improved supression of vy rays and therefore less vy ray
contamination of the B spectrum.

The use of a magnet with a larger diameter, room temperature, bore.
The large diameter simplifies gquite a few engineering problems and
permits the use of detectors of larger surface area. The diameter
of the detector i1s a major factor in determining the maximum energy
of the beta rays that can be studied with the spectrometer. The room
temperature bore zllcws the separation of the source-detector
assembly from the magnet part of the system. This 1n turn
facilitates access to the source and the detector positions and eases
the problems of varying the location of either one of them with
respect tc the cther or with respect to the magnetic field. Gaiming
this ease 1in access 1s crucial since different source introduction
methods anc different detector systems are contemplated for use 1in
conjunction with the new magnet. The room temperature bore also has

the advantage of rendering the superconducting solenoid system
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completely independent from the rest of the spectrometer and thus
freeing it for other uses in the lab as a high field magnet.

(4) To have the whole system 1n a horizontal configuration for ease of
adaption to different experimental set-ups and convenience during
operation. “

(5) Increasing the versatility and mobility of the system. This 1s quite
necessary since 1t 1s the norm 1n studies involving nuclei far from
stability that experiments have to be carried out at various remote

: locations. These include accelerators, reactors and 1sotope
separators (often 1n on-line comblnation with an accelerator or a
reactor) wherever the method of production of ‘the desired isctope is
avallable and most suited for the specific spectrometer.

3.2 The Choice of a Superconducting Solenoid
The use of a superconducting solenocid instead of a water cooled

normal conductor type 1s even more justified 1n the present spectrometer
than it was i1n the previous one because of the larger volume and higher
intensity of the desired magnetic field. The choice of a superconducting
coil 1s more attractive on the basis of simpler design, lower cost,
mobility, cofipactness, lack of requirements for complicated water cooling
facilities and high power current supplies (Montgomery 1969, p.37). (For
a detailed comparison of the merits of superconducting vs. normal magnets
see Wood 1971.)

The use of a normal solenoid cooled with aoc:ryogenlc fluid (liquad
nitrogen or liquid hydrogen) represents an even less attractive option
than a normal magnet. This 1s because of the sophisticated design
required and the fact that cryogenic magnets suffer from mest of the
drawbacks of both the superconducting and normal types (Parkinson & Mulhal
1967, p.5, 13, 69: Montgomery 1969, p.218: Taylor & Post 1962).

The use of rare earth permanent magnets was alsc given some
conslderation. However, because of several factors including: the high
1nitial cost, the inflexibility of the design, the magnet weight, the
delicate nature of the rare earth magnets, their temperature dependence,

" the lower magnetic fields attainable and the need for accurate magnetic
field mappings, 1t was concluded that the disadvantages of the use of such
magnets far outweigh the advantages.
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3.3 The Solenoid )

The solenoid used in this. spectrometer was supplied by Canada
Superconductor & Cryogenics Company Limited (CSCC). Some of the relevant
parameters of the solenocid are listed in Table 3.1. The soclenoid 1s wound
from a vapor deposited (CVD) niobium tin (Mb3Sn) composite conductor tape
with a rectangular cross section. The critical temperature of Nb_35n 18
18.3 K (Dew-Hughes 1979, p.l43). The structural element in the ribbon 1s
a substrate of Hastelloy 1n the center. The éladdmg 1s made up of two
layers of high conductivity copper (CSCC; Brechna 1973, p.20). The copper
cladding provides the adiabatic (enthalpic), dynamic and cryogenic
stabilization required for the satisfactory performance of the ‘
superconductor (Wood 1971, p.304;: Hancox & Catteral 1971, p.536; Brechna
1973, p.22, 301; Parkinson & Mulhal 1967, p.113). It also limits the
voltages developéd during a quench (Iwasa & Montgomery 1975, p.436).

Some of the parameters of the superconductor tape appear 1n Table
3.2,

The superconducting tape 1s wound around an anodized aluminum
bobbin (see Table 3.1 for dimensions). The electrical contacts for the
solenoid are located on an 1nsulator ring (1/4 inch thick bakelite) which
is fixed to one end of the bobbin. 7The current leads of the magnet are of
the vapor cooled type supplied by American Magnetics Inc. (Type L-150).
Each current lead 1s connected to the correspc\:undlng sclencid contact by
two bus extensions. The extensicns (supplied by AMI) are ;:omprlsed cof a
high transition temperature superccnductive Nb3Sn tape sanawlched between
copper strips. The bus extensions are joined by a wocd's metal solder to
the solenoid contacts.

The rated field of the magnet was 7 tesla (nominal) at 150 ampere
current. Commissioning test performed with the solenoid installed a
temporary liquid helium cryostat verified that the solenoid can be
operated at 150 ampere. However, during the initial testing of the magnet
after 1t was installed in the present cryostat, 1t was found that the
solenoid consistently quenched (lost 1ts superconductivity) at about 115
ampere (a detailed description of the processes involved 1in a guench 1s
given 1n another section of this chapter). Since the quality of the

wood's metal solder joint 1s suspect, and because it 1s located 1n a high
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Table 3.1 Parameters of the Superconducting Solenoid,

Windings: length {cm) 25.4

inner  diameter (cm) 10.8

outer diameter (cm) 15.0

Numbers of turns (along the axis) 100
Number of layers (radially) 100
Bobbin: diameter of bore (cm) 17

length (cm) “ 27.3
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Table 3.2 The Superconducting Composite Ribbon

Ribbon thicknesss (cm)
Ribbon width (cm)

Copper cladding thickness
Substrate /

’

0.021

0.230

0.005

Hastelloy

(a high strength
ruckel alloy)



-146-

magnetic field region, the quench was probably initiated at the contact as
a result of the solder changing from the su'percgnductmg to the normal'
state.

The solencid was therefore usually operated at a current of 100
ampere producing an ax1al,magnet1c field of 4.4 Tesla at 1ts centre.
Tests indicate that the solenocid would operate satisfactorily at currents
of up to 110 ampere. x

The i1nductance of the solencid was calculated to be 4.7 henry using
the method of Grover (1964, p.105). This value was also verified S
experimentally by monitoring the voltage across the solenoid while the ‘
current 1ncreased at a constant rate. From the rate of current change
(0.056 Ampere/sec) and the voltage (0.25 + 0.0l volt), the inductance 1s
estimated to be 4.5 + 0.2 henry in agreement with the calculation above.

Rapid changes 1n the current %low1ng through a superconducting
magnet lead to excessive flux jumping and the generation of heat which can
drive parts of the windings back into the normal (resistive) state (Wood
1571, p.302; Williams 1969, p.41l; Parkinson & Mulhal 1967, p.112).
Therefore the charging of the magnet (build up of the magnetic field and
current) was done at a conservative pace. The rate of change of current
was usually limited to about 3 ampere per minute. However, charging rates
of up to 6 ampere/min ( 0.5 volts inductive voltage) have been used
wlthout an indication of excessive flux jumping (which would manifest
1tself 1n rapid voltage changes across the solenoid). The current can
therefore be taken up to 1ts operating value (100 amp) i1n about 15 minutes.
3.4 The Current Supply

Two types of current supplies were used. The first consisted of 18

storage cells from 3 large truck batteries (2 volts per cell) connected 1n
parallel with each other and 1n series with both the solenocid and a large
carbon rehostat that was used to vary the current (Parkinson & Mulhal
1967, p.61). SRR

In spite of the true D.C. nature of the current they supply (1.e.
no ripple noise) and their low 1nitial cost, the impracticality of the use
of these batteries (the need for frequent adjustments of the rehostat,
heavy weight, maintenance requirements, corrosive fluids and fumes

emanating from the cells) and their unsuitability for extended operation
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R (limited charge storage capacity) led to the testing of an electronic
power supply as a replacement for the batteries.

The power supply chosen was a Hewlett Packard model 6260B. Its
operation in conjunction with the superconducting solenoid was quite
satisfactory with good current regulation and long term stability. No
significant increase in the electronic noise,of the 8 ray detector or its
associated counting circuitry was observed .during the operation of the
power supply.

A heat sunk reverse diode was 1nstalled acrosé\ the output terminals
of the power supply to protect it from the effects of: high voltages that

R - might be generated in the magnet during a quench (Donadieu & Rose 1962).
The magnet éurrent was measured from the voltage drop across a 0.1
' milliohm shunt resistor in series with the solenoid. The accuracy of the .
current determinatlon and reproducibility is about 1 ampere, however its

stability gnd regulation are much better.

3.5 The Cryostat N

The superconducting solencid employed in this spectrometer 1s
cooled by immersing it 1in liquid helium during its operation. Therefore,
a suitable cryostat for holding the liquid helium had to be designed in
accordance with the general guidelines outlined in the beginnming of this
chapter.

The cryostat design used (figures 3.2, 3.3) 1s a pool type
reservolr at atmospheric pressure. The cryostat reservoir 1s a horizontal
cylinder with an eccentric circular hole running h&)rizontally along its
length. The reservoir 1s enclosed 1n a vacuum chamber and 1s held in its
position by six vertical stainless steel support tubes. The cryostat 1is
built from several pieces of polished stainless steel (type 304) welded
together (TIG Welds).

Stainless steel 1s the conventional choice 1in cryostat design
because of 1ts excellent mechanical and thermal properties (Wigley &
Halford 1971). These include a low thermal conductivity, a low thermal
contraction coefficient, and a high tensile strength (Wigley 1971). Type
304 stainless steel was used because of its non-magnetic nature (low
magnetic permeability and susceptibility) {(Wigley 1971, p.60; White 1968,
: Collings & Hart 1979).
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» Figure 3.2

Sectional view of the present superconducting solenoid
spectrometer (side view)
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Figure 3.3
Sectional view of the present superconducting solenoid

spectrometer (front view)
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The solenoid 1is enclosed within the helium reservoir with the
1nside diameter of the bobbin tightly fitting around the outside diameter
of the horizontal bore of the c¢ryostat. This, in addition to the teflon
wedges inserted between the cryostat wélls and the solenoid, fixes the
solenocid 1n 1its position. The eccentric location of the solenoid (Fig.
3.3) places 1t low in the cryostat so that 1t 1s possible to continue
operating until the reserveoir 1is nearly empty.

The si1x support tubes from which the crycstat 1s suspended also
provide access to the magnet and the liquid helium reservoir. These tubes
are utilized as follows: 2 tubes are taken up by the magnet current
leads, one tube is used to place a liquid helium level meter into the
reservolr, one tube 1s used as a conduit for the leads to different
sensors in the cryostat (a cryothermometer, a magnetcresistance, leads for
measuring the voltage drop across the solenoid), one tube for liquid
cryogen filling and the last tube is used as a helium vapor vent.

The level of liquid helium in the cryostat was monitored with a
superconductive filament level sensor (figures 3.2, 3.3). The monitoring
of the temperature inside the cryostat was done with a platinum resistance
cryothermometer mounted on one end of the solenocid bobbin. Both the i%vel
meter and the cryothermometer were supplied by American Magnetics Inc.

The liquid capacity of the helium reservoir 1is about 1835 liters and its
total surface area 1s about 0.56m?,

The 1introduction of cryogenic fluids into the cryostat causes
thermal contractions which might lead to misalignment of the different
parts of the system. The data of Wigley (1971, p.301) for the total
linear thermal contraction of type 304 stainless steel, combined with the
dimensions of the cryostant and the support tubes indicate that the axas
of the solenocid will be displaced by no more than 1 mm from the axis of
the room temperature bore after being cooled down to ligquid. helium

temperature.

3.6 The Vacuum Chamber :x -
The body of the vacuum chamber 1is constructed from welded aluminum

while the top lid 1s made from stainless steel. The c¢ryostat support
tubes are welded to this lid and therefore the whole magnet system can be
removed from the vacuum chamber by lifting the lid. A stainless steel
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tube makes up the»room temperature free bore of the magnet system.

Rukber (Buna - N} "0O" rings were used for all demountable, room
temperature seals. The free volume of the vacuum chamber 1s about 145
liters. A pressure of 2.5 x 10° Pa (2 x 10° torr) 1is maintained in the
vacuum chamber by evacuating 1t through a 2.5 cm pump out port. This port
is connected through ale cm long pumping line to a small dlffus10n§:3mp
which is eguipped with liquid nitrogen cooled baffles. The pressure
inside the vacuum chamber was measured with a cold cathode ionization
guage (PIG) situated at the pump out port. A complete description of the
vacuum system of the whole spectrometer 1s given in chapter 5.

The overall dimensions of the magnet system are about 56 cm
diameter and 72.5 cm height. The free room temperature bore of the magnet
has a diameter of about 7.3 cm. The masses of the various parts of the
magnet system are given 1in Table 3.3. The total mass of the whole system
15 less than 125 kg which makes 1t quate mobile and eases the structural
requirements on the frame needed to support 1t. The mass of thas
spectrometer system represents only a small fraction of the mass of
magnetic beta spectrometers (see for example Langer & Cook 1948: Wegstedt
1957: Siegbahn et al. 1964). i

3.7 Thermal Insulation and Heat Transfer in the Cryostat
Because of the low heat of vaporization of liquid helium (2.6

Joule/cm > or 0.72 watt-hr/liter) (Rose-Innes 1964, p.140), even a small
amount of heat i1nput 1nto a reservoir containing liquid helium would cause
excessivé boiling and rapid consumption of the liquid Relium. The low
boiling point of liquid helium (4.22 K) (Rose-Innes 1564, p.140)
complicates the thermal lhsulatlon problems further. It results in a
large temperature difference between the liquid helium reservoir and the
environment and therefore a high heat input into the reservoir unless
special precautions are taken.

Hence the aim of the cryostat design 1s to eliminate, or reduce to
a minimuam, all possikle sources of heat leak into the helium reservoir in
order toc prelong the operating t}me of the magnet as much as possible.
The sources of heat flow anto the cryostat can be summarized as follows
(Wexler 1961}:
(1) Conduction and convection through the gas 1n the space surrounding

—v
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Table 3.3 Masses of Different Components of the Magnet éystem

1

Component Material Mass (kg)
‘Cryostat Stainless steel 12.5
Solenoid windings Assumed’ copper 20.7
Solenoid bobbin < Aluminum 1.3
Vacuum chamber Stainless steel " 43.8
Vacuum chamber 1id Stainless steel 44.1
Room temperature bore tube Stainless steel 1.3 .
total 1123.7
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the cryogenic reservoir,

(2) Solid conduction along the tubes supporting the cryostat.

(3) Heat radiation through the aperture of the tubes connected to the

' cryostat.

{4) Condyction along the magnet current leads.

(5) Joule heating of the current leads when electric current i1s flowing
through them.

(6) A.C. losses whenever the current in the solenoid is changing.

(7) Radiant heat incident on the helium reservoir walls.

(8) Conduction of heat through any material in contact with the liquad
helium reservoir. .

In what follows each of these sources will be discussed in the same

order i1n which they appear above.

3.7.1 Gas Conduction and Convention

The thermal leakage caused by heat transfer through the gas is
reduced to a negligible amount by enclosing the cryostat in a high vacuum
tank. At the operating pressure of this vacuum chamber (2.5 x 107 Pa)

direct heat transfer by the residual gas 1s totally insignificant (Scott

1959, p.144-147; Kropschot 1962, p.154-156). However, the contribution of
gas conduction to heat flow across the multilayer superinsulation used in
this cryostat 1s more significant and will be discussed at length later in

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, they were constructed from thin walled (0.05 cm wall thickness)
stainless steel pipes and made as long as 1s compatible with the
constraints of the general design (about 40cm long).
Since for solid conduction (White 1968, p.213)

W= K(t) A (dT/dl) ' 3.1
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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 sectional area of the tube wall
dTr/dl = The temperature gradient along the length of the tube.

By using stainless steel tubes K(T) 1s made quite small (Wigley
1971, p.304); using thin walled tubes minimizes (A); and finally by
increasing the length of the tubes (dT/dl) 1s decreased since the total
temperature change across the length of the tube 1s fixed (room
temperature to liquid helium temperature).

In addition to these measures, the effluent helium vapor from the
reservolr is vented through two of these tubes (the ones housing the
magnet current leads) to help remove some of the heat conducted along the
tubes. The heat exchange betweeen the rising ctld vapor and the stainless
steel tube walls reduces the heat input into the ligquid, quite considerably
(Scott 1959, p.239-242).

In order tokestlmate the heat input into the. liquid helium

«

reservoir caused»by solid conduction alcng the support tubes, the method’
of Conte et al. (1970) was used. In their work, the authors take into
account the variation of thermal conductivity of stainless steel with
temperature. Following their approach, the amount of heat conducted by
the stainless steel tubes used 1in éur cryostat was caléulated and the
results are given in Table 3.4.

These values overestimate the heat flux conducted through the
support tubes; they do not take into account the vapor cocoling of two of
the tubes since 1t was difficult to estimate the efficiency of the heat
exchange between the gas and the tubes (Conte et al. 1970). A better
estimate of the total heat conducted down the tubes would be perhaps
around 0.6 ~ 0.55 watt (0.8 0.75 liters of liquad helium/hr).

3.7.2b Thermal Radiation
To estimate the heat load on the liquid helium cryostat caused by

radiation through the aperture of the support tubes, we first assume a
"worst case" condition. In this case, the apertures of all the tubes are
assumed to be exposed to black bedy radiation at room temperature (1.e.
the tubes are assumed to be open to the atmosphere with no covers or plugs
on top). The 1inside surfaces of the tubes are assumed to be specular
reflectors with very low emlsélv1ty therefore causing all the radiation
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Table 3.4 Heat Conducted by the Support Tubes

£

Number of Diameter Heat conducted Total heat
tubes (cm) per tube.fwatt) conducted (watt)
1 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 cooling' was not included /

- All tubes have a length of 38.7 em and wall thickness of 0.051 cm

£}
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incident on the top opening of the tubes to be funnelled down to the
cryostat. In this case, the heat input from this source can be calculated
from the Stefan-Boltzman Radiation law (White 1968, p.230).

W=eoh (T5-Tf) 3.2
where

W = The rate of heat input (watt)

e = emissivity of the radiant surface (assumed 1 here)

a = The Stefan-Boltzman constant 5.67 x 107®* W/m? K* (Anderson

1981, p.4) A

T, = The temperature of the hot emitting surface (300 K)
Tl = The temperature of the cold absorbing surface (4.2 K)

A = The surface area of the top aperture of the tube

The results of this "complete funnelling” calculations appear in
Table 3.5. '

In reality the heat input from this source is much less than the
estimates above. The top openings of two of the tubes are covered with
polished brass plugs. The surfaces of these plugs have an emissivity of
about 0.05 or less (White 1968, p.220; Thornton 1971, p.495;: Scott 1959,
p.347; Kropschot 1962, p.154: Monlar 1971, p.210). Three of the other
tubes have 1inserts inside them (two magnet current leads and one liquid
helium level sensor) which act as radiation traps reducing the radiation
heat flux piped down the tubes (White 1968, p.53). Furthermore, the
inside surfaces of the tubés were not polished but were diffuse reflectors
with high emissivity. This couplea with the length of the tubes (™ 40cm)
results 1n the funnelling of only a small fraction of the reflected
radiation only. -

If one assumes that no reflected radiation 1s transmitted through
the tubes and that the surfaces of the tubes are non radiating (l1.e. "best
case" condition), then the amount of radiant heat that reaches the bottom
of the tube will be that emitted 1in the small sclid angle suktended by the
lower opening of the tube at the upper aperture. In this case the radiant
heat reaching the bottom of the tubes is (Conte-et al. 1970)

q 3.3
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Table 3.5 Estimates of Heat Transfer by’ Radiation through

Number of Diameter

the Support Tubes

Heat transfer Total heat Q/2x(reduction
tubes {cm) per tube transfer per tube factor)
(complete (complete (absorbing
funnelling) funnelling) walls)
(watt) (watt)
. -
1 1.6 0.08 0.09 Rl 2.1x107*
2 1.3 0.05 0.10 1.3x10°°
3 . Tio_ - 0.03 0.09 7.5%x107°
6 0.28
¥
S
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where all the parameters are the same as the ones defined in 3.2 and Q 15
. \ .
the solid angle subtended by the bottom opening at the top of the tube.

