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Cross s~ction measurements of titanium foil using neutrQns having 
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. .e .7 energ1es bet~een10 -10e.v. are presented. tt ia found that the 
! . , 

1, 

1 
experimental values for the sum of the nuclear absorption and the 

non nuelear inelastic cross sections are consistent with the 'l/v' 

law. 
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obtenus ~ l'aide de neutrons d'~nerg1e comprise entre lOjlO 

" e.v. sonttprêsentêeS, Les valeurs expêrimantales de la somme 

de l'absorption nuclêai re et des secti-ons eff; caces i nêl asti ques 

non-nucl~aires sont en accord avec la loi en 'l/v', 
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Preface 
.J 
This The.is ia the reluIt of work performed at Chalk River and 

HcGiil University under the supervision of Professor J.H. Robson 

during the 1979-:-1980 academie year •. 

The expe~imental dete~ination of the sum of the nuclear absorption and 
, 

the non nuclear inelastle cross sections using extremely low energy 
'" 

neutrons ia the subject of thia thesia. 

The ·phY.sical importanGe. of ~hi. measurement lies in the confirmation 

of the l/v law for neutrons approa,hlng tbe ~ero energy ~8~ptutic 

limit. The practical usefulness of tbis measurement ia in connection 

witb~ the design of windows for low energy neutron detector. 
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In this section tlle nomenclature i. introduced, and concepts to be 

discu.sed throughout thÎl work will '·~~.cribed. 
\.~~ 

~Cla8aification of Neutroné bl Ener&I 
1 

In order èo de.cribe neutron interactions witn matter it ia useful to 

classify them aceording to their -kinetic energy. lt i. pOllible to 

f • f .1. f' 1 separe te. neutrons 0 • var1ety 0 energlea 1nto alr y 
'" -

definite groupe. 

The divisions in general occur naturally a. a relu1t of the interaction. 

peculiar to certain. enerIY rangea. J 

Thermal Neutrons 

When faIt neutrons have been slovad down until the average. ener" of 

the neutron. is equal to the average tberma~ enerlY of th~ .t~ of .the 

mediu.f the neutrons are called thermal neutron •• The energïes- and 

corre.ponding velocitiel of the, D8ut~onl then de~uc! upon the , 

temperatur. of the _dium. Provided the mediu1l1 doea not contain .tron, • 
neutron ab.~rberl the velocity'diatributiou' can be approxfDated by tbe 

t ..........---< 

~xwell diljdbuti!"U )4 ~ _~ 
. n(,ndv : "11''ft.- (ul2:r .. "t Il v. e T ciV' (1 ) 

.----

.,mere v 1.,/ th- DlutrOl& v.locit1, • ita, •• a, 1t i. Bolt_ma. COll. tant 
1 

end T tbe ab.olate te1IPftataJ:e. 'lb. _au.. of the velocity di.tribution 

oeeurs wben 'th •• ut~Q .. ru ia equal ~ kT. At 20°C the value of kT 
, !' 

if ,about 25 Ilil.lf .... leCttOil volte < .. >, and the can •• pémdina lIO't 

:.probabI8 D.eUtt'Oo ~~lt,. i. 2200 _tera/eeeOllll (.,J.8C)~ 
-' 

l, 
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Slow Neutrons 
~ 3 

Neutrôns having energies from a to about la e.v are usually included. 

in the category of slow neutrons. A number of subclassifications in this 

range occur. In ~ddition to thermal neutrons, the two classifications 

which are of importance to this work are described below. 

Verx co!,d and Ultra cold Neutz:cm! <) 

rD 
lt was Fermi Who firet deduced thae the scattering of neutrons by 

J 

individusl nue lei means that neutrons propagating through matter would 

be refracted as light or x-raya and that neutrons incident onL..8llrface . 

~t a glanci~g angle ~ which satia~ies : 

( 2) 

will undergo total reflection, analogou8 to the phenomenom of total 
.7 

reflection in optic,. In,equation (2) V is of th~ oTder of 10 ev and is 

a potential charaeteristic of the material and E ia the neutron energy. 

The observation of this:effect by'Fermi and Zinn'(1~46) and Fermi and 

Marshall (1947) led seme people to speculate that neutrons with ;; .. 

energy: 
E4V ( 3) 

.. fl.~tio;' at "Y •• ale o~~ee from a material 
fi 

would suffer total 
D 

surface and henee c~ld be stored in bottles. Neutrons satisfying 
• 1 

"-Condition (3) are referred to asJtlltra eo~d neutrol\s (OCN), wber ... 

neutrons violatins (3) but satisfying (2) for glane in, ansle. grester 

th.n. a few degrees,(for a 100 m!sec neutro~ Be ÎI about 3°) sre tet'Md 
1 

very cold neutrons • 

! 
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Interafdonl!..0f àlow néutroiu with mattei:' 
. - " 

ln order of decreasing 1 strength ,the interactions of slow" neutron. 
J 

vith matter are'~ ,A) the nuclear interaction, B) the magnetic inéeractton 

C) the weak in~er'action and D) the gravitationai interaction. Of the.e, 
, " 

only the nuQclear interaction will be discu8sed as 'it il dominant and 
'. 

• 
pertinant to th~ description of the experimental results de.cribed in 

tliis theBÏ': 

ih--;- int'eraction of a 810w neutr~n with ~nother nucleon can be 
1 

adequately described as a strong short range attraction. When a neutron 
" D i , 

interact. with a nucleus, the relult of the attraction to individu.l 

nucieons can be characterized (for low neutron energie.) _,S an 

attractive poten~ial with a 

larg~r, than tbe size of "the 

d~ptb, of about 40 ~~ev and a du .Ùghtly 
" <"-. -II 

nucleul, or a few tunu 10 cm.. Vith 
. " 

decreasiac ~eut~~n energy, the 8c.tt~tin& become. pred,ominantl~, S-wave 
, 

i.e, isbtropic in the center of masl, 'and ind~ndent of t~. attractive 
, ~.,.;jIf'f 0 1 ... 

potential (Btâ~t and Weiskopff 1952). In fact at 1~ énoulb eneTlie., 
-

(i~cluding tb, enersiel Vith ~ich ~ ~re c~cerned in thi. ·th.~i.), the 
, ... 

scattering depends on • sin,ie parame ter-the .catteri~ l~nl~ ~ Vhicb 
, ( • '=tr t, 

____ , <.l. 4 '1' 

will be aymbolbed by the letter a. At low leneraie. the .c~tterina 
o ' ' 

.bift tbroush ~he relat'iPllf lengtlo( il related to tbe S-:-wave pba~e 

S&~ -l~' (4) 

Tbia equati~ relate. the ph... sbift S. to tbe .c.tt.~ina lenath and ,t~. 
reciprocal vaveleqth of the neutron denoted by l .. j 

J J 
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The signifieance of the seattering length can be established simplY. 

At very low energies the wave function of ~he neutron outside the range 

of the potential ean be expressed as a plane wave having the form: 
~ 1 ) 

(5 ) 

The scatt~ring length is therefore the extrapolated intereept of the the 

vève function on the r axis as shown in fig 1. lt is seen ,thet if the 

inner wve 'function has a negative slope st t::~, a ia positive. Since 

a negative slope implies a possible bound state, seattering from a, 

-----potential giving a bound sta~e produces a'positive a. Similarly if t~ 

potential gives only a virtual state, the slope of the inner wave 

function at r:.r. is positive and a is negative. 

A positive scattering length may be compared to the range of .', t 
1 

interaction of a spharieal potential. This potential e~n be approximated 

, . by an impermeable, or infinitely hard "phere. The in;oming and outgoing... 

vaves are in this instance 180
0 

out of phase with one another and exhibit 
~ 

destructive interference. If one could produce à potenti~l that allowed 

for a zero phase shift between the incid~nt and outgoing vaves, then 
~ '-

constructive interference would result and thè potençiai barrier wduld 

be permeable. This' dtuation 18 illustrated in fig 2. 