I 1 l./Z-I

l=2n 1 - %——————71 -
\1+LJ

3.3a

The radius of the tube
The length of the tube

(]

i

The results of applying 3.3 to the cryostat described here are
glvéﬁ 1n Table 3.5. They show that the radiation flux will be reduced by
a factor of about 5000 or more compared to the case of complete
funnelling. If this was the case, then the contribution of radiation from
the aperture of the tubes to the total heat flux would be completely
negligible. However, the inside surfaces of the tubes are not perfectly
absorbing and the actual situation lies somewhere between the two extreme
estimates (Kuraoka et al. 1979). .

The additional heat radiated by the inside walls cf the tubes
themselves can be accounted for as well. In the case of a tube with
diffuse reflecting or black walls, Perlmutter & Siegel (1963) show that
with negligible solid conduction (nct a totally unreasonable approximation
for thin walled stainless steel tubes), the total amount of heat radiated
through *he low temperature aperture 1s less than 5% of the total heat
incident on the high temperature aperture 1f the ratio of length to
diameter of the tube (L/2r) exceeds 20 (which 1s the case 1in cur
¢ryostat), For specular reflecting walls, the authors show that the
radiation heat reaching the low temperature aperture 1s less than 50% of
radiant heat 1incident on the high temperature aperture 1f the emissivity
lS.O.l or higher.

After accounting for all of these effects, the amount of heat
radiated down the tube 1s estimated to be less than 0.1 watt (about 0.1
liter of liquid helium/hr or less).

3.7.3 The Magnet Current Leads

The current leads chosen for this sclenoid are the helium vapor

1
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cooled type similar to those described by Efferson (1967). The helium '
vapor emanating from the boiling liquid passes through cooling channels in
“ the leads. The large heat capacity of the vapor is used to extract some of
the Joule heat generated by the current flowing through the leads and some
“the heat conducted by the leads. The heat flow i1nto the cryostat per pair
of leads at the operating current (100 ampere) 1s about 0.25 ~ 0.3 watt
(liquid helium consumption of about 0.35 ~ 0.4 liters/hr) and 30-40% of -

this value when no current is passing through them (AMI 1, p.9).

3.7.4 A.C. Losses

A.C. heating, caused by changes 1n the magnetic field of the
solenoid whenever the current is varied, can provide a significantly large
heat load on the cryostat system and has therefore to b‘ considered
carefully (Colyer:*1967). The A.C. heating 1is caused by several factors.
The first factor is common to all superconducting, current-carrying
elements and results from the presence of normal-state regions in the
superconductor when it 1s placed in a magnetic field above a few
kiloguass. Any movement of the magnetic flux caused h& varying the
transport current in the superconductor resulté in heat generation in the
normal-state regions (Iwasa & Montgomery 1975, p.449). Another factor is
the A.C. heating due to eddy currents that are set up by the varying
magnetic field in the normal conductor matrix (the cladding) surrounding
the superconductor (Brechna 1973, p.250). This is especially important in
our case since the solenoid was wound from a single filament tape rather
than a twisted multifilamentary composite which would have reduced the
effect. Heat 1s also generated by eddy currents flowing in the metallic
parts of the magnet and the cryostat (normal conductors) when the solenoid
current (and therefore the magnetic field) 1is changing (Brechna 1973,
p.274). These parts include the aluminum bobbin around which the solenoid
1s wound and the stainless steel reservolr that surrounds the magnet.

It 1s quite difficult to calculate a reasonably accurate estimate
of all these A.C. effects. Order of magnitude calculations of the heat
daissipated 1n the magnet due to some of the factors mentioned above 1is
given by Smith and Lewin (1967). Following their method, the rate of heat
generation by the A.C. loss in the superconductor material itself 15

3
calculated to be of the order of 0.1 watt during the 15 minutes it takes

r
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55
to charge up the magnet to full field. Contributions from the other
factors are harder to estimate but in general the heat load resulting from
their effects increases as the rate of current charge is increased. In

the magnet described in this thesis the helium consumption increased quite

perceptibly durmg the time when the solenbid current was being changed.
This was evident from the incréased frost formation on the vent lines

indjcating an increase 1n the liquid helium boil off rate.

-

3.7.5 The Superinsulation

v

Installation

As mentioned earlier in this chapter, replacing the ligquid nitrogen
cooled radiation baffles was one of the major aims of the new cryostat
design. In order to be able to achieve thas, .laminar multilayered
radiation shields were, 'I‘heseA multiple layers, when used in combination
with high vacuum, are commonly referred to as superinsulation. The type
chosen was NRC-2 superinsulation comme'rCJ,ally supplied by KST Co. It is
made up of mylar foils 0.0064mm (1/4 mil) thick each, with high purity
aluminum deposited on one side to a thicknesss of about 250 &.

The foils are wrapped in successive layerg around the cold surfaces
of the cryostat,” thoroughly covering the liquid helium reservoir
(including the bore) and the support tubes. Each layer i1s made up of
several separate pleces taped together to fit the shape of the cryeostat.
The joints between these. preces are lap joints which were offset in (
successive leyers during application. This type of joint (staggered lap
joint) 1s considered to be cne of the.most eff}c1er3t Joints with respect

to thetmal conductivity (Price l96y8; Hammond 1971). 'The successive layers

were fastened to each other using a metallized polyester adhesive ribbon

(3M #850) (see figures 3.4, 3.5), o
The consecutive layers of insulation applied around the support

tubes d.1d not all extend to the same height of the tube, rather each

-

successive layer was terminated at a slightly higher point along the tube
than the preceeding layer. Thus each layer would reach only to the point

" at which the temperature of the tube wall 1s the same as the rest of the

extended layer. This configuration eliminates any lateral conduction in

the superinsulation (KST). ' The offsetting of the successive layers was
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' Figure 3.4

Photograph of the liquid helium cryostat showing the multilayer

superinsulation (side view)
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Figure 3.5 . '

Photograph of the ligquid helium cryostat shcwmg the multllayer
Superinsulation {front view)
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done only approximately since the profile of the temperature variation
across the thickness of the multilayered superinsulation -blanket could not
be easily determined (Hammond 1971; Kropschot 1961).

The bottom parts of the insulation layers covering the support
tubes formed skirts which were interleaved with the rest of the
éupermsulatlon at the regions where the tubes penetrated i1t. This was
done 1in order to eliminate the adverse thermal effects of penetrations
through the superinsulation (thermal shorting) (Price & Lee 1967).

" The number of layers of superinsulation used was 80, each installed
indivadually. The average thickness of the multilayered blanket was about
3.75 om on the outside surfaces of the cryostat and about 1.25 com around
the bore. The resulting packing densities are 60 layers,;cm covering an
area of about 1000 em ? and 20 layers/cm covering an area of about 4600
cm® The total mass of the superinsulation used 1s about 0.4 Kg.

Heat Transfer in the Superinsulation

Because of the high reflectance (low emissivity) of the aluminum
deposit and the low thermal conductivity between successive foils, the
superinsulation layers act as thermally floating radiation shields:; each
shield reflects a large part of the radiation incident on it and radiates
the rest toc the next layer. By having a large number of such shields in
series, most of the heat incident 1in the form of electromagnetic radiation
1s be reflected back to the warm outer surfaces. The thermal conductivity
between neighbouring layers 1s minimized by crinckling the foils so that
the area of contact between the layers 1s reduced (Bailey 1971, p.151).
Thus, after equilibrium 1is réached, each foi1l establishes 1tself as a
constant temperature shell (1sotherm} around the cryostat.

In our cryostat, the multilayer superinsulation 1s the only means
of reducing the heat radiation incident on the surface of the cryostat
from the room temperature vacuum chamber walls. It 1s also the only
r;laterlal (besides the support tubes) that comes in contact with the liquid
helium reservoir. Therefore careful determination, and reduction, of the
heat transfer through the superinsulation is necessary in order to
ci}cumvent the effects of two of the heat input sources listed in the
beginning of this section (points (7) and (8)).

The heat transport through the multiple layers superinsulation
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arises from (Kropschot 1961): ) :

(1) Heat conduction by the residual gas between neighbouring léyers
(2) Solid conduction across the layers )
"{3) Heat radiation across the superinsulation.

3.7.5a Residual Gas )

At low pressures, when the mean free path of the gas molecules 1s
large compared to the dimensions of the space in whlch they are travellmg
(free molecular flow region), the rate of heat transfer between two
parallel surfaces due tc gas conduction 1s given by (Kropschot 1962,
p.155): "

W=AGaP (T,-T) 3.4
‘where\
= The rate of heat transfer
A ="The surface area
a= An\?ccommdatlon coefficient which depends on the species of
gas and temperature of the surface (Scott 1959, p.l47)
. P V
"G
T,, T; = The temperatures of the hot and cold boundaries between which

The pressure of the gas
A constant which depends on the type of gas

heat 1is conducted, respectively.

The extensicn of this formula to multilayered superinsulation 1is
given by Ruccia et al. {1967). However, this extension did not prove to
be useful 1n our case due to lack of knowledge of the values of several
parameters appearing in the formula given by the authors.

In general, the heat transported by% conduction in multilayer
superinsulation decreases as the absolute pressure of the gas between the
layers is lowered and becomes quite small below 0.013 Pa (10™* torr)
(Leonhard & Tatro 1970; Kropschot 1961; Hnilicka 1960; Getty et al. 1966;
Barron 1972).

At an interlayer pressure of 107™° torr and lower, the gas
conduction within the insulation is the result of a process of free
molecular flow and an effective thermal conductivity can be ascribed to
the gas. The effective thermal conductivity has a value of the order of

\
0.1uw/cm K at 10™° torr and decreases linearly with pressure (Scurlock &
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Saull 1976: Barron 1972).
The heat flux due to gas conduction can be calculated from
theeffective thermal conductivity attributed to the gas as follows:

T, - T, )
A'K ( ) 1 | 3.5
t

where
The rate of heat input due to residual gas conduction (wa
A = The area covered by the superinsulation (cm?)

x
[}

t = The thickness of the superinsulation (cm)
T, = The hot boundary temperature 300 K
T, = The cold boundary temperature 4.2 K
K = effective thermal conductivity due to the gas = 0.1 uw/cm K

]

For the superinsulation used 1in the cryostat described in this
thesis, the residual gas conducticn calculated from equation 3.5 amounts
to about 0.07 watt 1f the interlayer pressure 1s 0.0l Pa or less (<10 “ mm
Hg).

Measurement of the pressure 1n the tank surrounding the
superinsulation does not provide a realistic estimate of the pressure in
the interspaces within the insulation (Price 1968). In general, the local
interlayer pressure which 1s responsible for the gas conduction 1is
considerably higher than the pressure measured in. the vacuum container
(Black & Glaser 1961; Barlcerek & Rafalowicz 1976). The relationship
between the two i1s determined by the different parameters of the
particular set up (geometry, outgassing, pumping speed, etc.)
(Mikhalchenko et al. 1576; Coston 1966; Price 1968).

The major causes of the high residual gas pressure 1in the
superinsulation are the outgassing from the large surface areas of the
foils (Price 1968: Scurlock & Saul 1976: Leonhard & Tatro 1970) and the
tortuous path that the gas molecules have to follow through the
multilayers before being removed from the system. Because of the lap
joint cp@flguration used 1in installing the multilayers in our cryostat,
the evaé:ﬁated gas must changle direction in each lapped layer before being
removed. This reduces the pumping speed and results in high interlayer
pressureé.

In order to reduce the rate of ocutgassing from the superinsulation,
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repeated purges with dry, room temperature, nitrogén gas were used (Price
1968) followed by long periods of continuous pumping. The dry nitrogen
purges help to remove the absorbed water vapor molecules from the metallic
surfaces of the superinsulation without the nitrogen itself being
preferentially absorbed (Kutzner et al, 1973).

The ultimate operating pressure attained was about 2.5 x 10~ ° Pa
measured 1in the vacuum chamber. At this value, the m\:erlayer pressure 15 ‘
probably higher than 0.0l Pa and therefore the contribution of gaseous
conduction to heat transfer 1s considerably higher than the 0.07 watt

estimate above.

3.7.5b Solid Conduction
Solid conduction in the multilayer superinsulation is the result

of: conduction from one layer to another across the surfaces of these
layers at the points of contact, conduction along the individual layers
themselves (Kutzner et al. 1973), and conduction across any J.n;purltles or
cryopumped gases that bridge the gap between successive layers (Kropschot
et al. 1960).

Solid conducticon in the superinsulation 1s dominated by the contact
resistance between neighbouring layers. The thermal ccnductance across
each point of contact deperds on the area of contact (and hence the
microstructure of the flayers) and the local mechanical pressure (and
therefore the wrapping layer density) (Scurlock & Saul 1976). Since the
thermal contact between adjacent foils 1s an i1mportant factor in
conductive heat transfer, increasing the packing density results in an
1ncrease 1n the conductive component as a result of an i1increase in the
number and 1ntensity of contact point (Brechna 1973, p.460, 461).

Rigorous treatment of the solid conduction problem in
superinsulations 1s not possible (Barron 1972). This 1s especially true
1n the case of crinckled aluminized mylar because the conduction takes
place 1n contact points between gltematlng layers of dissimilar materaials
(aluminum and mylar) (Getty et al. 1966). In addition the temperature
varies across the thickness of the superinsulation causing variations 1n
the conduction coefficient (Balcerek & Rafalowicz 1976). The variation of
the thermal conductivity of the contact points with temperature is not

very well understood (Kropschot 1961).
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If one assumes that the thermal conductivity coefficient between
two successive layers 1s independent of temperature, an approximate
expression for the amount of heat transferred bw solid conduction across

the sppermsuiatlon, can be written as follows (Getty et al. 1966):

o ALT, -T) 16
( N+ 1) £(r)
where
W = The rate of heat transfer due to conduct;on c
A = The surface area covered by the superinsulation
TZ‘ Tl = The hot and cold boundary temperatures respectively §

N = The number of superinsulation layers
f(r) = A term representing the total local resistance to conduction
heat flow. It 1s made up of contributions from both the solid
conduction 1n the aluminum deposit, and the contact resistance
between neighbouring layers. It geﬁerally decreases with
1ncreasing wrapping density.

However, because of the assumptions made in the derivation of the

the difficulty in determining f(r), equation 3.6 serves only
to 1llustrate the general trend and can not be used for an accurate
determination Wf the contribution of solid conduction.

In gener the contribution of solid conduction decreases with

temperature, therefore conduction 1is the dominant factor in heat transfer -
1n the innermost layers while radiation 1s more 1mportant in the outer

970). Over the whole thickness of the

ones (Leonhard & Tatro
superinsulation, estimat for the contribution of solid conduction vary
between 20%-80% of the total heat transfer across the superinsulation.
This fraction i1s dependent gn several factors including the type of
superinsulation, the packing'density and the boundary temperatures (Getty
et al. 1966: Price & Lee 1967: Thomas & Weitzman 1967; Ruccia et al. 1967,
Kutzner et al. 1973). ‘
In order to minimize the gontrlbutlon of solid conduction to heat
transfer in the multilayer insula\tlon, each layer was 1nstalled separately
instead of wrapping the multilayers around the cryostat in a spiral
fashion. The installation of indiv \dual layers re_duces conduction from

one layer to another (Hofmann 1970)., In addition, only the minimum
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packing density (number of layer per c¢m) needed for dimensional stability
(20 layers/cm) was used around the surfaces where space was not restricted
(the outer surfaces of the cryostat). Where space was restricted (along
the bore), the layer density used (60 layers/cm) was the one that results
in the lowest overall effective thermal conductivity (including the
radiation contribution) (Hnilicka 1960, KST). [

The method used to wrap the superinsulation (no exposed'edges,
interleaved skirt joints around penetrations) eliminates the heat transfer
tﬂét results from "end effects”. This 1s the increase in the amount of
heat transported by the superinsulation when the edges of the layers are
exposed to room Egﬁﬁerature (Getty et al. 1966, KST). The 1increase 1s
caused by solldféonductlon parallel to the layers and by radiation being
funnelled 1n the space between the reflective layers (Vilet & Coston
1968). The radiation contraibution 1s gquite significant since the edge of
a stack of superinsulation layers represents an absorbing blackbody to the
1pg1dent radiation (Barron 1972, KST). The heat input due to edge
ef%ects, 1f not dealt with appropriately, can cause a serious
deterioration of the insulating properties of superinsulation. This 1s
because of the high effective parallel thermal conductivity of
superinsulations (typically three orders of magnitude greater than the
transverse conductavity (Vilet & Coston 1968:; Kutzner et al. 1973; Barron
1972; Long 1972). .

Radiation

The primary function of the superinsulation is to act as a set of
successive shields to reduce the amount of heat transferred to the
cryostat by means of electromagnetic radiation. This reduction results
from the fact that the temperature difference between successive layers 1s
quite small. And, since according to the Stefan-Boltzman law (3.2) the
amount of heat transferred by radiation 1s very stronly dependent on the
‘temperature difference, the heat radiated from one layer to another in the
superinsulation is quite small.

For a number (N) of radiation shields, the Stefan-Boltzman law can
be written as follows (Kutzner et al. 1973: Getty et al. 1966):

& 4
o A (‘TZ - Ty )
A
172

3.7
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where
W = The rate of heat transfer due to radiation

= The Stefan Boltzman constant = 5.67 x 10™® W m™® K *

= The number of superinsulation layers (the number of freely
floating radiation shields 1s N - 2 since the layers adjacent
to the warm and cold surfaces are not considered freely floating
(Caren 1968: Brecha 1973, p.459)

TZ’ T 1= The temperature of the hot and cold boundaries respectively

A = The area covered by the superinsulation
€1.€p = The emissivities of the two sides of tég radiation shields (the
mylar and the aluminized side).

This formula 1s only an approximation in the case of
superinsulation since the different layers are not truly thermally
floating (some conduction takes place between layers). In addition the
emissivities of the different layers are not i1dentical (as this formula
assumes). The emissivity changes from one layer to another due to the ’
difference 1n temperature among the foils and the dependence of the
em1ssivity on temperature (Kropschot et al. 1960). A detailed discussion
of the limitations of (3.7) 1s given in Caren (1969).

Nevertheless, the trends indicated bylthe formula are valid.
Increasing the number of shields results 1n/the reduction of the amount of
heat transferred by radiation through the superinsulation provided that
the i1ncrease does not result 1in a higher packing density and therefore a
larger ceontribution from solid conducticn.

The estimates for the contribution of radiation to the total heat
flow 1n superinsulation vary quite widely (Black et al. 1960; Kropschot
1961: Adelberg 1962, p.369; Kutzner et al. 1973; Getty et al. 1966: Price
& Lee 1967: Thomas’& Weitzman 1967: Rucc1F et al. 1967). This
contribution 1s quite dependent on the type of superinsulation used
(emissivity of the radiation shields) and the characteristics of the
set-up (boundary temperature, temperature profile across the

superinsulation, number of layers, etc.).
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Overail Performance of the Superinsulation

For standard conditions of boundary temperatures (300-77 K, 300-2
K, 300-4.2 K) and a thickness t of the superinsulation, it is convenient
to define an effective thermal conductivity K that will take into account
the different modes of heat transfer. K 1s defined by

W= A= . 3.8
R ,
where . .
W = The rate E:f heat transfer across the superinsulation
Ke = The effective thermal conductivity of the superinsulation
T2' T 1= The hot and cold boundary temperatures respectively
t = The thickness of the superinsulation

The justification for using such an effective thermal conductavity
1s based on the results of experiments which show that the overall heat
transfer 1s inversely proportional to the thickness of the multilayered
superinsulation blanket, when all other parameters are held constant
{Hnilicka 1960). The reason for this is that, to a first approximation,
the contributions of radiation and conduction heat transfer inczease
linearly with the thickness of the insulation (assuming a constant packing
density) (see eugations 3.6, 3.7). Therefore the apparent thermal
conductivity should be independent of the thickness (Kropschot et al.
1960). It must be kept in mind that this effective thermal conductivity
is merely a mathematical convenience and applies only between specific
oboundary temperatures and for a specific packing layer density (Hnilicka
1960: Adelberg 1962, p.369; Bailey 1971, p.151: Adelberg 1967).