The vave fùnction deseribing the séattering may be expressed as a 
Il • 

superposition of an incoming plane vave and an outgbing apherical wave: 
C 

[f(è)/r l·ei~.r 
) 

( 6) 
/ 

, 

• 
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where r" ia th~ aize of the nuclear potential well. The firet terua 

repre8ents the ineident wave (vave vector k) and .the second term the .... 

scattered wave. The scatterinc length ., ia defined as followa: 

(7) 

, and ve aga in' see that a repre.ents the distance 

from the origin ta the point Where the wàve function goes to zero. 

Because 'of the strensth' of tbe attractive .nuclear potential one cannot 

u.se the Born approximation to caleulatejj(e) • However" Fermi in 1936 

introduced the use of • pseudo potential designed to sive. the relult 

(7) When used in'the Born Approximations 

J (el· -( 'III"it1ll'")· hl~ t l ~ ( ~ - ~I)·t d .r 
.~ J 

(8 ) 

lt i.!--B~en th.t.v(t>'Z~1t"'\.I*,,-)Q.sl")give. the result o.. ... f",. Thil aUova 

• the use of the Born approximation to calc~late the scatterina of 

neutrons from comples a .. eablies of tluclei. lt .. st be emphui&ed tliât , 
V(r} ia not the true potential :,nd can only. be uaed in the firat order 

1 

Born approximation. 

Aa DO àccurate enoulb theory of nuelear atructure exista, it la uaual 

----- to us. expe:rimentally meawred values for the ~e~tterinl lenatb. In 1950 

Fermi pointed out that due to the great Itreneth ~f tbe att'tactlve-­

DUelear pcïtent·~.l, tbe neutron ave funetion vill make .ny o.eiU.tions 
, 

inaide the l'lUcleus. vith· the re.ult th.t poddve .catterioa 1enath. are 
-J 

--mucb more prob.bje tb.n ne •• tive,one., tbis i. actual1y ob.erved • 
.. 
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t 
A neutro'n pene,trating a material medium from outside i8 descTibed by tire 

following Sc~rodinger Equation: 

- V1.", i 4! 41TQ.i ~)(r-n) tr:o ~ '41 
." C. ' 

..,. '1. ,. 

where E-=- plth\: '\:I1i11.l1t inside the mediutll. Writing equation (9) as an 

integral equation, one obtains: 

( 'D) 

where the integration over the variables wu' performed and <1> (t' ia a 
/ 

solution of thé homogeneous Sehrodinger equation and represents the 

in~idènt wave. Equation (9) shows thatQl(r) is the sum of the incident 

wave and the waves scattered by aIl the nuelei and eou1d serve as the 

starting point for discussing the interaction. of very low energy 
u 

neutrons vith matter. If 'the neutron wavelength A»)d ))Q. 
• 1 

where d ÎI 

the distance between nuclei in the material and a ia the aeattering 

length, and' if the ~ediate' neighbourhood of the nueleus be negleeted, 

then the sum (11) ean be Teplaeed by an integral over the volume 
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where (tJo.]r: ià' the value of the product density in the uiaterial and the 

scattering length averaged ove, the neighbourbood of tbe point r~ By .., 

operating on equation (12) with V 2. one obtaina: 

which is the Schrodinger equatio~ in the presence of an effective 

po'tential: (14) 

\ 

These equations have been applied to the ca~e of reflection of cold 

neutrons by Steyerl (1972) and Ignatovicb (1972). The solution of these 

equations .(GOldberger and Seitz) shows that inside the 'medium ~ has 

the form è~'! multiplied by a funetion whieh differe from a constant by 

a Small amount. Here k sa'eTsfies tbe conservation of energy equation: , ./ 

1 
Ë 1 =- ~1.'l hW. v:: (in ~Jn)) r: Qi Ni (15) E+V:E J , 

1 

, 
In this relation S is the energy of the neutron in the med ium and V the 

potential for the neutron inai~e the, medium. Abo Nrlr) ÏI the number 

denalty of nùelear species i at po.ition r. Values of V for various 

materiala are presented in table 1. 