Experimental data on the effective mean thermal conductivity of
NRC-2 type superinsulation are available for boundary temperatures of
*300-77 K (Hnilicka 1960: Monlar 1971, p.209; Leonhard & Tatro 1970, KST;
Price & Lee 1967: Ruccia et al. 1967; Nast & Williams 1967; Thc;fnas &
Weitzman 1967; Vilet & Coston 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 multilayered. superinsulation
results 1n a decrease in the effective mean thermal conductivity (Riede &

» Wang 1960; Kropschot 1961; Black & Glaser 1961; Caren 1969; Vilet & Coston
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1968). A possible reason for "this is the decrease in the emissivity‘of

~aluminum with temperature (Kropschot et al. 1960). Another reason is the

increased cryopumping effect of the layers adjacent to the low temperature
boundary as the temperature of the boundary is reduced (Black & Glaser

1961). Because of the decrease in the effective thermal conductivity wheno '

the temperature of the cold boundary 1s lowered, estimates taken from the
published values for boundary temperatures 300-77 K will probably
overestimate the heat flux into the helium vessel through the
superinsulation. Indeed even for identical conditions of boundary
temperatures and packing density the published values are not in good
agreement.

Price & Lee (1967) give 4n empirical formula for heat transfer by
radiation and conduction in NRC-2 superinsulation which seems to agree
with most of the available data. The formula can be written (after a
slight modification to convert to MKS units):

W o | Tz"— Tl") 5.98x107%n' 12 ( T2 - Tl )

— - +— 6.9)

A (N-1)01.1 ) (N-1)

| € €

where

= The rate of heat transfer (watt)

= The surface area covered by the superinsulation (m®)
number of superinsulation layers

= The layer packing density (layers/m)

Ay oz o» =
i
3
o

= The Stefan Boltzman constant
T2, Tl = The temperatures of the hot and cold boundaries respectively

emissivities of the two sides of the radiatioen shield.

i
=
1}

€1y €2 = N
This formula was used to calculate the total rate of heat transfer

across the superinsulation in our cryostat. Totai number of layers N =
80, and boundary temperatures of T2 = 300K and Tl = 4.2K were used.
Several values for the emissivity of the two surfaces of singly aluminized
myl ! sheets similar to the ones used appear 1n the published literature
(Ruccia & Hinckley 1967; Vilet & Coston 1968; Ruccia et al. 1967; Barron
1972;; Hammond 1971: Caren 1969; Getty et al. 1966; Hnilicka 1960). The
values chosen for the calculation above were €)= 0,04 for the aluminized

t
, Y
/ !

i
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© side and €, = 0.3 for the mylar surface. The formula was app'lledg
separately for the two regions of the cryostat surface which are covered
'witlil superinsulation of different layer densities.

For the regions of the cryostat covered with superinsulation at a
packing density of 20 layers/cm (1i.e. the outer surfaces), the rate of:

"heat transfer 1s 0.40 watt/m ? while for the regions covered with,

superinsulation. at a packing density of 60 layers/cm (i.e. the bore} the
rate of heat transfer is 0.88 watt/m . Thus the .total rate of heat
transfer through the superinsulation is estimated to be 0.27 watt (0.4
liters of liquid helium per hour). It should be kept in mind that
equation 3.9 used for this estimate does not take into a¢count Fhe
variation of emiséivity with temperature or the contribution of residual

gas conduction.

3.8 The Overall Heat Input into the Cryostat .

. The overall heat input into the cryostat system 1s summarized in

Table 3.6. Other sources of heat input not included in the table are

negligible. These include: the liquid helium level meter which results in

a liquid helium consumption rate ofr about 0.02 litres/hr (0.015 watt heat
input) (AMI 2): the cryothermometer, whose heat input i1s about 0.005 watt
(maxlmrum current of about 50 mA, resistance 2 ohm at 4.2 K (Gerald et al.
1981)); and finally the heat dissipated by the passage of current in the
leads connected to these and other sensors which 1s the order of
microwatts (~50 milliampere current, 38 B&S copper leads (see White 1968
p. 231)).

3.9 Performance of the Cryostat

3.9.1 Precooling

The temperature of the cryostat (and the solenoid within it) was
first reduced using liquid nitrogen (a cheap coolant) before the
introduction of liquid helium into the *cryostat. Great savangs in the
amount of liquaid hell%requlred to cool and fi1ll the cryostat can be thus
achieved. This 1s because of the rapid decrease in the specific heat of
materials at low temperatures which results in a decrease 1n the total

enthalpy of the system. Therefore after cooling with liquid nitrogen the

P

I
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\ Table 3.6 Sunmary of Sources- of Heat Input into the Cryostéat

&

Source Heat Input (watt)
Support tubes (radiation) 0.1

Support tubes (conduction) 0.6
Superinsulation(total) 0.27

Magnet current leads (100 amp) '0,30
Total 1.27 ‘

1.27 watt = Liquid helium consumption rate of 1.75 litres/hr
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total enthalpy that has to be removed before the system reaches liquid
helium temperature is quite small and less helium hfas to evaporate in the
process of cooling (Rosenberg 1971, p.88; Rose-Inns, p.4l) (Table 3.7).

Hence before every run, the cryostat was first filled with liquid
nitrogen and left for several Hours to reach thermal equilibraum. The
liquid nitrogen was then removed from the cryostat just prior to the
inatiation of liquid helium transfer.

The latent heat of vaporization of helium is quite low, while the

change 1n enthalpy of the helium yapor as it warms up to room temperature

,is much larger. Therefore it 1s necessary to ensure that the cold gas,

generated by the rapid evaporation of liquid helium before the system
reaches 4.2 K, 1s used to cocl the cryostat and the solénoid. To achieve ,
thas, the opening of the liquid helium transfer tube is placed at the

bottom of the cryostat so that the rising vapor sweeps by the soclenoid and

the warm parts of the cryostat and cools them (Brechna 1973, p.358). 1In
addition, the helium filling is carried out slowly particularly at the

start of the fi1ll to allow the cooling capacities of the liquid and vapor

to be utilized more fully (White 1968, p.63).

3.9.2 Liquid Helium Consumption

The liquid capacity of the cryostat i1s calculated to be about 18.5
lrters. This was verified by measuring it with liquid nitrogen. However,
with liquid helium, the cryostat is usually filled up with about 16.5
liters only. This 1s because of the large losses associated with
overfilling with liquid helium which prevent further transfer of the
liquid efficiently (Wexler 1961, p.153; Fuller & McLaé_]an 1862, p.230).

A total of about 35 liters of liquid helium was required for a fill

starting at liquid matrogen temperature. Out of this total about 18.5

liters were lost during the fi1ll. The loss can be attributed to the

following:

(1) The evaporation loss of liquid helaum during the coollng of the
cryostat and the solencid from ligquid nitrogen to llqu1d helium
temperature.

(2) The evaporation loss during the cooling down of the liquid helium
transfer line from room temperature to 4.2K.

(3) The heat input into the liquid helium associated with the transfer
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Table 3.7 Enthalpy Changes for Different Temperature Changes
Component Material Mass Enthalpy Change (kJ)
, T (kg)  300-77 K . 80-4 K  40-4 K
, Magnet windings Assumed copper 20.7 1490.7 124.6 12.6
. . Solenoid bobbin Aluminum ' 1.2 90.6 11.6 0.9
\\\\ Cryostat Stainless Steel 12.5 943.7 72.1 4.9
total~—-—0 43.4  2525.0  208.3  18.4
—t
\‘\\\\\ .
\\>\‘\\

- Data for enthalpy changes are taken from CRC-49, and Fuller & McLagan
1962 p. 231

« For type 304 stainless steel (18-8 steel), values used are those for
y-iron as recommended by Wigley & Halfeord (1971 p. 316)



-176-

&

line. : .

Of these three factors, the first is by far the most serious.

' Using -.the values for the enthalpy change given in table 3.7, the
heat .of vaporization of helium (2.6 J/cm ?), the change oé enthalpy of the
helium vapor between 4.2 K and 80 K (17.5 J/(cm ® of liquid helium before
evaporation)) (Hoare et al. 1961, p.3§9) and assuming that the 18.5 liter
loss was all due to evaporation during the cooling down of the solenoid
and cryostat, the efficiency with which the cooling capability of the
helium vapor was used 1is calculated to be 17%. This value is perfectly
within the accepted range (Fuller & McLagan 1962; Montgomery 1969, p.186).

The consumption-rate of liquid helium after a fill is complete is
meaéured by monitoring the level of the 1liquid in the cryostat vs. time.|
The liquid helium level sensor position 1s shown in figures 3.2, 3.3. The
calculated calibration relationship between the height of the liquid as
measured by the sensor and the volume of the liquid remaining in the
cryostat 1s shown in figure 3.6, ,

The total holding time of the cryostat after a complete fill is
about 9.5 hours yielding an average rate of loss of 1.7 liters of liguid
helium per hour which is quite compatible with the calculations of the
total heat input 1into the system (see table 3.6). The increase 1in the
helium boil off rate during the,time when the current was varied was guite
noticeable. However, no significant dependence of the consumption rate on
the value of the D.C. current flowing thrfough the magnet and 1ts current
leads was observed. This 1s in agreement with previous assertions.

A typical consumption curve 1s shown in figure 3.7. As can be seen
from the figure, the raté of consumption of liquid helium decreases over
tlmg from a starting value of about 2.7 liters/hr soon after the
completion of a fill to about 1.4 liter/hr several hours afterwards. Thas
reduction 1n the rate of consumption with time 1is due to several factors
some of which are:

(1) The time period needed for the establishment of: a stable vapor flow
pattern in the vent tubes (Boardman et al. 1973), the proper
temperature gradients 1n the cryostat especially along the support
tubes {(Lynman et al. 1969: Klein 1967), and the proper thermal
gradient across the ‘multiple layer superinsulation. Reaching thermal

equilibrium requires several hours in the casge of the *
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Figure 3.6

\ .

%
Calibration curve for the volume of ligquid helium in the cryostat

vs. the height of the liquid level
(as measured by the level sensor)
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Figure 3.7

Liquid helium consumption vs. time
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superinsulation, during this time the actual heat flux can be several
times higher than 1ts value at steady rate (Stoy 1960).
(2) The thermal load caused by cryosorption, on the superinsulation's A
inner cold layers, of gas molecules evolved from the outgassing of
_ the warmer outer la§ers. This causes a net molecular flow, and hence -
Y ﬁheat transport, from the warm to the cold parts of the
superinsulation {(Sculock & Saull 1976). The net flow 1s higher 1in
! the beg}nn;ng and tends to;decrease with time since the rate of
! outgassing decreases after prolonged periods of pumping. ‘

(3) Thermal oscillation of the helium vapor in the support tubes. These
oscillations were noticed to occur (distirduished by the low
frequency oscillatory sound they produced) soon after the completion
of a f111. The oscillations would stop only after the level of the
liquid helium had dropped some distance below the bottom opening of
the tubes. These oscillations can provide enough heat transfer to
the liquid helium to increase the rate of evaporation by hundreds of
cubic centimeters per hour (White 1968, p.226; Wexler 1961, p.l55;
Rose-Inns 1964, p.7, 46: Wexler 1951).

(4) The increase i1n the distance between the room temperature end of the
support tubes and the surface of the liquid helium as the level]l of
the helium drops. This results in a reduction in the thermal

i gradient dT/dl and therefore a decrease in the amount of heat
conducted down the tubes (eguation 3.1). The low thermal
conductivity of the stainless steel cryostat and tubes helps 1in
establishing this thermal stratification within the cryostat.

(5) The heat load due to the A.C, losses associated with the variation of
" the current in the solenoid. Since the current 1s usually 1ncreased
from zerc to its desired value soon after the completion of a liquid
helium f11l, the heating effects caused by such a current change
result i1n a higher consumption rate ¥n the first half hour or so
fbllow1ng a fill. They also cause a delay in the establishment of
thermal equilibrium in the cryostat.

3.9.3 Quench Performance

One of the design criteria for superconducting magnet cryostats is
that they should be able to withstand a quench of the magnet at maximum
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operatind current. In a quench a small region of the superconducting
windings suddenly reverts to“the normal (resistive) state. Because of the
hlgk{ current passing through the magnet, the reslstive region dissipates
some of the energy stored {n the magnetic field through Joule heating.
The low specific heats and low thermal conductivities of materials at low
temperatures result i1n the Joule heat not dissipating away to the helium
pool rapadly eno}uqh. The heat thus generated causes the temperature of
neighbouring regions of the solenoid to rl;e above the superconducting
transition temperature and turn reslstive as well (Williams 196%). This
runéway process, driven by the energy stored in the magnetic field,
propagates rapidly throughout the coil converting the energy of the
collapsing magnetic field to Joule heat in the soclendid. The time scale
during which t'hxs process takes place 1s of the order of 1 sec for magnets
similar to the one used 1n this work (Hancox & Cattﬂeral 1971, p.554).

The heat generated during a quench causes rapid boiling of the
liquid helium and therefore a sudden large increase 1n the pressure inside
the cryostat 1f the vapor 1is not vented adequately (Dcnadieu & Rose 1962,
p.362). A subsequent rise 1in the temperature of the solenocid will ensue
1f the enthalpy change of helium 1s less than the energy that was stored
in the magnetic field. :

'me”cryostat described in this thesis 1s connected to a 1.5 cm
{I.D.) vent tube equipped with an overpressure relief valve. Furthermore
the design of the cryostat enables 1t to withstand internal pressures 1n (
excess of 7 x 10° Pa (100 ps1) 1in order to ensure that 1t does not rupture
during a quench, 1n case of blockage of the venting tube.

Using the value of the inductance of the solencid (4.7 henry), the
energy stored 1n the magnet at the operating current (100 ampere) 1s
calculated to be 32.5 kJ. ) ) ¢

This energy 1s equivalent to the heat of vaporization of 9 liters
of ligquid helium. However, 1f the magnet quenches with no liquid helium
left 1n the cryostat and assuming that all the energy of the magnetic
field 1s dissipated in the co1l windings, then this energy will cause the
temperature of the coi1l to rise to about 50 K only (this value is
calculated from the change of enthalpy of the solenoid)® For such a small
temﬁerature rise there 1is no need for special precautions (the
introduction of an external dump resi&tor for example to dissipate the
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energy outside the magnet and bre\(ent excessive heating) (Montgomery 1969,
p.183): ° . .
. During the 1nitial testing of the magnet system, the solenoid
quenched at a current of 116 Amp. This quench caused the evaporation of
about 8.7 liters of helium only indicating that some of the enthalpy of
\the vapor was also utlilzed. In normal operation, the solenoid usually
quenches at around 9.5 hours after a complete liquid helium fill. The
temperature rises to about (30 ~ 40 K) after such a quench suggesting that
the quench occurs before the liquid helium has e\faporated completeiﬂy. The
amount left just prior to such a quench 1s probably less than 0.5 liters.
The fact the that temperature rise after such a guench was small
¥ was exploited to save liquid helium. The cryostat was refilled shortly
after the quench and usually up to three runs were scheduled consecutively
to maximize the savings. About 7.5 liters of liquid helium were lost 1in
each of these refills to cool the solenmd‘, the cryostat and the transfer

system (1.e., a saving of 11 liters of liquid helium per refill).

3.10 A Comparison between Multilayered Superinsulation and Liquid
Nitrogen Cooled Radiation Shields

Multilayered superinsulation extending between bounderies at liquid
helium and room temperature cannot match the reduction of heat flux
achieved 1n systems utilizing liquid nitrogen ccoled shields and high
vacuum insulation (Kutzner et al. 1973: Kropschot 1960; Colyer 1967).

The main source of heat influx into the liquid helium reservoir in
cryostat systems employing liquid nitrogen cooled shields 1s the heat
radiation from those shields. In multll‘éyered superinsulation heat input
through radiation 1s reduced considerably because of the large number of
successive shields, However, solid conducticon through the multilayers is
unavoidable and contributes quite significantly to the heat load.

Nevertheless, multiple layer superinsulatlon can present a more
attractive opticn than liquid nitrogen cooled radiation shields when
Judged by the overall benefits 1t offers. Some of these benefits are:
(1) Bypassing quite a few engineering and construction problems

associated with the cooled shields.
(2) A great reduction 1n the weight of the cryostat system.
(3) For the excellent thermal performance of cooled radiation shields to
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be realized, 1t is 'crucial that the surface emissivities of the
liquid helium reservoir and the radiation shields be as low as
possi'.ble. Achieving this low emissivity quite often is not an easy
task. Metals with low surface emissivity (e.g. Cu, Al, etc.)
(Kropschot 1962, p.154; White 1968, p.220; Thornton 1971, p.495) are
usually good heat conductors as well. Therefore their use in the
construction of the liquid helium reservoir results in a considerable
-heat load due to solid conduction unless some special technigues are
used. One of these techniques is to construct the support tubes from
stainless steel (low thermal conductivity) and weld them to rest of
the cryostat (Wexler 1961, p.157). Such welds, between two metals
with different thermal expansion coefficients and which are subjected
to thermal cycling, are not easy to make.

Achieving a low emissivity also requires very careful surface
treatment (Wexler 1951, p.l57; White 1968, p.219: Scott 1959, p.151;
Leung et al. 1980) and the prevention of surface contamination and
tarnishing during use or storage or even simple exposure to air
(Thornton l97i, p.495) . The strong dependence of the emissivity on
surface contamination ({(Kropschot 1962, p.154) places strict demands
on the vacuum system used in conjunction with the cooled shields.
Certain measures have to be taken to prevent the formation of
cryodeposits through the condensation of cryopumped gases or
contaminents on the cold surfaces (Clark & Thorogood 1971, p.146;
Long 1972). f

The problem of surface contamination 1s not as severe in systems
using superinsulations. Aluminum which is the most copmon ref lector
material in superinsulations forms, upon exposure to air, a thin
protective oxide layer. This layer is transparent to infrared
radiation and therefore does not increase the emissivity of the
surface (Ruccia & Hinckley 1967; Leung et al. 1980). Exposure of
multilayered superinsulations to different gases and \s\’qorage in
gaseous environments which are less than ideal {e.q. “hlgh humidity
atmospheres) seems to have a very minor effect on the emissivity of
the metallic deposit (Ruccia & Hinckley 1967). The problems caused
by the formation of cryodeposits are also less severe 1n

superinsulators. This is due to the large total surface area of the
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foils and the fact that the cold layers (which do most of the ‘
cryosorption) are the innermost ones. These layers are not directly

’ exposed to the contaminents which have to traverse the spaces between

the outer layers before being absorbed on the inner cnes. Finally,
surface contamination of a few boundary layers (reduction in their
emissivity) will not affect the overall performance of the
supgrinsulationn noticeably because’ of the large number of layers that
are usually installed (Hnilicka 1960).

{4) 1In general, the recquirement for high vacuum 1s more relaxed in
superinsulation systems for two reasons. The first is that the
multiple layers act as dividers reducing the temperature difference
across which gas conduction by molecular flow is taking place so that

. higher pressures can be tolerated without an increase in the heat
flux (see eugation 3.4). The second reason.is the increased
tolerance to higher pressures as a result 'of the extension of the
range of the free molecular flow region of the gas (Hnilicka 1960)}.
Gases enter the molecular flow region when the mean free path of the
molecules becomes comparable to the dimensions of the space in which
they are travelling. Because of the small separtion between the
successive layers of the superinsuiatlon, the mean free path can be
quite small (i.e. the gas pressure 1s high) when the gas enters the
molecular flow regaon. ) éince 1t 1s 1n this region that the rate of
heat transfer by the gas i1s diminished, 1ts extension to higher

‘

pressures 1s quite desirable (Bailey 1971, p.138-142).

3.11 The Choice of NRC-2 Superinsulation
Several kinds of multilayered superinsulation are available

commercially. In general, they can be classified i1nto two types: in the”.

LN

-

first type, separate radiation shields (aluminum foils) and spacgr o
materials (an insulator e.g. fiber glass ‘paper) are app?lféd in alternate
layers. In the second type (similar to the one used, here), the reflective
shield and the spacer material are integrated into one foil {layer) by
depositing aluminum on a plastic foil (e.g. mylar). Under similar
conditions the second type is somewhat inferior to the first type in its
thermal insulating properties {(Kropschot et al. 1560; Stoy 1960: Scurlock

& Saul 1976+ Kropschot 1961). Tt would seem that this i1s the result of
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the higher emissivity of’the aluminized plastic in comparison with
aluminum foils (Black & Glaser 1961).

Nevertheless, there are several advantages to using the aluminized
plastic foil type. One of these advantages 1s the ease of installation
(Leung et al. 1980), and the fact that this type does not restrict the
method of application in any way (Hofmann 1970). Reflector plus spacer
types require special skills and more sophisticated methods and
instruments for application because of their low tensile strength in’
comparison to aluminized mylar (Hofmann 1570).

] Another advantage offered by the aluminized mylar superinsulation
is its lower bulk density and thereﬁore lower total mass. The lower mass
combined with the inherently low specific heat of aluminized mylar results
in\a low total heat capacity and therefore less cool down losses and a
much faster approach to thermal equilibrium (Hnilicka 1960, KST).

An additional benefit derived from using aluminized mylar
superinsulation i1s the ease with''which the gases in the interlayer spaces
can be evacuated in comparison to the foil plus spacer type. This is the
result of the higher mean permeability and mean diffusion coefficient for
gases in the aluminized mylar type due to the lack of spacers which terd
to impede the diffusion of gas molecules through the insulation (Coston
1966; Nast & Williams 1967).

In comparison to other kinds of aluminized plastic superinsulation,
NRC-4 foils are aluminized on one side only and the thickness of the
aluminum deposit 1s smaller. This causes the NRC-2 superinsulation foils
to have higher emissivities than other kinds with thicker deposits and
therefore to be less effective i1n reducing heat transfer by radiation.
However, because it is-aluminized on one side only, the total)surface area
of the aluminum deposit in NRC-2 superinsulation 1s reduced by half and
hence the total rate of outgassing i1s much lower'than 1t 1s in other kinds
(Kutzner et al. 1973)-. The small thickness of the aluminum deposit (250
A) results in less heat transfer by lateral and transverse solid
conduction than in other types with thicker deposits (Vilet ‘& Coston 1968:
Black & Glaser 1961; Kutzner et al. 1973).

3.12 Suggestions for Further Improvements of the Cryostat System

Although the performance of the cryostat was quite satisfactory,
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there 1s still room for some additional improvements., These proposed

improvements center around decreasing the heat f}gx into the ligquid helium

-
reservoir through certain modlflcgslgns/théifcan be implemented in a new

cryostat design. Some of these modifications would be:

(1)

(2)

(3)

(4)

(5)

Increasing the length of the support tubes considerably (by‘a factor
of two for example). Since solid conduction along these tubes 1s a
major source of heat input, doubling the length would cut this
contribution by a factor of two at least (the increased length
improves the heat exchange between the rising vapor and the tube
walls as well). It would alsc reduce the amount of radiant heat
funnelled down the tubes. On the other hand, however, increasing the
length of the tubes would result in an increase in the mass and size
of the spectrometer.

Reducing the number of tubes connected to the liquid helium reservoir

by using the overpressure vent tube as a conduit for the different

sensor leads and as a filling port.

Blackening the 1inside surfaces of the support tubes with aquadag

paint and/or adding radiation baffles 1inside their bores, would

greatly reduce the thermal radiation funnelled into 'the cryostat

(White 1968, p.230; Lynam et al. 1969; Kuraoka et al. 1979}. The

radiation baffles would also promote better heat exchange during

precooling and speed up the approach to equilibrium evaporation

conditions (Lynam et al. 1969).

Using detachable current leads and operating tﬂe solenoild 1in a

persistent current mode would certainly increase the holding time by

25% at least (table 3.6) (Colyer 1967). However, the suitability of

this particular solenoid for such operation 15 not certain since 1t

may have a short field decay time (depending on the number and
quality of the superconductor joints).

Improving the insulating properties of the superinsulation.

(a) Using a different number of layers to insulate different parts of
the cryostat according to space limitations and without
increasing the layer packing density (1.e. a larger number of
layers than preseuntly used around the outer surfaces). The
increased number of layers would reduce the contributions of both
the radiation and the conduction modes of heat transfer
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(equations 3.6, 3.7, 3.9) (Adelberg 1962, p.357; Stoy 1960;
Hnilicka 1960, KST). Howeyer, the increase in the number of
layers would also result in a reduction in the pumping speed 1in
the interlayer spaces and 1n an increase in the overall
outgassing rate (due to the increase in the surface area). This
would give rise to higher residual gas pressures between the
superinsulation foils, and therefore more residual ggs conduction.

(b} Perforating the multilayered superinsulation would help to
overcome the problem of residual, gas qu1te‘con31derably by
providing more passageways for evacuating the gas (Hofmann 1970,
Adelberg 1962, p.372; Mikhalchenko et al. 1976; Bailey 1971,
p.152; Price 1968; Barron 1572, KST), Notw1thstand1ngh“
perforating the superinsulation causes an increase in the
contribation of radiation to the total heat. The presence of
holes exposes regions of a radiation shield to radiant heat
emanating not from a neighbouring shield but from ones further
away and which therefore at higher temperatures (Barron 1972;
Ruccia et al. 1967)., A compromise between'the reduction 1in
residual gas conduction and the increase i1n radiant heat flux has
to be arrived at. Barron (1972) gives some useful indications as
to how such a compromise can be reached.

{¢) Interleaving the aluminized mylar foils with getter loaded spacer
material (thermal insulator). This would result in a reduction
1n the residual gas pressure in the interlayer spaces especially
after the introduction of cryogenic fluid into the cryostat
(Scurlock & Saul 1976).

(d) A further reduction in the amount of heat conducted by the
residual gas can be achieved through the use of heat.sealable
polyester base tape for fastening the superinsulation layers
1n$tead of the pressure sensitive type used.

(6) Using multishielding techniques. In this technigue a combinaticn of
multilayer superinsulation with one or more vapor cooled radiation
shields interleaved among the multilayers is used. It can improve
the effectiveness of the 1insulation to éhe extent that 1t will
surpass both the performance of the superinsulation alcne and that of
liquid nitrogen cooled heat shields (Colyer 1967).
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The vapor cocled radiation shields are usually constructed from
thin, reflective, highly conductive sheets (of Al or Cu) attached to

B

heat exchangers placed at suitable levels in the vent tube (Paivanas——

et al. 1965). Thus some of the enthalpy of the rising helium is used

to intercept and extract a significant portion of the heat anloﬁ ‘ {
through the superinsulation before 1t reaches the liquid helium

reservolr. This technique would alsc result in a considerable |
reduction in the weight of the superinsulation (Niendorf & Choksi

1967) and therefore would speed up the approach to thermal

equilibrium and minimum helium loss conditions. However, thé

construction of the heat exchangers and their connections to the vent

tube and the shields might pose some technical problems (Thornton

1971, p.499). o

N

B
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CHAPTER 4

- "

THE SOURCE~DETECTOR SYSTEM

The energy dispersive element used in the Spectrometer'descrlbéd in
this thesis 1s a high purity germanium diode. It was chosen because of
the outstanding characteristics of semiconductor detectors, especially
Ge(HP), as spectrometers.

Semiconductor detectors figure prominently among the detector types
most widely used in the study of nuclear radiation today. They are solid
state analocges of the gaseous ionization chamber and enjoy -several
advantages over other types of radiation spectrometers. The most
important advantages that they offer over other multichannel energy
deposition spectrometers are their linearity and superior energy
resolution. Furthermore, as a result of the high density of semiconductor
materials (especially germanium), detectors with small dimensions can be
used to study even the most energetic B decays.

Silicon and germanium have been the choice materials for the
manufacture of semlconduc?or detectors, with silicon detectors
predominating in the field of charged particle spectroscopy and germanium
detectors being the type most commonly used in gamma ray spectroscdpy
(Knoll 1979 p. 360). This situation, however, 1is rapidly changing with
the increase in the popularity of Ge(HP) B spectrometers (see Chapter 2).

4.1 Principles of Operation of Semiconductors Radiation Detectors

In analogy to gaseous ionization chambers, the operation of
semiconductor radiation detectors is based on the principle of using the
energy deposited in the detector material by the incident radiation to
generate electron-hole pairs. By collecting these charge carriers onl
electrical ccntacts on the surfaces of the semiconductor, an electrac
signal is produced which 1s proportional to the amount of energy deposited
in the detector. i

This section will briefly review the principles involved in the
working of semiconductor detectors concentrating mainly on high purity

germanium detectors.
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A
4.1.1 The Band Structure
The preriodic lattice of crystalline materials establishes allowed

energy bands for electrons within the solid. These energy bands arise
from the allowed energy levels for electrons in the individual atoms which
make up the crystal. In an isolated atom, the allcwed energies are very
sharply deflﬁed, however, when a collection of atoms is brought together
to form a crystal, the Pauli principle imposes that no two electrons can
have exactly the same set of quantum number values. The atomic energy
levels therefore change to an extent dictated by the closeness of the
atoms and the periodicity of the atomic f1eld generated by the atomic
nuclei. The sharply defined energy levels of the separate aZom§ are
broadened into bands of levels each of which 1s non-lcocalized and 1s a
propoerty of the whole crystal (Dearnaley & Northrop 1963 p. 58). These
bands of allowed energy levels are separated from each other by %orbldden
gaps. The width of the forbidden gaps 1s related to the nature of the
chemical bond i1n the solid. ,

Both silicon and germanium crystals are particularly simple in.
their structure. Each atom in.a pure érystal of eithér of these
semiconductor materials 1s tetrahedrally surrounded by four other similar
atoms and shares one covalent bond with each of them (Diamond type crystal
structure) (Restelli 1968 p. 14).

At very low termperatures ( =0 K), 1n a perfect crystal, all of the
valancy electrons are bound into the structure and no electons are
available for electric conduction. These bound valancy electrons occupy
an allowed energy band called the valance band. In the case of pure
crystalllne/éillcon and germanaium, the valance band i1s completely filled
at very low temperatures. The next allowed, higher lying band 1s called a
conduction band and represents electrons that are free to migrate through
the crystal. An energy band gap separates the valance and the conduction
bands. The characteristic property of a monocrystalline semiccnducting
material, such as silicon or germanium, 1s the small size of the band gab.
The gap, at 0 K, 1s 1.165 eV for silicon and 0.746 eV for germanium. The
band gap 1n these two semiconductors increases with temperature reaching a
value at 300 K which is about 10% larger than its value at 0 K fRestelli
1968 p. 14).
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" 4.1.2 The Generation of Charge Carriers ,

4.1.2a The Thermal Generation of Electron-Hole Pairs

As.gny non-zero temperature a small number of the covalent bonds in
the crystal are broken by thermal excitations so that charge carriers are
present 1in the material and are free.to drift throughout the crystal.

This breaking of the bond can' be viewed alternatively as the elevation of
an electron from the valancy band to the conduction 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 higher band not
only creates an electron in the otherwise empty conduction band but it
also leaves a vacancy (a hole) in the otherwise full valance band. The
combination of the two charge carriers thus created is called an
electron-hole pair. If an external electric field 1s applied to the
crystal, the electron and the hole will drift i1n opposite directions
parallel to the applied field. )

For an intrinsic semiccnductor (perfect crystal with no
electrically active impurities), the number of electrone that are
thermally excited to the conduction band (which is equal to the number of
holes left in the valance band) is given by: (Dearnaley & Northrop 1963 p.

60; Kittel 1976 p. 229; Haller 1982)

n = +vN_N T3/2 exp (-E_/2kT) 4
b c v . P g

where -

ni = The number of conduction electrons per unit volume
8
(concentration of conduction electrons)

NC,NV = The effective density of states in the conduction and valance
bands respectively
= The absolute temperature
‘k = The Boltzman constant .
%; = The band gap

The introduction of electrically active impurities into the crystal
structure (doping) changes the relative concentration of charge, carriers
(increases the concentration of electrons in the case of a donor "impurity

and the concentration of holes i1n the case of an acceptor impurity)
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however, the product of the concentrations of the two kinds of charge

4

carriers remains constant. Thus the product ¢

4.2

n = N_ N, exp (—qg/kT)

lpl

where
Pl = Theé concentration of holes
(The rest of the symbols are the same as in equation 4.1)
remains constant and is the same whether the semiccnductor 1s intrinsic or
doped (extrinsic) (Restelli 1968 é. 15; Kittel 1976 p. 229, Knoll 1979 p.
368). For germanium the product of the concentrations of the two charge
carriers, at room termperature, is 5.8 x 10°* cm ® (Knoll 1979 p. 366).

In High purity germanium detectors, the éoncentratlon of 1impurities
(doping) 1s usually of the order of 10'° impurities/cm’ (Knoll 1979 p.
493). Due to the small kand gap oY germanium, the number of thermally
generated charge carriers (intrinsic carrier density), at

room temperature (300 K), is much hagher (2.4x10'*/ar ) (Knoll 1979
p.363). Therefore, the electrical conductivity of high purity germanium
at room temperature 1s dominated by the intrinsic charge carrier density
which results i1n a value of 47 0 cm for the resistivity of germanium at
room temperature (Goulding 1966: Restelli 1968: Knoll 1979 p. 363).
Consequently, germanium detectors must be operated at cryogenic
temperatures (typically liquid nitrogen temperatures) to decrease the
number of thermally generated charge carriers (1.e. reduce the leakage
current) 1in order to be able to detect charge carrie*c +hcot are produced
by the 1onizing radiation (Knoll 1979 p. 391: Haller & Goulding 1981 p.
811; Haller 1982).

4.1.2b The Generation 6f Charge Carriers by Ionizing Radiation

Ionizing radiation incident on the semiccnductor material can
generate charge carriers in excess of those generated by thermal
excitations. The details of the mechanisms through which the incident
radiation deposits 1ts energy during its interaction with the
semiconductor material are quite.complicated. However, the following
simplified model can serve to 1llustrate the charge production process
during such an interaction (see Restelli & Rota 1968 p. 76).

A high energy charged particle incident on a semiconductor, or an
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electron produced by a v ray interaction with the semiconductor material
produces secondary electrons of lower energy i1n the semiconductor by
impact 1onization. Subsequently, these electrogs can produce more
electron-hole pairs 1n the semiccnductor by imparting enough energy to
some elctrons in the crystal lattice to raise them from the valance band
{(or lower lying states) to the conduction band. The energetic electrons‘
and holes thus generated can produce further ionization and so on. This
shower process continues until the kinetic energy of the charge carriers
is‘no longer sufficient to excite an electron across the forbidden energy
gap (and therefore to create an electron-hole pair).

Duraing the 1onization events that take place in the semiconductor
material, the energy of the incident charged particles 1s reduced by an
amount equal to the band gap energy plus the kinetic energy acquired by
the electron-hole pair. The sharing of the energy between the 1onizing
charged particle and the electron-hole pair can be considered to be random
in nature, while the division of energy between the electron and the hole
in the pair 1s dependent on the details of the band structure of the
material . i

Electrons travelling throughpthe semiccnductor material can also
lose some of their energy through interactions with the crystal lattice
itself and the production of phonons {lattice vibrations). Such
interactions disélpate a considerable amount of energy without producing a
useful signal since they do not result 1in the production of charce ,
carriers. Furthermore, the large number of eleétrons produced at the end
of the shower process, not having sufficient energy to produce secondary
1onization, quickly (after ~ 10 '*sec) reach thermal equilibrium with the
lattice by losing their kinetic energy through the generation of more
phonons. Because of all of these energy losses 1n nonionizing events, the
average energy required to produce an electron-hole pair (€) 1s
considerably greater than the band gap energy. In germanium, at 77 K, € is
more than 4 time the band gap energy (Knoll 1979 p. 363) 1.e. the erergy
used insthe 1onizing events makes up only about 25% of thg total energy

!
]

deposited by the radiation in the detector material.
The model describing the i1onization processes used above 1s due to

Shockley and Van Roosbroeck. It was summarized here from the information

given i1n the following references: Dearnaley E\Nqsthrop (1963 p. 65):
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Goulding (1966): Restelli & Rota (1968). An alternatlvg&%odel for the
ionization processes 1in semiconductors has been prerocsci by Klein (see
Restelli & Rota 1968 p. 80). This model explalng the production of
electron-hole pairs in irradiated semiconductors in terms of the
generation and subsequent decay of plasmons (collective oscillations of
the electron paritcle density in the solid.

The average energy required to produce an electron-hole pair, 1is
experimentally observed to be largely independent the type of i1ncident
radiation and the enerqgy deposited in the material (Price 1964 p. 217:
Restellil & Rota 1968: Goulding & Pehl 1974 p. 305; Knoll 1979 p. 372;
Haller & Goulding 1581 p. 812). This 1s mainly due to the fact that the
dominant production of electron-hole pairs occurs at the low energy
"tails" of the shower process and these tails are quite 1insensitive to the
details of the high energy processes that led to their existance (Haller &
Goulding 1981 p. 812). The average energy per electron-hole pair (e)
(sometimes alsc referred to loosely as the i1onization energy) has a value
of 2.96 eV for gérmanium and 3.76 eV for silicon at 77 K (Restell: 1968 p. !
14).

The fact that € 1s independent of energy is responsible for the
excellent linearity of the energy response of semiconductor detectors. It
is this linearity that makes these semiconductor detectors excellent
radiation spectrometers. The independence of the value of ¢ of both the
type and the energy of the incident radiation eases the problems of
calibrating semicenductor B spectrometers quite sigrificZantly.

The7small value of ¢ 1n semiconductor detectors in comparison to
gas filled detectors ( e in semiconductors =1/10 of the amount of energy
required to create an electron-hole pailr in gases). results in a 10 fold
increase i1n the mean number of charge carriers produced by a given amount
of energy deposited in the detector. This increase 1n the number of
charge carriers has two beneficial effects on the enerqgy resélutlon
attainable with semiconductor detecfors. The greater amount of charge
produced per unit deposited energy lsads to a larger signal to noise .
ratio , and therefore better resolution, especially at low energies. In

addition, as the mean number of charge carriers per unit energy 1lncreases,

the statistical fluctuation in the number of these information carriers

becomes a smaller fraction of the total number, thus leading to better




-194-

)
resolution. f

In semicenductor materials the statistical fluctuations in the
- number of charge carriers per unit energy loss 1s smaller than the value
expected on the basis of Polisson statistics alone. Poilsson statistics
would hold 1if all the events along the track of the i1cnizing particle were
indpendent of each other (1.e. 1f there were no correlations in the
formation of consecutive electron-hole pairs). This 1s not the case in
semicondcutors since the 1onizing events can not be regarded as completely
indpendent as was clearly shown above in the description of the ionization
processes 1n semiccnductors. As a result of the interdependence of the
1onization events, the standard deviation of the number of charge carriers

produced 1s given by:

6 = VFN = , 4.3
where
o = The standard deviation in the number of charge‘carrlers
£ = The average energy reguired to produce an electron-hole pair
E = The energy deposited in the semiconductor :
N = The number of electron-hole pairs produced
F = The Fano factor: a numerical factor 0 < F < 1 ’

The measured values for the Fano factor 1n germanium at 77 K are typically
around 0.1 (Tavendale 1967 p. 84: Restelli & Rota 1968 p. 97: Goulding &
Pehl 1974 p. 305; Pehl 1977; Knéll 1979 p. 363; Haller & Goulding 1981 p.
812: Tsoulfanidis 1983 p. 280).

The full wadth at half maximum of the distribution in N (the number

of electron hole pairs) 1is given by .