Neutron.'~an alla he ablorbed by nuelei. The proee •• e.n be deacribed 

by a 'croas section 0; . The crosa aection'ia related ta the probability 

tbat a meleua will ablorb a neutron. If No be tbe number of neut.r9n. 
, 

incident per unit tfae per unit area per second on a material and ,N the 

1 • number of neptron. vbich penetrate a dbtanc. x into the material, 

- then, the followins relation hold. approximately : 

( 16) 

, 1 

" ", 
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provided )( <.< ~,.). Rere n ia the number of nuclei per 0 cubic centimeter of 
" . 

the mat~rÜl1. For thermâl and low velodty neutrons the relatioRI 

) (17) 

can be shown to b~ valid (BIstt and Weisko?f 1952). This equation 

expresses the fact that for thermal and subthermal neutrons the cross 

section of a ma~erial varies inversely as the neutron velocity. This 

relat~on la often used and holds ·in the case wh en the interaction 

resp~sible for the absorption lS ~ônfined to a region much smaller than 

the neutro~wavelength and decreasea outside this region. The absorption 

effect can be simulated by inclu~ing an imaginary component in the 

'_,' potential. A purely :{"maginary po~ential would cause the probability 

densi ty to decay as: i 
1 

, (18) ,-' 

Setting: 

( 19) 

u .... - t will give a correct description of the absorption .a8 va. shawn by 

Goldberger,and Sew:z (1947). When relation (.17) hold., theu'Lt fa seen 

that W ia independent of velocity. 

, 
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tYpes of Slow Neutron Scattering 

Coherent and Incoher!TIt Seatterins 

The optical iüterferençe pro~rties of neutrons are determined by tbe 
./ 

'elastie coherent cross section of the individual atoms, that ~" the 
\ ' 

cross section for the type of scattering that produces a vave capable of 

interfering with the incident neutron wave. 

Coherent seattering is ~~ated ta constaney of phase relations of tbe 

waves seattered by different centers. Irregular' or random phale 
\ 

relations give ri se to incoherent seattering. An ~portant property of 

these types of seattering i. that the amplitudes of coherently acattered ; 

waves add directly While intensitie. or amplitudes squared, add for 

incoherent scattering.' 

The coherence and inc~herence of neutron scattering i. mucb more 

complicated than the 'aeattering of ligbt beeause incoberent neutron 

scattering is generally larger in magnitude and arises from a number of 

cause. tbat do not exist for tbe .eattering of light. Neutron refraetion 

resembles belt the refraction ~f light in a gas, and a. for that ea.e, 
1 . 

the average coberent amplitude determines the index of refraction, 

whereas the variation in amplitude contributel-to ineoherent leatterina_ ' 
\ 

Ineoberent Scatterins 

Incoherent scatterina oceur. whenever deviation. exilt in the 

scatterina lenath. of'.toma in ~ry.tal •• In • cry.t~eontainiDl • 

single chemiea! .peele., variations in the .eatterin. ~enath fram aite 

to lite will ari.e fram the random di.tribution qf nuel.ar apin 

orientation if thenuclei concerned bave .pin or froa the pra •• nca of 

i.otopa •• loth of tb •••• ff.ct. are inc1uded in tb,-crol •• aetion. for 
\ 

/ - ~ ,-

-,-\ 

\~ 

\ 
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e lements cjJbted in the Barn Book. The incoherent ela.tic scstterina 
\ ; 

cross section is expected to he independent of the neutron veloeity ~nd 

should he negligihle compared to the nuclear absorption cross section 

and the thermal inelastic scattering cross section at the neutron 

velocities used in thi. experiment. Note that the total cros. 

sections quoted in the Barn book include contributions from aIl tbe 

various types of scattering. However, in this paper, only the cross 

section which hehaves according to the l/v law i5 examined. Indeed, it .... 
/ 

i8 the validity of thi. law as the neutron velocity becomes very small 
) 

that i. of interest. 

. ) 

./" 

. , 

\ : 



() 

o 

-~ ..".... -
~-~ -

---'-------------: - _. 

11 

Inelastie Scattering 

Neutron thermal inelaseie scattering at very low energie. occur. 

whenever the energy of the emitted ne~ns exceeda that of the incident ' 

neutrons. Thua, .the inel~.t~eall~tfered ne;:'tronl gain energy and 

move outside the UCN or VeN range. In contrast, elastie scattering -. 
involves a change of momentum between the neutron and the whole 801id 

which involves a vefY large ?umbe~ of atoms. Therefore the neutron 

neither gains nor 10le8 ene~gy. . 