4.4
FWHM = 2 V2 1In 2 ¢

Therefcre
L5 - 2ViInZ [ =2Y/7In7 [ic 4
E N . VE
where
E = The energy deposited in the detector
AE = the fwhm of energy distribution

(Haller & Goulding 1981 p. 811: Tsoulfanidis 1983 p. 280). The ratio AE/E
represents the contribution of the statistics of electron-hole production




-195-

to the resolution of the semiccnductor detector. It 1s therefore the
ultimate resolution attainable with semiccndcutor detectors. The
contributions of electronic noise and detector leakage current to the -
resolution of semiconductor spectrometers are Gsually considerably larger
than the contribution of” charge production statlstlQS. especially at low
energies (Knoll 1979 p. 374, 423). Furthermore, problems in charge
colléctlon caused by electron-hole recombination and charge trapping can
alsc contribute to the resolution as well.

At an energy of 1 MeV, AE/E calculated from equation 4.4 above is
0.13%. The measured resolution of the germanium spectrometer used in thais
work 1s 0.45% at 1 Mev. ~
4.1.3 Charge Collection )

An electric field applied to the sgmiconductor material will

separate the two types of charge carriers that are created (either
thermally cr by 1onizing radiation) in the semlconductoﬁggggg will cause
them to drift in opposite directions parallel to the applied electrac
field. The draift veloc1ty-of the charge carriers in the applied electric
field 1s a function of the field strength. In germanium, the drift !
velocity reaches a saturation value of about 107 cm/sez at an applied
electric field of about 1000 V/cm. This high saturation velocity (which
1s easily achievable 1in typical germanium detectors) 1is responsible for
the fast risé times of the pulses that are generated in the semiccnductor

detectors.

4.1 .4 Radiation Detector Construction
In order to be akle to measure the amount of energy deposited by

the 1onizing radiation in the semiconductor medium, the charge carriers

that are produced by thé incident radiation have to be collected at either
end of the material and counted. To achieve a rapid and efficient charge
collection, akstrong electric field (™ 1000 V/om) has to be applied to the
semiconductor medium through the electric contacts on which the charge is
collected. If ohmic (i.e. non rectifying) contacts are used, the strong
applied electric fields result in large currents, of the order of 1
amrpere, flowing through the semiccnductor medium, even at liguid nitrogen
temperature. -Such high currents make the detection of the very small
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currents (10 “amp) that are generated by radiation produced éharge
carriers totally undetectable (Pehl 1977, Knoll 1979 p. 375).

To overcome this problem, "blocking" contacts that dg no inject
charge into the semiconductor material must be used. One common method of .
achieving a blocking contact structure is to form a p-n junction i1n the
semiconductor material (or a surface barrier junction on the surface of
the semiccnductor material) and op;rate it as a reverse biased diode
(Goulding & Pehl 1974 p. 312).

- |

4.2 The B Detector Used in the Present Spectrometer

The energy sensitive detector used in this work is a Ge(HP) diode
supplied by Aptec Engineering Ltd. (Canada). It 1s a planar detector with
a 15 mp sensitive.thickness and 500 mm®* active area (2.54 cm diameter).
The detector 1s manufactured from high purity P-type germanium with a
diffused p—ﬁ junction structure. The n+ contact is the back contact:; it
is made by the diﬁfusion of a thin layer of lithium on the back surface of
the detector. Tﬁ; front contact, through which the B particles enter théL
detector, 1s a thin evaporated metallic contact. ‘

Voltage pulses from the Ge(HP) detector were fed to a Princeton
¥ -Tech model RG-11l preamplifier and from there to an Ortec model 572
amplifier. The pulse shaping time constant of the amplirier was set to 1
usec. From the amplifier, the pulses were routed to a Tracor Northern
TN-1212 A.D.C. interfaced to a PDP-15 computer. The "inhibit" pulse
output from the amplifier was connected to the A.D.C. to gate it in an
anticoincidence mode in order to reduce pulse pile up. In all
experiments, the output of an electronic pulser was connected to the
"test" i1nput of the preamplifier to enable corrections for dead time
lossses and pile up and to moniter gain stability. An Ortec model 459
high voltage power supply was used to bias the detector.

R When a volatage is applied to ihe detector, a depletion layer
§férts to from at the p-n junction 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 1s over depleted and only a
very thin dead layer (~ 1 pm of germanium) is left at the entrance surface.

Since no information was available from the manufactureron the

depletion bias of the detector (the minimum voltage at which the depletion
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layer extex}és ‘to cover the'full sensitive thickness of the detector), it

was directly measured using the conversion electron lines from a 2°7 Ba

"lsource. The depletion voitage was measured by varying the bias on the

-detector and observing grm\\changes in the shape and position ‘of the
convers;on electron lines as measured by the detector. The onset of such
changes i1n the electron peaks as the voltage of the detector is lowered
would indicate that the depletion layer does not extend all the way to the
front contact and that the electrons are traversing the dead layer left
between the front edge of the depletion layer (the sensitiventhicknesss)
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 in germanium. Since this range is quite small (v 0.5
mm) in comparison to the thickness of the det;ector, 450 volts was taken as
the depletion voltage of the detector (the punch through voltage).

Using the value of the depletion 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 electrically active impurities (acceptor type) in the
detector material is calculated to be Np = 3.5x10° impurities/cm?.
Similarly the value of the detector's capacitance is calculated to be 4.7
PE. | ’

The typical resolution values achieved with the detector are 4 ~ 5
keV for a 1 MeV y ray and a slightly worse resolution for electrons of the
same energy (due to energy losses in the dead layers in the source and the
detector's front contact). The resolution of an electronic pulser peak (n
4 keV) 1s only slightly better than that of the y ray peak indicating that
the charge collection processes in the detector do not contribute
asiglm,i\le'.cantly to the resolution.

The major contributions to the spectrometer's resolution come from
the leakage current of the detector (especially the suﬁface leakage
current) and the preainpllfler noise. Since the preamplifier noeise is a
strong function of the capacitance with which the input of the
preamplifiers is loaded (Knoll 1979 p. 652), it is particularly important
in this spectrometer. The lzngth of the cable connecting the detector to

the preampllfler ( ~ 30 cm) ontrlbutes significantly to=the input

14
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capacitance. This cable length was necessary since the preamplifier had
to be kept 1n a low magnetic field region.

In order to improve the resolution of a spectrometer system similar
to the one described in this thesis (a superconducting solenoid plus a
solid state detector system), Andersen (1968) installed the first stage of
the preamplifier (the FET) on the cold finger very close to the detector.
A significant improvement in resolution 1s achieved in this case as a
result of %Wb effécts: the reduction in the thermal noise of the
pfeampllfier due to cooling, and the decrease 1n the 1input capacitance~to
the preamplifier that results from the elimination of the capacitance of
the long cable connecting it to the detector.

One of the advantages gained from the use of the superconducting
solenoid 1in thée present spectrometer is the reduction in detector
background c0upt rate. Because of the location of the detector inside the
bére of the magnet surrounded by the solenoid and the liquid helium A
cryostat, it is quite well shielded from the ambient backaround. The
typical background count rate is 3 to 5 c.p.s. . .

The detector was calibrated at energies below 1.5 MeV using

conversion electron lines from ?°’Bi. At higher energies, y rays from

standard sources and from °®Ga were used for calibration. Under the

influence of the strong magnetic field of the solencid, a small difference
between the calibrations obtained using electrons versus those cbtained
with y rays was noticed. This g ray calibration shift was thoroughly
investigated and accurately corrected for (Hetherington 1984).

The choice of a detector with a 15 mm sensitive thickness in the
present spectrofeter was motivated by the desire to study B decays with
high endpoint energies (>10 MeV). Héwever, there i1s a limit on the
maximum B ray energy that can be studied with the Spectrometer without
introducing excess}zs/Qigtor%roﬁE’ES/EEEVB spectrum. This limit is
imposed,by~thé'§E}ength of the magnetic field of the solenoid and the
surface’ area of the detector. Its value is slightly less than 6 MeV 1n
the present spectrometer (see section 5.4). Hence, the use of a thinner
detector (8 mm for examples) would have probably been a better choice.
The thinner detector would be less sensitive to y rays, have a smaller
capacitance: better resolution and faster pulse riéetlme, and show a
smaller B ray calibration shift in the strong magnetic field of the

Al



PRl

L

~199-

solenoid. |

4.3 The Source-Detector Chamber .

The radiocactive source 'and the cold (liquid nitrogen temperature)
germanium detector are mounted in the same vacuum chamber with no windows
separating them from each other. This was necessary in order to avoid the
B spectrum distortions that are caused by B particle scattering in the
window material. The source-detector vacuum chamber consists mainly of a
70 cm long stainless steel tube (5 cm I.D.) which fits inside the room
temperature bore of the superconducting solenoid ana is completely
separate from the magnet's vacuum chamber (see Figure 4.1).

One end of the stainless steel tube 1s connected through a gate
valve to a forechamber through which new radiocactive sources are '
introduced 1in the detector's vacuum chamber. On the other end, the
stainless steel tube 15 coupled to the detecfor cryostat. The detector
cryostate was taken from an old Ge(L1) spectrometer and modified so that
the copper cold finger on which the Ge(HP) detector is mounted extends
approximately 25 cm into the source-detector vacuum chamber. The other
end of the cold finger dips into a liguid nitrogen reservoir. b’r‘he bottom
of the detector cryostat (around the cold finger) 1is filled with a small
quantity (v 50g) of zeolite to maintain the vacuum when the detector 1s at
liquid nitrogen temperature. The pumping action of the cold cathode (PIG)’
1onization gauge which 1s mounted on the detector cryostat aids in ’
ralintaining the vacuum as well. An electrval feedthrough at one end of
the vacuum chamber provides an electrical ccnnection to the detector

’

through a 20 cm long cable.

¥

" 4.4 The vacuum System
The vacuum system that was originally used with this spectrometer

consisted of pumping station made up of a 2 inch (5 cm) o1l daffusion pump
equipped with a liquad nitrogen cooled baffle, and a mechanical rctary

pump .
’ Severe problerrs-, caused by condensation on the detector's surface,
were experienced with this vacuum system. The condensation on the

detector resulted in large leakage currents, a significant deterioration

in resolution (16 ~ 20 keV resolution), and most importantly, detector

i
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Figure 4.1

Schematic drawing of the source-detector vacuum 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 condensation had most likely been caused by hydrocarbons
backstreaming from the pumps.

Following this finding, a complete overhaul of the vacuum system
was undertaken. The detector was cleaned (after warming it up to room
temperature) by carefully wiping its front surface with a cotton swab
soaked in ethanol. The detector was then heated to 40%60°C, under vacuum
( ~10 %a) , and maintained in this temperature range for several hours to
remove any traces of condensation that were left. The vacuum chamber and '
the various pumping lines and components 1n the vacuum system were
thoroughly cleaned with solvents and leak tested. Ana a new charge of
zeolite (molecular sieve 5A) was placed 1n the bottom of the detector
cryostat.

In addition to these measures, the possibility of replacing the
diffusion pump station with an oil free pumping system was investigated.
Two options for an oil free system were considered: a turbomolecular pump
and a cryogenic pump. The turbomolecular pump that was tested caused
excessive electronic noise in the detector. The detector's microphonic
nature {Goulding & Pehl 1974), and the vibrations caused by the
turbomolecular pump are responsible for this noise. The problems were
further aggravated by the length of the cold finger on which the detector
is mounted. Therefore, the decision was made to avoid the use of a
turbomolecular pump. As for the cryogenic pump option, 1t was discarded
because the need for frequent radiocactive source changes (and therefore
repeated pumping of the forechamber) can result in the saturation of a
limited capacity cryoéenlc pump. In addition to these drawbacks, the two
oil free pumping systems are also quite expensive.

The final pumping system design that was arrived at represented a
compromise. The o1l diffusion pumping station was maintained but only
after signlfiéant improvements 1n its performance. The pumplng system was
also supplemented with a cryosorption pump that was i1nstalled at the
forechamber (see Figure 4.2). 'Along the line of improving the performance
of the o1l diffusion pump station, two steps were taxen to minimize the
backstreaming of hydrocarbons from the diffusion pump?and the mechanical
punmp. The first 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 Gauge

2. Cold Cathode Vacuum Gauge

3. Valve

4, Gate Valve

5. 0il Diffusion Pump

6. Mechanical Pump ’
7. Sorption Trap

8. Air Admittance Valve

9. Flexible Pumping Line

10.  Sliding Source Plunger

11. Forech‘amber !f )

12. Cryosorption Pump

13. Source-Dete,d{or Vacuum Chamber

14. Zeolite at Liquid Nitrogen Temperature in the Detector
Cryostat

15. Superconducting Solenoid Vacuum Chamber

16. Liquid Nitrogen Cocled Baffle

17. Water Cooled Baffle



13

14

1T
oil
5




-203-

diffusion pump and the liquid nitrogen cooled baffle. The second was the
installation of a room temperature sorption trap (filled with type 13X
molecular sieve) on the intake of the rotary pump. After these measures
were effecéed, a residual gas analysis showed a drastic reduction 1n the
concentration of hydrocarbons 1in the vacuum chamber.

The diffusion pump station is used to pump the source-detector
vacuum chamber only when the detector 1s at room temperature (to avoid the
posssibility of condensation on the dentector completely). It is also used
to reduce the pressure in the forechamber to 1x10° Pa after a new source is
introduced.

When the detector is at liquid nitrogen temperature, the vacuum in
detector chamber 1s maintained by the pumping action or the zeolite around
the bottom of the cold finger. However, this small guantity of zeolite

“can not be relied on when frequent source changes are contemplated; the
small gas leak that accompanies the introduction of a new source into the
detector chamber can easily result in the saturation of the zeclite after
a few source changes. Attempting to reduce the amount of gas admitted
into the detector chamber after each source change by pumping out the
forechamber with the diffusion pump until a high vacuum (< ldJPa) is
ach;éved can also cause problems. In addition to the long waiting time (™
20 minutes), prolonged pumping with the diffusion pump at low pressures
(1.e. 1n the molecular flow region) 1increases the possibility of
backstreaming from the diffusion pump. (The rate of backstreaming reaches
a maximum at a pressure of x leO°2Pa; see Rettinghaus & Huber 1974), To
alleviate these problems, a liguid nitrogen cooled sorption pump was
installed at the forechamber.

Although cryosorption pumps are designed for use as o1l free
roughing pumps, 1t was found possible to use a cryosorption pump to
achieve a high vacuum (< 10° Pa) 1n our system. A small prototype sorption
pump was built and its performance tested under different conditions.

This prototype pump contained a small charge of molecular sieve type 5A
placed 1n a wire screen basket that surrounds a liquid nitrogen cooled
thimble. It was found that after baking the zeolite at a temperature of
250°C, 1in vacuum, for several hours, pressures of 10 ra and less can be
easily reached when the zeolite 1s cooled to liquid-nitrogen temperature.

No saturation effects were observed except when a deliberate leak was
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introduced in/the system. (The absorption capacity of molecular sieve 5A

1971 for thore detailed data).

cryosorption pump was 1lnstalled at the forechamber. (The
sorpti¢n pump was supplied by Varian Assoclrates). This sorption pump is
simply a large reservoir filled with about 1 Kg of zeolite (molecular

. sieve/ type 5A) It 1s efficiently cocled by immersing it 1in a liquid
nitrogen dewar. The liquid nitrogen dewar was equipped with an automatic
filling system to ensure the contfguous operation of the pump for long
periods of time.

The performance of the cryoscrption system was quite satisfactory
even after operating it continuously for periods of days with many source
charge taking place during these periocds. The zeclite showed no signs of
satyration during normal operation and pressures of 10’ Pa and less were
easilly achieved in the forbchamber. The presence of atmospheric gases
that \are not efficiently adsorbed by the zeolite at liquid nitrogen
temperature (mainly helium and neon) did not cause any problems since only
minute quantities of these gases are left in the forechamber after it 1is
evacuated by the diffusion pump.

Following each long run, the zeolite in the sorption pump was
baked at 250°C, in vacuum ( V0.lPa), for several hours to expel the
absorbed gases and reactivate the zeolite. Similarly, the zeolite in the
detector cryostat was regenerated after each run by warming it up to
V50°C, for several hours, in vacuum. The zeolite was warmed up by
replacing the liquid nitrogen reservoir in (Figure 4.1) a hot water bath.
(The presence of the Ge(HP) detector did not permit the use of higher
temperatures during the reactivation of the zeolite).

A schematic drawing of the vacuum system 1s given (Figure 4.2). The
vacuum system is built entirely from aluminum and stainless steel
components. Copper gaskets and rubber seals (Buna-N and Viton 'O' rings)
were used in the variocus demountable couplings in the vacuum system. The
5 em (nominal diameter) flexible pumping line allows one to change the
position of the source-detector chamber (and therefore the position of the

detector) with respect to the superconducting solenoid (see also Figure
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4.5). The strong magnetic field of the superconducting solenoid was not
noticed to affect the operation of the cold cathode vacuum gauges.

The pressure 1n the source-detector vacuum chawser during the ,
operation of the spectrometer was usually in the range 10° -10"Pa. At ’
these pressures, the scattering of B particles, as a result of their
collisions with air molecules, 1s negligible and does not affect the
measured shape of the B8 spectrum (Paul 1965; Booij 1970; Mladjenovic 1976
p. 31; Bughes 1980 and references therein).

Since the vacuum chamber of the superconducting solenocid cryostat
needed occasional pumping to maintain its vacuum, 1t was connected,
through a valve, to the diffusion pump station and evacuated during the
time when the diffusion pump was not being used to pump the forechamber.

4.5 Source Mountings

Most of the radiocactive sources used i1n this spectrometer were
deposited on a thin (0.3 mg/on® ) mylar f£ilm which was glued to an aluminum
ring. The inner radius of the ring i1s larger than the maximum diareter of
the orbit of the most erergetic B particles that can be studied with the
spectrometer. (The inner radius of the source ring/is 1.4 cm, and the
maximum-dirameter of the orbit of 5.8 MeV electrons ‘at the source position
is 1.28 cm). This prevents the scattering of 8 particles from the source
ring. To avoid baékscattering from the source holder, the source ring was
mounted on a 10 cm long hollow aluminum tube whose inner diameter is
slightly larger than the inner diameter of the source ring (see Figure
5.7). The hollow aluminum tube was fastened to the end ot the source

plunger (a hollow stainless steel tube, 1.8 cm inner diameter).

4.6 Source Introduction Methods
Two source introduction methods were used in conjunction wiﬁh this

spectrometer:

4.6.1Manual Plunger System ,
For the introduction of long lived sources into the sspectrometer,

a manual plunger system and a vacuum forechamber were used (see Figures
-4,1, 4.3, 4.4, 4.5). Differential pumping was applied 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 tl’;e beta spectrometer and its
associated equipment. ;o
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Figure 4.4

A front view of the beta spectrometer. The
forechamber and the sorption pump are shown

~

manual plungér, the
\
in the foreground. -
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Figure 4.5

A top view of the beta spectrometer. The flexible pumping line,
forechamber and manual plunger are clearly shown on the right side
of the photograph.
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from the .detector vacuum chamber in crder to reduce gas leaks 1ﬁto the
system when new sources are inserted.

The manual plunger assembly 1s opérated as follows (see Figure
4.2). After a new source, mounted on the end of theﬁplungerﬂ 1s
introduced into the forechamber, the forechaﬁber is evacuated using the
diffusion pump statiom until a pressure of 10 ’pa 1s reached. The
fofechamber was then 1isclated from the diffusion pump stations (by closing
a gate valve) and pumping was resumed using the sorption pump until a
pressure 1 v 2x10°Pa was reached 1in the forechamber. At this pressure,
the gate valve between the forechamber and the detector vacuum chamber was
opened and the source was introduced into the detector chamber for

‘counting. A small volume Forechamber (2" cross) was used in order xo
minimize the pumélng time needed £o reach the desired pressure.

The total time required to introduce a new source into tﬂe detector
chamber 1s about 5 minutes. Whenever 1t was required to bring the forechamber
to atmospheric pressure to charge sources, dry nitrogen gas was admitted
into the forechamber through the inlet valve. The use of dry nitrogen
reduces the pumping time that is needed to lower the forechamber pressure

. to 10°Pa as a result of the reduction in the rate of water vapor
outgassing from the forechamber walls.

The manual plunger system was used to insert delicate sources and

sources deposited on very thin backings 1nt5 the detector vacuum chamber
without any difficulty or any 51gn1ficant"1ncrease in the total taime

needed to charge a source.

4.6 2 Automatic Plunger System

For the study of short lived sources, produced by on-line
bombardment, an automatic plunger system was used (Figure 4.6). The
system consists of three manual plungers and one pneumatic plunger that
are coupled to a bombardment chamber (Figures 4.6, 4.7). The bomkardment
chamber 1s connected to the detector vacuum chamber through a pneumatic
gate valve. The pneumatic plunger and gate valve are both activiated by a
set of 1nterlocked A.C. switches that can be controlled either maﬁually cr
through a computer.

The automatic plunger shuttles the target-source, which is mounted

on its end, between the bombardment chamber and the counting position 1n

n
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Figure 4.6

Layout of the automatic plunger system.
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Figure 4.7

Design of the pneumatic plunger system.
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the ma@netlc field of the solenoid. The pneumatic gaté valve 1s closed
automatically when the plunger 1is in the bombardment position to help
suppress the very.large background that was experienced when the beam was
incident on the target. Differential pumping between the sliding seals of
the plunger system allows the rapid movement of the plunger without any
significant gas leak into the detector chamber.

The three manual plungers are used for the insertion of long lived
sources or the verification of the position of the accelerator beam with a
quartz crystal (mounted on the end of one of the manual plungers).

The autmoatic plunger systems permits the use of fragile targets
and ensures the accurate and reproducible positioning of the sources ftp.l
mm_accuracy). It was used 1n the study of the B spectrum of *°F (half life
11 sec) and can be used for sources with even shorter half lives (see
Hetherington 1984 for a more detailed description of the automatic plunger

system).

4.7 The B - yCoincidence System
A B-v coincidence system, built by Aptec Engineering Ltd. (Canada)

was tested with the present spectrometer system. The 8 -y coincidence
system 1s made up of two Ge(HP) detectors and fits inside the room
temperature bore of the superconducting solenocid (see Ficqure 4.8). One of
the two detectors (the<y detector) 1s an annular Ge(HP) detector (15 mm
thickness, 30 mm I.D., 60 mm O.D.) which 1s located close toc the center of
the solencid. The second detector (the B detector) is a planar Ge(HE)
detector (15 mm thickness, 500 mm® surface area) and 1s placed close to
the end of the solenoid. The distance between the two detectors i1s fixed
(12.7 cm), but their positions relative to the solenoid can be easily
changed. The two detectors are enclosed in the same hermetically sealed
cryostat. The radioactive source 1s placed outside this cryostat in the
center of the annular detector. The radioactivity 1is deposited on a thin
mylar film which was stretched on a nylon ring. The nylon ring is mounted
on the tip of a hollaw nylon rod which 1s used to insert and retract the
source. A thain (50 um) titanium window separates the radioactive source
from the g detector. b

The high magnetic field at the location of the radioactive source

forces the B particles to move 1in helical trajectories which clear the
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Figure 4.8

The g—y,coincidence system.
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inner diameter of the annular detector (see Figure 4.9). The action of
the strong magnetic field thus deflects all the B particles, emitted by
the source, away from the y detector' and transports them to the B
detector. As a result, the vy ray spectra collected with the annular
detector are free from B8 ray contamination. And since no B rays are
incident on the Y detector, a than entrance window can be used in front of
this detector making 1t suitable for the study of X rays and low energy ¥
rays.

Because of the size of the annular detector used in this set-up and
its proximity to the radioactive source, the solid angle subtended by the
v detector at the source 1s approximately 2t steradian. The solad angle
for B particle detection 1s dependent on the location of the source 1in the
magnetic field and can easiy ke as high as It steradian.

The B- vydual detector system 1s intended for use in B - vcoincidence
measurements. It can be used to select a single B branch in a multibranch
decay, and to help in clarifying complicated decay schemes. Furthermore,
the B- ycoincidence system can be used to measure the B decay energy (C@)
in decays where the endpoint energy of the most energetic B branch exceeds
the maximum electron energy that can be studied with the spectrometer.
This can be acccomplished, in cases where the decay scheme 1s <ncwn
the B8 detector with a specific v ray so as to select a low energy B branch
whose endpoint falls within the maximum energy range of the spectrometer.

Only a few, very preliminary tests of the B-y coincidence system
were undertaken, nevertheless, the exceptional B-y coincidence efficiency
of fhe system was clearly demonstrated. The results from these
preliminary tests, however, seem to 1indicate that the resolution of the
annular v ray detector 1s strongly affected by the high magnetic field of
the solenoid. The data avallable on the performance of the B- vy

spectrometer 1s still inconclusive and more extensive testing 15 needed.
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Illustration of the principle of operation

of the beta-gamma coincidence system.
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CHAPTER 5

THE SPECTROMETER'S PERFORMANCE

The principle aim that guided the design of the present B
spectrometer and 1ts support equipment was the resolution of the problems
associated with the use of germanium detectors in B spectrometry (see
Chapter 2 for a detairled discussion of these problems). The .
superconducting solenoid transport system effectively eliminates the
difficulties that are caused by the high sensitivity <f£ the germanium
detector to vy rays. The elaborate vacuum system and source introduction
mechanisms described in Chapter 4 solve most of the problems associated
with the use of a liquid nitorgen cooled detector. The most important
problem that remains to be addressed 1s the effect of the non-ideal shape
of the response fupction of the germanium detector on the shapes of the B

spectra that are measured with the spectrometer.

5.1 Distortions of the Beta Spectra Measured with the Spectrometer
. Distortions of the shapes of the B spectra that are caused by the

response function of the germanium detector are gquite drastic. As an
example, figure 5.1 shows the effect of the response function of the
germanium detector used in the present spectrometer on a statistical beta
distribution. Hence, 1n order to be able to extract the different
parameters of the B spectrum (endpoint energies, branching ratios, and
shape factors) precise knowledge of the response function is necessary.

An exhaustive study of the response function of germanium detectors
to B~ particles was undertaken by Hetherington (1984). A major part of
his work dealt with the i1nvestigation of the performance of the present 8
fpectrometer, the distortions of the B spectra that are caused by the
spectrometer, and the extraction of the maximum amount of information
possible from these spectra. .

The d%stortlons of the B spectra were found +~ Lz caused by several
factors besides the non-ideal response function of the germanium detector.
These factors include B particle scattering in the source and

backscattering from the source backing (both of which are affected by the
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Figure 5.1

Statistical beta distribution
(-) and corresponding distribution

of pulses from detector (+++).
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strong magnetic field), and the change in the beta ray calibration of the
detector under the influence of the strong magnetic field of the selenocid.

" The effects of pulse pile up and gamma rays emitted from the source on the

shape of B spectra measured with the present spectrometer were found to be
negligible in most cases.

?he approaqh followed by Hetherington (l984)‘?or the determination
of the- respornse function of the superconducting solehOLd spectrometer was
a semi-emplrical approach. First, the respcnse function of the germanium

detector 1s generated by a Monte Carlo simulation of the interactions of

the g particles with the detector. The different parameters describing

the shape of the response function are then adjusted i1n order to be abie
to fit the g spectra of several standard sources SLmultaneously:

Because ‘of the presence of the source and the detector 1n the
magﬁetic field of the solenoid, the trajectories follcdwed by the 8
particles emitted from the source to the detector are determined by the
maghetic field strength and geometry. Since the angles of incidence of
the B particles on the surface of the detector, aéd their points of entryu
into the detector, are determined by their trajectorles, 1t 1s)clear that
accurate calculations of the trajectories of the B particles aré required
for the generaticn of‘the response function through the Monte Carlo
simulation. The precise calculation of ‘trajectoriles 1s alsc necessary 1n
order to reveal any dependence of the transmission of ¥he solenoid on 8
particle energy. 3 .

Extensive computer codes for calculating the magnetic field of the
solenoid-and for simulating the trajectories of the 8 particles in.this -
magnetic field were written 1in this laboratoty under the direction of .R.B.
Moore. ‘The todes were the result of.the.effort of several contributors,
the principle contributor being L. Ouellet.

‘Some aspects of the trajectory calculations that are relevant to
the perfsérmance of the spectrometer are reviewed here.

- 4

5.2 The Magnetic Field of the Solenoid

The first, step 1n studying the tra&ectorles of the g particles in
the magnetic field of the solencid 1s to obtain a map of this magnetic
field.” A computer program was written for this purpcse.

4
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The radial and axial components of the magnetic field (B "and B,
respectively) were calculated using the standard form of the equations for
these field components for a circular loop (Smythe 1568 p. 291):

I 2z . adryz?
B_= H —K(k) K)
r-Zx r [(a+r)2+ 2] ¥2 [K( _+ (a-r)?+ 22 E(]S'l
2 2
B- — 1 K(k) + 2252 E(k) 5.2,
z 2= [(a+r)*+ 23 2 (aird + 22 -
where

r, z = The cylindrical coordinates (relative to the center of the-
loop) of the point at which the field is calculated.
a = The radius of the loop

I = The current in the loop
p = The permeability of the medium
(K)k, E(k) = The complete elleptical integrals of the first and second
kﬁ:d repsectively:
x/,
f vz
Kk} = {(1 -ksife ) de , ) 5.3
, ; . .
o t/2 .
Elk) = |{{ 1 -k san"efde 5.4
' 8
]
L2 ‘
K =2 |—23cf : - 5.5
[ {a+rf+ z’] ' ‘

K(k) and E(k) were evaluated by using the algorithm due to Carlson
" & Notis (198l) for computing incomplete elleptical integrals of the first
and second kind and setting the arguments for these two integrals (RF' and

" Ry respectively) as foll;)ws:
’K(k) =R (0, 1-x , 1) ’ o 5.6
E(k) =Ry (0, 1.k, 1) - (1/3) K R, {0, 1-K'-, 1) 5.7

{~

Br and Bz values for the present solencid were calculated by
dividing the sclenoid into ring segments and approximating each segment by
a loop whose radius was equal tc the mean radius of the ring. The field
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calculated for all these loops was then summed to get the soleno:.qal
field. The ring segments were 0.254 cm thick in the radial diarection and
1.27 cm long in the axial direction. The field values were calculated at,
grid pomts‘separated by 0.4 cm radially and 1.27 cm axially.

To test the error thé’c maght be introduced by the finite size of
the ring segments used in the calculations, a more accurate calculation
was made for the most error sensitive point on the grid (r = 4 cm, z =
12.7 cm) using ring segments of one tenth the radial and axial thickness
of the ring segments used in the previous calculation. The error
introduced by the larger ring segments was found to be less than one part
in 10°. .

Graphs of the field values resulting from these calculations are
shown 1n figures 5.2, 5:3, 5.4. To check these values, a set of field
lines was calculated from the values of B, and B, and the results are
shown 1n figure 5.5. A graphical check on the divergence of these field
lines shows that 1t 1s appropriate for Vx B =o0.

5.3 The Acceptance Sclid Angle of the Spectrometer

As was mentioned 1n the re:hew of axial magnetic guides in Chapter
2, the magnetic field of the solenoid forces the particles to follow
helical trajectories such that most of the particles emitted from the
source 1n the direction of the detector will be intercepted by the
detector regardless of the detector's location along the axis cf the
solencid. On the otiher hand gamma rays are unaffected by the magnetic
field so that the number of ¥ rays emitted from the source that impinge on
the detector varies inversely as the square of the source-detector
distance (see figure 5.6). )

o

5.3.1 A First QOrder Calculation of the Solid Angle of Acceptance for Betas

If the radiocactive source 1is placed at a position along the axis of
the solenoid where the magnetic field is lower than 1ts maxlmum.value at
the center of the solencid, then some of the electrons emitted 1n the
direction of the high field regior (the forward direction) will be
reflected bac3< as a result of the magnétlc mirror effect (Jackson 1375 p.
592). 1In such a situation, electrons emitted at large angles with respect

to the solenoid axis will have their forward momentum reversed as ‘a result



221~

Figure 5.2

The axial magnetic field calculated along the axis of the

.
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Figure 5.3

The axial magnetic field of the solenoid as a function of the

radial and axial distances from the center of the solenoid.
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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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Figure 5.5

‘The magnetic field lines of the solenoad.
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of the non-uniformity of the‘magnetlc field.

' Using the adiabatic approximation (1.e. 1nvariance of the magnetic
flux through the orbit of the electron, Jackson 1975 pp. 588-593), it can
be easily shown (Reitz & Milford 1967 pp. 277-278) that all electrons
emitted at angles larger than a cratical angle () will be reflected back
irrespective of their energy. Electrons emitted at angles less than the
critical angle will penetrate past the magnetic field maximum and hence
will not reflected by the magnetic mirror effect. 1In this first order
approximation the value of the critical angle 6 1s i1ndependent of energy
and 1s given by (Rietz & Milford 1967 p. 278): .

1/2
B_(z)
6 = sin 1 -z . 5.8
B_(0)
z
where
- 8="The maxamum angle of acceptance
Bz(z) = The axial magnetic field at the location of the source

BZ(O) = The maximum 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 solenoidal transport system, this critical angle
éepresents the maximum angle of acceptance of the system (Kotajima &
Beringer 1970, Mladjenovic 1879).

Using the axial magnetic field values of the superconducting
solenoid of the present spectrometer (see figure 5.2) and equation 5.8
above, the solid angle of acceptance of the spectrometer as a function of
the position of the source along the solencid axis was calculated. The
results of these calculations are shown 1n (figure 5.7).

In most of the experiments performed with this spéctrometer, the
position of the source was chosen to be on the axis of the solenoid, 1
inch (2.54 cm) from the end of the solenoid (inside the solenoid). At
this locaticon the axial magnetic field is 3.28 tesla and the maximum angle
of acceptance (calculated form 5.8).1s 59.7°. The solid angle of
acceptance 1s about n steradians (25% transmission). (To achleve a 25%
transmission without the magnetic field of the solenocid, the point source
woulﬁ have to be placed at a distance of 0.73 cm 1n front of the 500 mm?

surface area detector).
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5.3.2 Numerical Calculation of the Electron Trajectories

" A direct numerical ca(lculatlon of the electron trajecT'torles in the
solencid was carried out tc check the predictions of the first order
calculation used above and to reveal any possikle dependence of the solid
angle of acceptance on electron energy. )

The magnetic field map that was calculated by the method described
in sectien 5.2 was used i1n a fourth order Runge-Kutta integration of the
equations of motion of the electrons in the magnetic field. In what
foll’s, a discussion of the principle features of the calculation will be
given. Some examples 1llustrating the results of the calculation are also
included.

The Runge-Kutta integration was carried out in & cylindrical
coordinate system with the cog‘?gilnate axls parallel to the axi's of the
solenocid but displaced from 1t so that the center of curvature \of the
electron orbit at any time was close to the axis of the displaced ,
coordinate system. Although this necessitated a movement of the
coordinate axis after typlcall.y each integratfon step, it allowed very
large integration steps to be taken without loss of accuracy. With 45°
steps, the computational accuracy (as checked by-comparing with
integrations using smaller steps) was typically of the order of 10 ° mm
for trajectories that involved over one hundred orbits of the electron.
Thus 1t was concluded that the praimary error in the calculation of the
electron trajectories was that due to inaccuracies in the magnetic field
calculations and 1n the interpolations between the poirts of the
calculated magnetic field 'grid. Judged on the basis of the consistency of
the cglc’ﬁ’lated electroh trajectories and their cloge agreement with the
adiabatic approximation (whén thas apprc‘)'xin}atlon was valid)., the accuracy
of the.numerical calculations of the electron trajectory appears to be

z

always better than 10 Z mm. ¥
A typical set of electron trajectorleé 1s shown 1n figure 5.8.
Figure 5.8a sho\ys a famidy“of 1 MeV electron trajectories while figure
5.8b shows a family of 5 MeV electron trajectorles In both cases all of
e electrons are emltted from a point,ssource on the solenoid axis at 20°
with respect tc the ax1s but the:Lr angles of emission withyrespect to the

plar!evof the figure (the XZ plane) gva‘ry 1n steps of 30° around a full
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Figure 5.8

Trajectories of electrons emitted-at 20° to the axis and at
different angles with respect to the plane of the figure.
a) 1 MeV electrons ’

b) 5 MeV electrons
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circle. This results in the 12 trajectories seen in each family. The
plots shown in figure 5.8 are projections of the trajectories in the XZ
plane. The X and Z axes are not drawn to the same Scale 1n order to
enhance the view of the radial displacement over the axial therefore the
view of the angge that the electroﬁ‘veloc1ty makes with the solenoid axis
1s a distorted one. The two families of trajectories clearly show the
focusing effect of the sclencidal field (the nodes 1in the diagram). and
the maximum diameter of the electron "beam'" (the distance across the
antinodes 1n the diagram). It can be seen from figure 5.8a.b that the
maximum diameter cf the beam fcr electrons emitted at 20° to the axis 1s
1.5 mm for 1 MeV electrons and 6 mm for 5 MeV electrons (1.e. 5 MeV
electrons emitted from a pblnt source at 20° to the axis of the solenocad
1mpinge on & circular area on the detector surface which 1s centered on
the axis of the soienOLd and whose diameter 1s 6 mm) .

Figure 5.9 shows similar sets cf trajector:cz [or electrons leaving
the source at 45° to the solenoid axis. One can clearly see the shorter
distance betweé% the nodes (shorter focal length) and the wider extent of
the electron beam (about 3 mm diameter for 1 MeV electrons and about 12.5

dlame:ter for SﬁMe\/‘ electrons.

5.3.3 Energy Dependence of the Solid Angle of Acceptance
Figure 5.10 shows an example of a numerical calculaticn which was

performed to determine th% scolid angle cf acceptance of the solenoid.
Here 1t can be seen 7hat 5 MeV electrons leaving the point scurce at
angles less than 60°/with respect to the ‘axis of the solencid are
transmitted to the detector while electrons leaving at ar angle of 60° or
greater are reflected back by the magnetic mirror effect 'of the B
non-uniform field of the soclenoid. Figure 5.10 shows that 59.8° 1s very
close tc the maximum angle of acceptance of the solenoid at 5 MeV for a
pcint source placed on the axis of the solencid 1 inch (2.54 cm) from the
end of the solencid (the standard source position!. Iterations of thas
type show that the maximum angle of acceptance 15 53.90° for 5 MeV
electrons.

Similar calculations performed at different electron energies show
that. the maximum angle of acceptance ranges from 59.70° for 0.5 MeV
electrons tc 60.03° for 6 MeV electrons. The acceptance solid angles

*
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Figure 5.9
Trajectories of electrons emitted at 45° to the axis and at
different angles with respect to the plane of the figure.
al 1 MeV electrons
b) 5 MeV electrons
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_Figure 5.10

Trajectories of 5 MeV electrons emitted at angles around 60° with
respect to the axis (the electrcns are emitted in the plane of the

.

figure}.
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corresponding to these values are shown 1in figure 5.11. As can be clearly
seen from figure 5.11, the 1d angle of acceptance of the spectrcmeter
varies by about 1% only cver ;he full energy range from 0 to 6 MeV.

The deeper penetration of high energy electrons into the solenoid
1s shown i1n figure 5.12 where 1t 1s seen that 5 MeV electrons emitted at
60° to the axis reach to within 1.2 cm of the center of the solenoid while
electrons of 1 MeV energy emitted at 60° to the axis are reflected at a

point 2 cm from he center of the magnet. . /

5.4 Diameters of the Electron Orbits and Maximum Beta Energy

The magnetic field of the solenoid confines B particles which are
emitted from a point source on the axis of the solenoid to helical

trajectories that are tangential to the axis. In order for the effective

" transmission of the spectrometer to be independent cf the energy of theg

particles, the detector must intercept all of the electrons emitted 1in the
forward dlrectién at angles less than the maximum acceptance angle. To
achieve this, Ebé radius of the detector must be greater than the maximum )
diameter of the orbits (at the detector's location) of the most energetic
B particles urder study.