The ine1a8t~c .cattering described in this section differs from that 
/ 

which occurs at_much higher energies i.e. above 100 Kev, where the' 

emitted and incoming partîcles are different.This higher energy 

inelas~ic scattering is due to the nuclear excitation of the 8catterins 

nucleus and results in a scattered neutron of loWer energy than that of 
.J 

the incident neutron. 

At very Iow energies, the l/v 
l ' 

law hold. for the eroa. lection for 

inelastic Icattering, proviaed that the enersy width of the emitted 

partic~e doès not change with the incident neutron velocity. 
1 

ln the cale of lnelastic .catterins_ of very cold and ultra co1d 
, 

neutrons, whera neutron. Iain energy from the lattice vibration. of the 

scattering materi.l, tbe 8catt,reeS neutrons have an enercy widtb aImaIt 

independent of tbe incident ~utron anergy. Thu. coleS neutrons have an 

inela8ti~ cro'. section proportional to l/v .• Althouah·tbe absorption 

'and inelutie cro.s .ection. babava a. l/v, th., .. , ba cSiitinaubbed 

by the fact that the inel •• tic_c~o •• aection refera tO-'Deray exchana.a 
" 

~tween the neutron. ana the lattica vibration. (Debye Spectrum) of tbe 

Icatterera. Thi. ~pectrua'i. strona1, dependAnt on t .. p~~atur., wb.rea. 

the absorption cro •• ~ •• ctlont whicb icferl'to a ~rel, n_cl .. r 
/ 

/' 

, 

1 r, 

- ---------""~ ___ :'L_~, 
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interaction, exhibits no such dependance.' Sinee the Iattice vibrations 

involve energies w~~l ab ove the cutoff energy for~CN, the neutrons 

which are thermally inelastically/scattered are eff~ctively lost from 

the UCN range •. W i. now determined by repl.cing the absorption cro.s 
\ 

section 0;. by: 

( 20) 

He~~{orth the proces. of absorption and'lhelastic scattering which are 

both inversely proportional to the incident neutron velocity will be 

referred to 8S 10 ••• 

The magnitude of the inelastic cross section has been estima~ed by 

Binder for neutron velocities much below'the characteristic excitation 

energy-t8 where e ie the Debye temperat~re. He gives: 

. where(S.,.s) Î8 the sum of t1te coherent ~~nd incoherent Icattering cro..------
, 

sections for the bound atom,~ and Mare the masses ofrthe neutron .~d 

the atom ~ndlr i. the temperature. The Debye temperature fot titani~ i. 

380
0

K and at room temperature the series conv.rges rapidly. Tbis then 

gives for ti~anium: 

This will b. compared to .the .... ur.ct. 10 •• cro,'iC .ection in tbe ) ri 
discussion ,of the relult. which follow later. 

-----
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! 

i 
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Inhomogeneous Elastie Scattering 

In polycrystalline and non uniform subltanees, additional effectl 

arise due to fluctuation. in den.ity brought about by a disorder in 

structure;' In alloy. this effeet will be furthur complieated. by 

fluctuations in the composition on a microscopic scale. The elastic 

8cattering cro~s section from such inhomogeneities varies inversely as 
1 

the incident neutron energy over a fairly wide range of energies, but 

tends to be energy independent at very low energies (typically whenever 
\ 

the wavelength of the incident neutron exceeds by three times the order 

of the inhomogeneity spaeing). At higher energies where the scattering 

angles are smaU, Jt varies more rapidly, inversely as the square of the 

incident energy of the neutron. This type of inhomogeneity scattering 
1 

has been investigated in some detail by small angle scatterina of cold 

neutrons <Schmatz et al 1974) and more recently by total el8atie 

scattering cross section measurements of veN (Steyerl and Engle~nn 

1979). In this experbaent the effect of inhomogeneity scattering will be 

small for two reaBons. Firat, the titanium foil was quite pure Caee pa,e-
.. 