If this condition 1s not met, then some of the 8 particles will
scatter off the detector casing and some will miss the detector
altogether. Thais will strongly distort the response function of the
spectrometef. Therefore, an upper limit 1s imoosed on the endpoint
energies cof the B8 spectra that can be studied with the present
spectrometer. .

Monoenergetic electrons leaving a pocint on the axis of the sclenocid
at different angles with respect to the axis. follow trajectories that
ﬁave dlfferept orbit diameters (compare for example figures 5.8a 5.9a and
5.8b, 5.9b). The e;éctrons that are emitted at the maximur angle of
acceptance of the spectrometer have the largest diameter orbits (because
they have the largest transvers velocity compcﬁents). The angle ét which
these elctrons enter the detector (maximum angle of incidence) 1s needed
for the calculaticn of the maximum diameter of the orbits.

The maxamum angle of 1incidence can be calculated from the following
equation {(Rietz & Milford 1967 pp. 277-278)

vz

B (2) 5.9
z

B_ (0
~l\
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Figure 5.12

Penetration of the electrons into the solenoid at two different
energles. The electrons are emitted at 60° to the axis 1in the

plane of the figure.
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where
® = The maximum angle of incidence
B,(z) = The axial magnetic field at the location of the detector
B,(0) = The magnetic field at the center of the solenoid

In the present spectrometer, the detector was placed just inside
the solencad, 1 inch (2.54 cm) from the end of the solenocid (1.e. the
positions of the source and the detector are symmetric about the center of
the solenoid). Therefore the maximum angle of incidence 1s the same as
the maximum angle of acceptance (60°).

A good estimate of the radius of the electron trajectory at the
detector position can be made by assuming that the magnetic field 1is
locally uniform and using equation (12.42) from Jacksen 1975, we then have:

r = P S1n8 : ‘ 5.10
3.0 B :

where

='The radius of the elctron robit in cm

T
p = The momentum of the electron in MeV/c . . \5
B = The magnetic field strength, 1in tesla

=) The angle between p and B
At the detector's location 8= 60°, B = 3.28 tesla. Therefore for the

detector used (1.27 cm radius) and with a point source placed on the
solenoid ax1s, the maxlmum energy that can be studied with the
spectrometer 1s 6.7 MeVl >See figure 5.13). Using a source of finite size
lowers this limit significantly. For a 3 mm diareter source, the limit cn
the maximum electror energy 1s 5.8 Mel .

Figure 5,14 shows the results cf a numerical calculation of the
trajéctorles of 5 Mev electrons 1llustrating the diameter of the orbits of
electrons emitted at angles clcse tc the maximum angle of acceptance. The
two rlots 1n the figure are the projections 1in the XZ plane of the
trajebtorles of two 5 MeV electrons emitted at 58° with respect to the
solenocid axis. Both electrons are emitted perpendicular to the plane of
the figure (XZ rlanel:; 1n one case the electron 1s emitted out of the XZ
plane (towards the viewer' while 1n the cther case 1t 1s emitted into the
XZ plane (away from the viewer). The angle cf emission of the electrons

fwirth respect tc the solencid axis) shown in figure S£.14 (58°) 1s close to

v
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the maximur angle of acceptance of the spectrometer. Therefcre the

diameter of thre "beam" that trese electrons fcrr iS5 mm 1s close tc the
d:ameter <=f +the arez or <ne surface of tne detectcr irside of wnich all
tne 5 Me. electrons accerted O The SpecCrrometer Imringe. for reference
the alagran‘ shows the drameter c=f the detector used :n the spectrometer
Agair, ncte <rat geometerv 1s distcrted in the fiqure because of the
d>fferent sca.es used for the twc axes. |,

~ bad

5.5 Sciif Angle for Gamma Ravy Detecticn

The sciid angle fecry ray detection 1s simply the geometrical solid
angle subtended £y the detector at the source. When the source and tne
‘\detector are 1} their sta\zr_;i positions inside the solencid 20.2 cm
apart, tne solid argle fcr v ray detectior 1s 5.7x107° steradians

The 7Y ray suppressior tnat 1s brought abcut Dy this source-detector
separatlor 1S eguai tc the reductlor in the flux of I Me\ rays that
results from placing the source and the detector or either side of a slac
of lead, 4 cr thick. Moreover, the reduction in tne Y ray flux achieved
by the large scurce-detector seraraticn i1s i1ndependent cf the energv cf

the y rays. R

5.6 Experimental Verif:cation of the Performance of the Spectrometer

s N

5.6.1 Solid Angle of Acceptance

The dependence of the sclid angle cf acceptance of the spectrometer
on the electron energy 1s toc small to be easily verified experimentally.
However , the variation of the solid angle of acceptance with source
position along the solenoid axis can be checked with a conversicn electron
source.

297p) were used to measure solid

The conversion electrcn lines from
angle of acceptance of the spectrometer for several source positicns along
the axis of the solenoid. Since the detector 1s malntained 1n the same
position throughout the measurements. the anguiar distribution of the
electrons entering 1t remains constant (see Section 5.4) and the responée &
function of the detector 1s uncha})ged (Hetherington 1984). The area of
the conversion electron peaks 1n the spectrum can therfore be used as a

direct measure of the relative solid angle of acceptance of the
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spectrcemeter.

**"B1 source deposited on a thin mylar backing was placed at

A thin
various positions along the axis of the solencid starting”at 1 inch (2.54 °
cm outside the solencid amd progressing in 1 inch s%s tc the center of
the sclencid. The relative peak areas <f the K conversior electro;: lines
as a funct:ion of the source axial pesition are shown in figure £.15. The
results are 1n good agreement with the sclid angles ~¢ Zcceptance

calculated from the constant £lux approximaticn ‘see figure 5.7).

5.6.2 Axial Displacements of the Source

& direct check or. the effects cf small variations in the axial
mosition of the scurce on a measured beta spectrum was made with t-;ro beta
sources: '*P with an endpoint of 1.7°MeV and *‘Rb with an endpoint of 5.3
MeV. The beta spectra were cclilected with the sources placed at the
standard position and af axial dlspiacements of 2 and 5 mm towards the
center of the solenoild anc\away from 1it.

After background subtraction, the various spectra collected at
different axlal positions were compared with the. specthum collected at the
stardard position. The comparison i1s performed w;tb a computer program.
COMPARE (Hetherington 1984). The two spectra are first normalized by
multiplying one of them by a constant sc that 1t has the same total number
of counts as the second spectrum 1n a specified region. The program then
calcufates the difference between the two spectra for each channel and
normalizes the difference by dividing 1t by the standard deviation f‘or

each channel: . S N. - N .
_ N N, .
g ) 5-11
s = VN TN ' 4 5.12
where |
D = The normalized difference
Nl = The number of counts/channel 1n spectrum 1
N2 = The number of counts/channel in spectrum 2

s = The scale factor used to normalize the two spectra
Figure 5.16 shows the comparisons for the *?P source. No systematic

trends in the normalized differences plots are detected for any cf the

—

&
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Figure Sjlsz/,/f/“’w

X 0.482 MeV
0.976 MeV
I 1.682 MeV

Solid line calculated b§ constant flux

approximation.

-

Y .
Solid angle vs source position on solgénoid
. 207 _. .
axis. Data from Bi K conversion lines: -

s
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Figure 5.16 -

32 . .
Comparison of 3 P spectra for different axial

source positions:

{a) 5 mm out from standard position
{b) 2 mm out from standard position
"(c) 2 mm in from standard position
(d) 5 mm in from standard position

Each graph shows the normalized differences
between the spectrum taken at the stated
.position and one taken at the standard

position.
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spectra collected from the axially displaced sources. Therefore, it can
be concluded that displacements cf up to 5 mm 1in either directicn along
the solencid axis will not result in any observable changes 1in the shapes
of the measured 8 spectra of % . From the statistics of the collected
data at low energies {1.e. the value of o/N ;. for channels in the low
energy region) 1t was estimated that the normalized differences plots are
sensitive to distortions of the order 0.5%. :

The same measurements were repeated for a **Rb B source. The
resultsl are displayed in figure 5.17 and they confirm the conclusions
drawn from the measurements perfomred with tne low endpoint energy 8
source *?p.

These results Cleariy show that the small energy deperdence of the
solid angle of acceptance 1s not perceptibly influenced by the axial
position of the source for displacements of 5 mm or less from the standard
position. )

A

5.6.3 Radial Displacements of the Source

The effect of the radial displacement of theesourcce on the the
measured B spectra was studied using '*P and *®Rb B sources.

Four *?P sources were prepared: 1n one source. the activity was
centered on the axis while in others 1t was located at distances of 2 5.
and 10 mm respectively from the center. Spectra collected from t.he
different off axis sources are compared with the spectrum collected from
the centered source using the same method of normalized differences
described 1n section 5.6.2. The results are displayed in figure 5.18.
All of the plots show an excess of counts at the lower end of the
spectrum. Even for a radial displacement of 2 mm there 1is an excess of
about 1.7% 1n the {owest channel. The distortion for the 10 mm
displacement 1s extreme and a deficiency of counts at high energies
indicates that some of the B particles are missing the edge of the
detector. ’

. Similar measurements were performed using !’ Rb sources. All
sources were 2 mm 1n diameter and included one  centered source and five
off —center sources. In four of the off —center sources. the radiocactivity
was located at 1, 2, 4, and 6 mm to the right of the axis while in the
fifth, the radiocactivity was deposited 2 mm to the left of the axis. The

\

AN
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Figure 5.17

Comparison of 8aRb spectra for different

axial source positions:

(a)

(b)
(c)
(4)

5
2
2

wr

mm out from standard position
mm p@it from standard position -
mm 1n from standard position

mm in from standard position

Each graph shows the normalized differences

¢

between the spectrum taken at the stated

position and one taken at the standard

position
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Figure 5.18

Comparison of 32? spectra for different

radial source positions:

(a) 2 mm off axis v
(b) ° 5 mm off axis .

(c) 10 mm off axis

~\

Graphs show the normalized differences
between the spectrum taken at the stated

position and one taken on the axis.

-
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N

normalized differences plots are shown in figure-5.19. A 1 mm
displacement produces no distortions while the 2 mm displacements show an
éxcess of counts at the low energy end of the spectrum of 1% and 3% for
the left and right displacements respectively. The distortions at 2 mm
displacements are comparable to that seen in '?P at the same radial
displacement. The difference between the deviations measured for the

©

_~ right and left sources is probably due to the fact that the "centered"
'g\source was not perfectly centered on the solenoid axis. An educated guess
would put the centering error at abouf 0.5 mm.
The spectrum collected with the 4 mm off-axis source shows a 4.5%
" excess 1in the number of counts at the low energy end and a deficiency of
about 3.5% in the number of counts at energies above 4 MeV. For the 6 mm
! off —center source, the same deficiency in the number of counts is seen
down to 3 MeV. This effect 1s due to the fact that some of the electrons
at the higher energies miss the sensitive area of the detector. To verify
this, equation 5.10 can be used to calculate the maximum diameter of the
electron orbits. For a 2 mm diameter source, displaced by 4 mm from the
axis of the sclencid, 4 MeV electrons incident at the detector at an angle
of 60 ° to the axis (i.e. electrons with maximum diameter orbits) will have
/)//a/};;x1wn displacement from the solenoid axis of 1.29 cm. This is larger
’ than the radius of the sensitive area of the detector (1.27 cm). .
Similarly, for a 2 mm diameter source, 6 mm off-axis, the maximum
displacement of 3 MeV electrons 1s 1.31 cm, o
It can be concluded from the B spectra measurements ~performed at
different radial source positions that the accuracy of the positioning of
the source 1n the radial *direction 1s critical. At large radial
displacements some of the energetic electrons miss the sensitive area of
the detector resulting i1n distortions to the spectra. At small radial
displacements ("2 mm) the excess of counts in the lower part of the
spectrum.ls probably caused by changes i1in the angular distribution of
electrons incident on the detector face. It 1s necessary therefore to
ensure that the 3 mm sources usually used in the spectrometer are
%cccuarately centered on the axis of the solenoid with a centering error

éf no more than 1 mm,
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Figure 5.19

radial sdurce positions:

(a)
(b)
(c)
(d)
(e)

1 mm
2 mm
4 mm
6 mm .

2 mm

to right of axis
to right of axis
to, right of axis
to right of axis

to left of axis

BRp spectra for different
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.5.6.4 Axial Displacements of the Detector
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The position of the detector along the ax1s cf the solenoid

determines the maximum angle of incidence and the angular dastraibution of

the electrons ampanging on its surface (see Jackson 1975 egns. '

712.70-12.72). This 1n turn has a strong effect on the response function

of the detector. As was mentionned in the review section on axial
magnetic guides, moving the"detector closer to the center of the sclenoid
(1.e. to a higher field regiop) increases the maximum angle at which
electrons enter the detector (see equation 5.9 and figure 5.2). The
increage in the angles of i;xc:.vdence results in an increase 1in the
probability for backscattsr‘mg and therefore ,1n a reduction in the' peak
fraction (the 1ntensity of the full energy peak) i1n the response function
(see Chapter 2). Moving the detector away from the center of the solenoid
has the opposite effect. .

buring most of the experl;nents performed with the presexéxt

spectromater, the,source and detector were placed at symmetric points in
, 1y

the magnetic field. As a result, the directional distribution of the beta

particles at the detector 1s the same as that at the source. This

simplifies the probler of determining the points and angles of entry of
the 8 particles into the detector. , ) . ) )

As a result of the importance of the angles of incidence and the
ponut! of entry of electrons into the detector ‘ory the determination of the
;‘esponsé function, an experiment was performed to evaluate the efféct of
the detector's axial position on the response functicn.

A 2°7B1 cenversion electron scurce was placed 1n the standard
source positidns on the solenoid axis. The detector was moved in 1 inch
(2.54 cm) increments from an 1nitial position at the end of the solenocid
{12e. 1 1inch outside the standard position) to a final position of 2
inches from the center of the sclenoid. Since the source position was
fixed, the solid arngle of acceptance of the speétrometer 1s constant
(equation 5.8) and the- areas of the conversion electron peaks arer{g
measure of the intensity of the full energy peak of the response function.
(The highest energy peak 1n the conversion electron spectrum of *°’Bi that
was used 1n this measurement 1s at 0.976 Mev. At thlS& energy the
dlametersxqf\\the orbits of the electrons are small enough that their

variation, as a result of changes in the detector position (equation 5.10,
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4

figure 5.2) does not result in a reduction in the effectlve transmission
1.e. the orbits are still qgnflned within the sensitive surface area of.

%

the detector).

N The data 1s displayed in figure 5.20. The peak areas were
normalized to a value of 1.0 at the standard detector p031t£oﬁ. The
intensities of the peaks at the different locations relative to the
intensitles at the standard detector position are shown in the figure s The
expected decrease 1n the intensity of Ehe peaks as the detector is moved
from a low magnetic field region to hlghe; magnetic field regions 1is
blearly seen. The change 1in tHe peak‘fractloﬁé (peak 1ntensities) 1s the
same for both the 0.482 Mev and the 0.976 MeV lines.

, It 1s quite clear from the preceeding measureTents that changes 1n
the axial position of the detector result in significant changes in the
response function of the detector. 1In order to examine the effects of
such changes on the B spectra measured with the present spectrometer,
spectra froméé"'Rb source weée coi%ected at different detector positions.
The detector was moved 2 and 5 mm from the standard position, along the'
axis of the solenoid, into and out of the solenoid. The normalized
differences between the spectra collected at the different detector
positions and the spectrum collected at the standard position are shown 1in
figure 5.21. Displacements into the higher field requn show the expected
excess of counts at low energles caused by the increase 1in the
backscattering probabilityv. Displacements to low field regions show the
opposite effect. \

It 1s quite clear that the éxlal position of the detector in tge
solenoid strongly affects the response functicn of the detector. Tt 1s
estimated that the detector position in the present spectrometer was
reproducible to within 1 mm. This causes a variation of about 0.5% 1in

the peak fraction (see figure 5.21).

5.7 Measurements of Standard Beta Spectra

The spectrometér response function ,ghe beta spectrum analysis
programs developed by Hetherington <1984)6w3fé‘psed to analyze the 8
spectra of two standard sources: **P, *'Rb. Co&EIete descriptions of the
analysis programs and the development of the response function are given
in Hetherington (1984). A brief review of some of the relevant points 1s

given here,
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Figure 5.20

Relative peak fraction for response function
vs detector position on axis. Data from 20781

conversion electron lines (e,x) and 88Rb beta

spectrum (A). Solid line is a visual aid only.

¥



£

RELATIVE PEAK FRACGTION

0

RO

\
. y]
sl
I
} %
i
!
SLOPE = 0.005 /mm
. b
"OT'V \3 4
B \
L
] —5
\
0.91
! ~f
g /
0'8

e —d
-
T

T T ; T v .
0 o2 3 (inches)
) 2.54 5.08 ‘ 7.62 (cm)

DETECTOR POSITION



-251-

Figure 5.21

.

Compérison of 88

Rb spectra for different

detector positions on solenoid axis:

mm 1n from standard position

(a) 5

(b) 2 mm 1in from standard position

(c) 2 mm out from standard position
~~7 (d) 5 mm out from standard position

»

Graphs show the normalized differences
between the spectrum taken at the stated
position and one taken at the standard
'position:* S

ot
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As mentioried 1in the beqlr;nlr\\gw of tr;ls chapter, the response
' function was developed semi-empirically startxlnq with a Monte Carlo
simulation and then varying the parameters describing the shape of the
response function unt1il a simultaneous f1it to several standard B spectra
was obtained. Figure 5.22 shows the shapes of Iresponse function at
different electron energies. The changes in the shapes at the different
stages of development and modlflcatllon are also i1ndicated.

In order to acccount for the distortions to the 8 spectrum caused
by the response function of the spectrometer, the spectrum analysis
program (BETABRAN) uses the following procedure: A theoretical
undistorted beta distribution (or distributions) 1s generated first, the

response function is then folded into this distribution. The distorted

distributions thus\obtalned are fitted directly to the raw data using

3 least squares techniques. The good\ness of the fit 1s tested by
calculating the reduced chi-squared .(x‘v ) over a specified fit region.
For a good fit, the reduced chi-squared value 1is usually between 0.9 and
1.1. The fitting program also calq\ulates the "residuals" [ (data -
fit) /standard deviation] for every channel 1n the fit region and 'plots
them as part of the output. For a pérfect fi1t, the residuals should be '

. randomly dastributed about zero with 2/3 of them lying between plus and
minus one, A sguare root plot of the éata and the fit 1s genératéd by the
fitting program to enhance the gh.solay of the B spectrum and the fit near

> -

the end point. ¢ .
. o
5.7.1%p ‘

A solution containing *?P (14 days half life) was purchased to
prepére the sour\ce. The source was prepared by placing a{ small drop of
the solution 1n the center of a thin mylar backing (0.3 mg/cm®) and drying
1t 1n an oven. The resultlng’source"was 2 mm 1n diameter and 1nvisibly
thin. The small amount of '‘P contamination (<l%) was accounted for 1in
‘the analysis program.

The B spectra were collected using the standard electronics
described 1in section 4.2. The count rates were between 1000 and 1500
c.p.S. Pulse pile up corrections were negligible and the background was
supstracted before anély51nq;the data.

: The data and the fit are shown 1n figure 5.23. The measured

[

-
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4

Figure 5.22 ‘ #

¢
%

© Electron response functions for the present

spectrameter.

x Monte Carlo calculations

-.-. Original parametrization =
--- after correction for reflected f
electrons

after modification of parameters to

fit standard spectra

Note that the full energy peak is not drawn

to scale.
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Figure 5,23

Data, fit and residuals for

Eo = 1.7101 ¢+ .0003
)(\ZJ =1.072

»

total counts = 7.63 x 10

33? intensity = 0.8%

6

source thickness = 0. '

P.
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endpoint energy (1.7101 % 0. 0003’ Mev) 1s in agreement with the valu{e given
in the Table of Isotopes (Lederer & Shirley 1978). The shape factor
obtained (1 - 0.013 W) is in agreement with the results of previous
measurements (the average of all but the most extreme values of the
results that appear in the compilation of Behrens & Szybisz (1976),

the results of Hughes (1980)). /

5.7.2 **Rb .

The **Rb (half life 17.8 min) was produced by particle induced
fission' of “'U (usn.ng 100 Mev protons or 50 MeV dueterons from the McGill
Synchrocyclotron) The sources used’ were mass separated sources obtained
from the on-line isotope sgparator :at this laboratory. The **Rb ions were
deposited on a thin mylar back:mg (0.3 mg/an®* ). A collimator ensured that
the activity was centered and not more than 3 mm in diameter. The data .
collection was performed in a manner similar to that used for ”P Pile

up corrections were negligible and the backgromd_gw

e ————

-

anaJ.ysmg the data. .

The data and the fit are shown in figure 5.24. “The end point
energy (5.3176 + 0.0015 MeV} and the branching ratios for the two highest
energy branches are in good greemenf: with the previous measurements
(Lederer & Shirley 1978: Decker et al. 1980, 1982). '

o -



I3

K

A
Branches:

Endpoint
{MeV)

5.3175
. 3.4816

-256-

o
.Figure 5.24 .
Data, fit and residuals for 88Rb.
Eo = 5,3176 & ,0015%
2 — A ~ e
X\) = 0.827 B
total counts = 10.0 x 10°
Fraction . Shape Coefficients
a_ b e
) 0.78 . =0.0045(13) 0. 0.
\0.6429(6)’ -0.274 (25) 0. 0.929(3)
’1
-
//
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CHAPTER 6

\, CONCLUSIONS

£

It is clear from the discussion presented in the introduction to
this thesis. (Chapter 1) that the information whigch can be extracted'from B

‘spectra measurements is of great importance in nuclear spectroscopy and

fundamental physics. This fact has provided the motivation for the
continuous development of new methods and techniques in g spectrometry.
The different types of B spectrometers that have been reviewed in

. Chapter 2 show certain shortcomings and deficiencies that are particular

to each type. It is quite evident, however, that the capabilities of
multichannel type spectrometers give them a clear advantage in the field
of B spectrometry of nuclei far from stability. Among these energy
sensitive detectors, high purity germanium detectors offer, in addition to
other benefits, the best resolution.

The present spectrometer was therefore built with the aim of

exploiting the exceptional capabilities of Ge(HP) detectors and overcoming _~

the drawbacks that are associated with their use in 8 spectrometry. The
superconducting transport solenoid used in the spectrometer solves the
problem o% Yy ray sensitavity of the germanium detector. At the same time
it provides a high transmission for B particles (25%) which 1s very nearly
independent of “the energy of .the particles within a maximum energy limit
of about 6 Mev. ,

The major difficulty associated with the use of a germagium B
spectrometer 1s the distortion of the measured spectrum caused by the
incomplete deposition of the energy of the 8 partlcles‘lnc1dent on the
detector. This problem was resolved by determining the response function
of the present spectrometer to a high degree of precision (Hetherington
1984).

The superconducting solenoid B spectrometer described in- this
thesis has been used for the measurement of the shape factor of the B
spectrum of *°F. The result of this experiment represents the most
accurate determination to date of this small shape factor. It clearly
illustrates the high accurécy with which the response functien was ¢

1
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.

determined and gives a good indication of the limit of precision

‘ achievable with this type of spectrcmeter. '

While little can be done to further improve the precision of the
spectrometer (Hetherington 1984), 1ts versatility can be enhanced quite,
éon51derably. A substantial improvement in the  capabilitaes of the
present spectrometer can be achieved through the implementation of new

Wehvew mechanisms such as a tape transport system. Another '

p0551b11i§§_15“232“35é of‘fﬁé*spectrome&er\&g\gn on-iine configuration in
TTT—

conjunction with an i1sctope separator and the injectionof -the radioactive

ions directly into the bore of the magnet. With these source introduction

techniques, isotopes with half llvéé as short as 1 sec or less can be

easily studied with the spectrometer. ) .

.The present spectrometer has only been used to measure g~ (i.e.
electron) spectra. This 1s mainly because the response %Unction of the
sgectrmeter to positrons 1s much more complicated than that for electrons
(see Chapter 2). Determining the positron response function of the
spectrometer even to a much lower accuracy than was achieved for g
particles, can still be extremely useful. It can widen the range of
applications of the spectrometer/tb include measurements of the endpoint
energies of Q’decays for examﬁié.

. ] Using a combination of a larger surface area detector and a
& stronger magnetic field (either by operating fhe present solenoid at
higher currents or by using a more powerful magnet) can extend the limit
on the mag}mum B energy that can be studied with the spectrometer to well '
above 10 MeV.
' The B -y coincidence capability of the spectrometer ghould be
developed further since it can result 1n a considerable increase in the
". amount of information obtainable. The deterioration in the resolution of
the v detector in the strong magnetic field is most likely caused by the
reduction 1n the mobility of the charge carriers as a result of the
magnetoresistance of germanium (Hetherington 1984), The resolution can
improved considerably by a judicious choice of the detector material,  the
detector's bias, and the amplifier pulse shaping tlmé constant.
' Alternatively, the problem can be solved by using vy detectors placed in a
low magnetic field region outside the solenoid. To accomplish this, a

split coil pair magnet can be used. In this case, the radicactive source
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~
would be placed at the center of the solenoid in the gap between the two

.

coils. The vy ray detectors can then be placed outside the solenoid such
that they view the source through the radial access ports. And because of
the possibility of introducing the radioactive sources through one of the
‘ radial access port, the split pair magnet can be equipped with two B
detectors at either end of the solenocid. This arrangement would be quite
useful in 4y B8 spectrometry and electon-electron coincidence measurements.
A g spectrometer using a split pair magnet and a single high purity
germanium detector is currently under devélopment at the Brookhaven

. Naticnal Laboratory (Gill 1984).
The use of a superconducting solenoid equipped with a persistent

o

current mode switch and a liquid helium cryostat with a long holding time
can simplify the operation of the spectrometer quite considerably. In
addition, it would highly enhance the capabilities of the spectrometer as
a result of the unlimited time available for data collection.

The technical aspects of the present spectrometer are summarized in
table 6.1.

In compariscn to other multichannel B spectrometers (energy
sensitive detectors), the high transmission, excellent resolution, and
exceptional y ray suppression capabilities of the present spectrometer
clearly set it apart from the rest.

When contrasted with the different types of magnetic B
spectrometers, the superconducting solenoid spectrometer is distinguished
by its high transmission. Among magnetic spectrometers only the large
toroidal (orange) type is comparable to the present spectrometer on the
.basis of transmission (Siegbahn 1965). The Argomne iron free toroidal 8
spectrometer 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 1 mm source
diameter) are inferior to those of the superconducting solenoid
spectrometer. Moreover, the single channel nature of the Argonne
spectrometer and the complicated support equipment needed for its
operation (Freedman et al. 1967a,b) pﬁt it at a clear disadvantage.

Finally, it 1s felt that an instrument with the exceptional
capabilities and the breadth of applications of the present spectrometer
should be given a name of its own. It is proposed to nam; this
spectrometer the SHEEP (Superconducting High Energy Electron Positron )
spectrometer (see Fig. 3.4).
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Table 6.1 Technical Data for the Spec¥rometers

Solenoid (superconducting)
windings: length (cm)
inner diameter (cm)
outer diameter (cm)’
normal operating current (A)
field at center of solenoid (T)
Detector (hyperpure gemanium)
surface area (mm’)
depletion depth (mm)
operating bias (V)
Source and Detector Position
(distance from the center.of solenoid)
source (cm)
detector (cm)
Solid Angle/4 x
B8 rays
Y rays
ratio (B/7Y)
Transmission
Resolution
Source Diameter (mm)
Maximum Beta Energy (MeV)
point source

wh

3mm diameter source

25.4
10.8
15.0
100
4.4

500
15

m
1000

-10.16
+10.16

. 0.25

-4
9.7x10
255
25% )

'4.5 keV at 1 MeV

6.7

5.8
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APPENDIX A

’
»

GLOSSARY

\

(For a more detailed.list of terms used to describe the performance of
spectrometers see Wu & Geoffrion 1960; Mladjenovic 1971, 1972, 1976, 1979).

¥

Solid Angle of Acceptance

The solid angle of acceptance expresseé in percentage of 4x describes
what fraction of isctropically emitted monoenergetic electrons are

accepted by the spectrometer.

Transmission ‘ .
The transmission represents the percentage of emitted moncenergetic
electrons reaching. the plane of the éetector. In the case where no
electrons are lost between the entrance baffle and the detector plane, the

transmission is equal tc the solid angle of acceptance.

Effective Transmission
In cases where the detector surface area is smaller than the 1mage formed

by the spectrometer, the effective transmission is the percentage of all
monoenergetic electrons leaving‘the source which are counted 1in the

a

detector.

Luminosity
The lumincsity of a Ecectrometer can be defined as the product of the
surface area of the source and the transmission of the spectrometer.

Effective Luminosity h -

Simjlarly, the effective luminosity 1s simlpy defined as the product of
the effective transmission and the source area.

Resolution i

The resolution of a spectrometer 1is a measure of the apparentiﬁidth of a

monoenergetic electron line as measured by the spectrometer. It is usally

. 5
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expressed, as the full width at half maximum of the electron line.
! It should be noted that for most magnetic beta spectrometer
designs, the size of the¢ spectrometer does not affect its transmission if
the resolution 1s kept constant. However, the size of the spectrometer
determines the surface area of the sources that can be used and therefore
thelluminOSLty of the spectrometer (Wuy & Geoffrion 1960 p. 94). L




-287- , .

. APPENDIX B

- -

THE TRIPLE COINCIDENCE METHOD TN

In this technique, the energy deposition B spectrometer is

. . surrounded by two y ray detectors operated in cdincidence with each other

and with the B spectrometer. The technique is usually used to suppress
the effects of annihilation radiation pile-up 1n the B spectrometer by
using the two y ray detectors to gate on the two 511 keV photons emitted
after the annihilation (D'Auria & Preiss 1966; Beck 1969: De Beer et al.
1970; Avignone et al, 198l). This method 1s also useful in eliminating
"the effects of positron backscattering from the B spectrometer (Sen &
Patro 1966) and 1in suppressing most of the adverse effects of the ,
detection of non coincident y rays in the B detector.

The triple coincidence technique has been used extensively 1n
conjunction with 4r and internal-source positron specirometers for the
suppression of annihilation radiation summing (Rhode & Johnson 1562 and
references therein; Klyuchnikov et al. 1968; Wenninger et al. 1968; Gils
et al. 1972). 1In certain cases when 4r B spectrometers are used, 1nstéad
- of operating the two annihi.ation radiation detectors 1in coincidence with
each other, the signals from the two y detectors are summed up and used to
gate the counts 1n the p detector. A coincidence 1s triggered only 1f the
total energy detected in the v detectors 1s equal to the sum of the
energies of the two 511 kev photons. Such an arrangement can also be used
(in 4y B spectrometers only) to eliminate B - vy coincident summing ‘in the
B spectrometer by using the y detectors to gate on the sum of the energies
of the annihilation photons and the coincident y ray (Wenninger et al.
1968: Gils et al. 1972).

The triple coincidence method 1s cbviously useful only in the case
of positron emission and 1s not applicable for B~ decays. Moreover 1t
suffers from several drawbacks that restrict 1its usefulness.

1. Low Eff1c1ency
The limited efficiency of this method fesults from the triple

coincidence condition and the fact that the v ray detectors always have an

efficiency of less than one.
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The efficiency of the triple coincidence method is further reduced
if a third y ray detector 1is operatéd in coincidence with the B
spectrometer and the annihilation photon detectors. Such an arrangement,
which 1s used to suppress the background caused by coincident vy ray
summing, can reduce the efficiency of the triple coincidence spectrometer
by up to a factor of 20 (Rhode & Johnson 1962; Klyuchnikov et al. 1968; De
Beer et al. 1970). )
2. Dependence of the Coincidence Efficiency on Pulse Height

A constant coincidence efficiency over the full range of B particle
energiles under study has to be ensured. The energy dependent coincidence
efficiency can be caused by electronic effects such as the dependence of
the triggering time on the heights or shapes of the pulses that are
generated by the B detector (Rhode & Johnson 1962: Gils et al. 1972).

3. Chance Coincidences

Like all coincidence arrangements, the possibility of accidenpal
coincidences 1n the triple coincidence circuit has to be carefully
examined. Any dependencce of the true-to-chance coincidence counting
rates on the energy {(i.e. pulse heights) of the g particles detected 1in
the 8 spectrometer woulg result 1n spectral shape distortions. Although’a
three fold coincidence condition 1s required in this technique (and
sometimes even a four fold coincidence 1s imposed when a thard vy ray
aetector 15 used to suppress coincident vy ray summing in the 8 detector),
nevértheless, .the rate’/of accidental coincidences can still be appreciable
and has to be taken into account (De Beer et al. 1970:; Gils et al. 1972).
4. Beta Spectrum Shape Distortions due to Backscattering

.

In cases where external sources are used, and when the solid angle
for positron detection 1s less than or équal to Zn, disteortions to the
shape of the B spectrum can be caused by the backscattering of the

positrons from the B spectrometer.

. «

Since counts resulting from positrons that are not stepped 1n the 8
spectrometer are not retained, and because of the dependence of
backscattering coefficient on energy, the efficiency of the triple
coincidence spectrometer system will be energy dependent. This will

obviously result in distortions to the shapes of B spectra measured with

such a spectrometer.

Another distorting effect can be caused by positrons that are
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backscattered from the g spectrometer and stopped outside it. Depending
on the geometry of the set-up, there 1s a finite probability for the two
annihilation photons to be detected by the two y detectors and therefore
to result 1n an event where the full energy of the positron was not
deposited 1n the g spectrometer. The number of such events would depend
on the backscattering coefficient and the angle at which backscattered
positrons emerge from the detector. This effect can potentially cause
serious distortions to the shape of the g spectrum 1f the two y detectors
are not shielded properly from.the annihilation radiation of positrons
stopped outside the p detector (De Beer et al. 1970}, )

5. Dependence of the Efficiency for the Detection of the Annihilation

Radiation on the Energy of the Incident Positrons.

The efficiency for detecting the two oppositely directed
annihilation- quanta depends upon the location of the point of origin of
these photons with respect to the two annihilation radiation detectors.
Therefore, the efficiency of amnihilation radiation detection 1s dependent

on the range of the postirons in the B detector medium and hence on the

energy of the incident positrons (Rhode & Johnson 1962).

The dependence of the efficiency of annihilation radiation
detection on the annihilation site 1n the B8 detector results from two
effects. The first 1s the change in the solid angle for detecting the tvo
photons with changes i1n their point of origin, due to pure geometrical
factors. The second effect 1s the dependence of the attentuation of the
annihilation «~ rays on the thickness of the g detector that they have to
traverse before reaching the y detectors, and therefore on the location of
thé annihilation site (Azuelos et al. 1977).

6. Beta Spectrum Shape Distortions due to Small Angle Compton Scattering

of the Annihilation Photons

In order to increase the efficiency for detecting the annihilation
photons, scintillation detectors (e.g. NaI(Tl)) are used as annihilation
radiation detectors. The modest enhergy resolution of these spectrometers
results 1n fairly wide energy window settings for the detection of the
annihilation radiation. It 1s therefore possible for the annihilation
quanta to undergo small-angle Compton scattering and lose\some of their
energy 1n the B spectrometer and still be counted i1n the annihalation y
detectors. The energy transferred to the B spectrometer during the
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Compton séatteripg 1s added to the positron's energy resulting in spectral
shape distortions (Rhode & Johnson 1$62).

7. Distortions due to Positron Annihilation-in-Flight

There 1s a finite probability that some of the positrons incident
on the B spectrometer will annihilate in-flight duraing their slowing down
in the detector medium and before losing all of their kinetic energy 1in
the B8 detector. Such an annihilation can result in the emission of one or
two annihilation quanta. The photons emitted during in-flight ’
annihilation events form a continuous energy spectrum extending from zero
to a maximum energy equal to the total energy of the incident positron
(kinetic energy + rest mass). The probability of i1n-flight annihilation
increases with an increase in the energy'of the 1ncident p051£ron and with
an increase in the Z of the stopping material (Azuelos & Kitching 1976).

Depending of the width of the energy windows that are set on the «
ray detectors, only a fraction of the in-flight annihilation quanta result
in proper coincidence counts. This 1in turn will cause variations 1in the
efficiency of the spectrometer system over the range of B particle
energies. Moreover, even for the in-flight annihilation photons that are
detected within .the proper energy windows, the energy deposited by the
postiron in the B spectrometer will nct be equal to the total kinetic
energy of the positron and would therefore result in distortions to the
shape of the B8 spectrum (Rhode & Johnsson 1962).

8. External Bremsstrahlung '

' As the positrons are stopped in the B spectrometer, they lose scme
of their kineticc energy through the emission of bremsstrahlung photons.
This bremsstrahlung radiation forms a continuous energy spectrum extending
up to the endpoint energy of the B spectrum (see Knoll 1979 fig. 1-6 p.
19,, fig. 10-5 p. 321). Since the emission of the bremsétrahlung photon
1src01nc1dent wlth the 8 particle detection signal and with the
annihilation photons, the detection of bremsstrahlung photons can trigger
one or both annihilation radiation detectors if théy fall within the
enefgy windows set on the detectors. The emission and sutsequent
detection, 1n the annihilation v detectors, of the bremsstrahlung photons

-

can therefore interfere witn the proper operation of the triple

coincidence selection circuit., .

The 1ntensity and the shape of the bremsstrahlung spectrum 1s

\
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 dependent on the energy of the incident positrons so that the probability
for the detection of bremsstrahlung photons 4in the annihilation detectors
is dependent on the positron energy. The triggering of the coincidence’

. circuirt, by bremsstrahlung photons, can therefore result in congzderaﬁle

distortions to the shape of the B spectrum.

Since the production of bremsstrahlung increases with the energy of,
the incident B particles and with the Z of ‘the de;ector material, the
distortions 1t causés are more important in high endpoint energy g8 decays
and when high Z detectors (e.g. Ge or Nal) are used.

9. The Effects of Coincident y Rays

In addition to the emission of a continuous spectrum of
electromagnetic radiation (internal bremsstrahlung), the process of 8
decay usually populates some of the excited states of the daughter
nucleus. The prompt decay of the excited states results in the ‘emission
of v rays that are coincident with the B8 particle emission. Beyond the
effects of 8~ ysumming resulting from the coincdient detection of a
photons and a B particle in the B spectrometer, the emission of
coincident y rays can cause other problems in spectrometers where the
triple coincidenceé method 1s used.

a) Compton Scattering

The process of Compton scattering of coincident y rays in the 8
spectrometer can provide a third photon (in addition to th two 511
keV quanta) which can be detected 1n the annihilation radiation
detectors. Therefore the presence of Compton scattered coincident vy
rays can hinder the suppression of th annihilation radiation
provided by the triple coincidence circuit.

b) Pair Production
One of the possible interactions of high energy y rays (higher than

1.022 MeV) with the B detector 1is through the formation of an
electron-positron pair in the detector material and the transfer of
‘the y ray energy to this pair. After the positron, formed 1in this
process 1s stopped 1n the detector, 1t annihilates producg(ng two
annihilation quanta which can trigger the triple coincidence circuit.
Such events can interfere with the 1i1deal operation of the triple
coincidence annihilation radiation suppre551oé system. For example

they can cause a coilncidence éate for events in which the g particle
was not stopped in the g spectrometer but backscattered out of 1t.

* ,