72)and thu. would not have inhomogeneitiea in composition thouah it .. y 

have had irregul.ritiea in itl microcrystal structure; eecondly the 

foil. u8ed in the experLœent were mounted directly in front of the 
1 

'0 

deteetor so that molt neutron8 scattered by this proee .. would ItUl ".~' 
J 

bave been detected and would not bave contributed to-the .ea.ured 10'. 

of inteneity. The titaniu. foii u.ed in tbi. experiment va. analyzed by 

the chemi.try division at ACEL. Thi. analy'i. indicated that the 

contribution. of the bDpuritiel to tbe thermal crol. section v •• 

con.iderably l~~--~han one percent of the thermal cro ••• ection. ln tbe 

interpr.tatlOft of thi. experiment it i. therefore a •• umed tbat 

l l 
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inhomogeneous ela.tic scattering had a négligible effect. The fact that 

~he loss cross section agrees weil with a l/v extrapolation from 

measured thermal cross sections gives some confirmation to this 

assumption. 

B~aag Scattering 

Diffraction by a set of lattice planes can take place if the neutron 

'wavelength is ~ller than the lattiee spacings in the crystal. Ultra 
J 

.7 
cold neutrons have energies of order JO electron volts. The wavelength 

associated with a.neutron in this ene~gy range ia a few hundred 

angstroms, wnereas the lattice spacing in a crystal ia only a few 

angstroms. Ther~fore Bragg Scattering plays essentially no role in UCN 

and VeN scattering. ln titanium the lower cut off energy ia expected to 
1 

• 0 1 
be.004volts (lattice spacing for a crystal ia 4.68 angstroma). Bowever 

l , 

in compar~ng the cross sections measured i~~hi8 exper~ent with those 

to be expect~d from an ex~rapolation of the literature valuel in the 

region .002 ev. to 50 ev., Bragg acattering occuring in the latter 
.. 

enefgy range can cauae diffieulties in interpreting the experLDental 

results. This point i. discussed further o~ page34. 
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Total teflectlon of Neutrons trom Material Wall. 

Ve can conaider the aurface of a material with a poattive IcatteTins 

1enlth a. constituting a potential barrier. If a neutron hal a kinetic 

eneray in the direction of the normal to the surface, sitilfyinl the 

relations: 

El. (V :: (~'Tl ft.l.ftm i ~~ Ni 0.( ( 23) 
t. 

it cannot penetra te the surface according to the lawa of classical 

mechanies, hence i. totally reflectèd. Quantum mechanic~al1ow8 for 
1 , 

surface penetration, with the ~robability of transmission ,iven by-
1 

relation ('8). For neutrons of velocity v travelling at an angle 8 vith 

respect to the .urface the perpendie~lar kinetic energy E and the 
1 

) 

eritiéal angle are 8iven by the relations: 

(24) 

Tb~1 condition i. equivalent to aaying that t~e perpendicular kin.tic 

eneray E ahould not axeeed the leattering potential for tot.l 

ref1e~tion. 

TO_ tr •• t the reflection quantum meehanieally one ean a •• ume a lurface 

- who.e rou.bne.. i. on a .cale much ..aller than a neutron wavaleoath. ln . ) 

tb~. lÜDit the .urface .. , be tre.~ed a. an abrupt potentia1 .tep. A 

.urface extendiur'over a r'aion-aach 1araer than a wavelenatb i, 

equivalent to a one d~n.ioaal potential. The probabillt, of reflection 

froB a poteutlal barrier of heiaht Q i. obtained by applylna the 

boundary cond~ti.ona' to the aolution of the Schrodinser Equation. 'l'h4 
/-

potentiàl V b the -ru1 .p~rt . of the coaplex potentu1 usV'" t'W. If \1 doea 
, . 

1.1l0t aUow for abaor;tiOil tban V .at -aul sero. Vaina • '1' .. 1' pot.ntiat,· 
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" 

the probability'of reflection ia: __ 

1 RI" c [(E.L)~- (E.L.:ufllEJ,\'h + (E"J.t-t.r)"a.j 
, 1 ... 

(25) 
"-If W ia real and E«. U then, 1 t \ 0. \ • For a comp!ex "\,ot&ntial and to first 

order in W with 14 U one finds: 

( 26) 

where: j 

(27) 

An exact exprèssion for\Rlis given in LU8chikov et al (196~) and Antonov 

et al (1969). Table l~shows values of f'for some interesting substances. 
, / 1 

As previously noted W and V and therefore f are independent of neutron 
,1· , 

energy. This means that ~~<'I even at the energies of UCN eneray where 

losl cro.S8 aection8 are often much larger than the coherent elastic 

scattering cross .ection II lfo,'t. and tbe preseucé of 1088 will Mt. 

significantly change the wave f~netion. Sinee its first observation by 
/ 

Fermi and Zinn in 1946 total ref1ection of neutrons ha, beau vidaly u,.d 

for the dete~ination of scattering 1angths as vell as for polarizina 

neutrons in guide tubes Where neutron beams are confined in tvo 

ct imensions. 

" 

J 
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Production of DCN 
~ 

Neutrons are .enerally produeed a8 the re.ult of a nuelear reaction 

or fi.lion procesl. In aither cale neutrons ar~ produeed with kinetic 

. -- energy of severd Mev or highër. In orde.r to obtain neutron. vith 

.1 

., 

o 

o 

thermal or lower energie. it is usual to surround the source with lome 

material Which scatters the neutrons, gradually absorbing the neutron 

energy by recoil of the scattering nuclei. If this moderator con.i.ted 

of materials whose nue lei did not absorb neutrons and was of infinite 

size, the neutrons would eventually come into thermal equilibrium with 

·the moderator and the energy spectrum would be Haxwellian correaponding 

ta the eemperature of the &>derator •. In any real system both ab,aorption 

" and boundaries are present a~'so the thermalization is not complete. 

The neutron energy .pectrum may be approximated by • Maxwellian 

distribution corre.pouding to a temperature slightly higher tha 
, . 

témperature of the.aoderator. ~ inerea.e in the flux of the na at 
r 0 

energie. below that correeponding to rô6m te.perature i. po •• ibl by 

cooling the moderator. The neutron .pectru ... y be de.cribed by e 
f 

, . 
Maxwell di.tribueion given by (1). 

Tbe denaity of UCJf neutron. avaUable for trappina ilt a 'cavit 

w.ll. have a' potential V i. ,iven by: 

~ -~m';IlT llj.1r-n. ('III.!t1l"T) e ' . cl", (28) 

o . ' 
Tbis equatiO'A repreant. the MXimua UCR , •• denaity th.t can be 

".... 0 • 

obt.ined from a ,iven/.ouree at .-,iven temperature if the VCM ar in 

the~l equilibriua vith tbe moderator. 
" 

There .~e effecta Which OCcur in the .ader~tor Whicb l'educ~ th • 

•• ail.bl. UC. den.ier ~lov that aiven by the above.c.lcu1.tioa. 'inca 

, j 

/ 

. 

1 
L 
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« 
-UeN are produced by neutrons colliding with moderator nuclei, and losing 

most of their energy upon the first impact, it is not unreaaonable ta 

assume that a lack of low frequency vibrational modes of moderator 

nuclei' would cause anomali'es in the taU end of the Maxwell 

distribution. 

If it is required_to extract some UeN from the moderator and trap them 

in a closed containe(, then one is faced with the problem that the only 

neutrons which can enter the cavity by penetrating the walls will have 
v , 

too large an energy ta be contained by the walls. There are sever~l ways 

of 8urmounting this difficulty however. One can fit ~he maderator with a 
" 

window made of a material whose potential energy is consïderably lower 

than that of the material forming the walls of the container or place 

some material which is capable of converting neutrons from E')V toE'(V 

inside the container. In order to calculate the' UeN density available 

for a moderator wbich may be either the eonverting material (called the 

canverter),-or the moderator adjacent ta the window, one should note 

that/the total 'loIS crousection for VeN, which la the sum of capture 

and inelastic 8cattering cross sections can be very large sin~e bath 

these cross sections vary as l/v • ~ydrogeneou8 substances have a total 

mean free patb of about ~ for 25 mv neutrons. The only veN which are 
1 

------ il' wh' h J able tQ emerge from the mater a are tbose lch reac the UCN energy 

range within a diatance -of the order of ~\J(IIS from the 8urface, h~nce it 

tt ~. only nece-Jluy to consider tbie thin .urface layer in calculating 
/ 

tbe production of ueR. Souever, the ene~gy distribution of the neutrons 

incident on thi. active layer may be modified by the remàinder of the 

moderator material. The number of UCN produced in an energy ranse 
'" • l ... 

" 

between E and B+dl per unit volume of mOderator per second ~y be a.cond 

j 

-', 
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may be written as: 
(10 

S (E"",,, ) d Eu<. , t j cl E' {o (E ~ E'....s) di(~) d E,,~ (29) , 
o 

!he macroscopi~ differential energy cross section is: 

L (&-, E=Uttl): N cj§; (E ~ E ~c tJ) (30) 
S cl EtlctJ 

where N is thedensity of atoms in the moderator mate;ial ,tnd d~(Ei~'i;)is 

the macroscopic differential cross section for scattering neutrons of 

<energy E into the ene,rgy range E+dE. Here cP (E") is assumed to be 

homogeneous and isotropic. The UCN produced travel through the 

moderator untU they are èaptured or scattered 1nelastically (in which 

'case they leave the UCN energy range) or are elastically scattered. In 
• 1 

th~ absence of elastic scatterin~ one obtains the flux of UCR leavina 
, . 

the ,urface of the moderator by multiplying (27) by the effective 

thick~ •• of the active layer de.cribed ab ove : 

(31) 

A calculation by Golub (Golub 1972) show. that the emitted flux i • 

• . -

where: 

J ' . 
For mate,riale in tbeau1 equilibrium, one cau write: 

~ (~E,," \ E ëe/fr.T = 1:: (E"",.,.,--e) Eut" ë E""'lr.T (34) 
S' ~J s 

1 
J 

t , 
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where T is 'the temperature of the material. Using this result and 

aS8uming that the incident neutron flux is given by a Maxwellian 

spectrum corresponding to temperature T and total flux 00 one has: 

<t> (E) dE, <Po E: ë E~ItT j(It-n"l- ~ <Po fT. (E) 
• 

(35) 
1 

20 

which is determined by conditions external to the active layer and which 

,.---- can be calculated by standard methods, (Davison and Sykes, 1957, 

Egelsta~f and Poole, 1969). Equation (27) may be written as 

'Ste",,,,) dEw", ~ <\}. ~T(El (~r J ç (~;:'El e-~) (36) 

Thus it is seen that the flux emerging from the moderator ia a 

Maxwellian distribution times a correction factor. This factor i. 

practically il)dependent of EUt" so that the UCN spectrum will be the 10w. 

-----veloeity end of. Maxwe11ian spectrum. 

1 ----r j 
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This exper~ent may be divided into two dependent parts. In the firet 

part, a horizontal be8Dl of ueN was subjected to various constraints . 

which~ll~ed measurement of the number of neutrons emerging in a given 

solid angle. From thi_ preliminary work it wes also possible to eltimate 

the $pecularity of the guide tube, a consideration necessary to the , 

interpretation of the central second experiment. In the second part the 
\ 

, att;,enuation of varioua titanium foils was measured. 

The source of neutrons was ~he NRÙ reactor st Cbalk River. In order 

to extract the neN frôm within the the~l-ColUmn, the arrangenîeij.t 

illustrated in di.gram 1 was used. The converter consista of a thin 
/ 

polytbene di.k attatcbed to a copper tube. This converter wa. cooled to 

liquid nitrosen temperature to enhanee the production of ueN by 8 factor 

of approxwtely tvo. Tbe copper tube wu evacuated to • pre.,Mure of 

te na of microns of mercury to minbDize the interaction of neutron. vith 
" 

air. 

To .eparate the .ore ener,etic neutron. from UeN, the ,eometry 

illustrated in diaar .. 2 va. utilized. Thi. arrangement make. u •• of the 

properties of UCN d •• cribed in the introduction. Tbe horIzontal guide 

tube. bayond the benda vere made from mechanieally polilhed It.inle •• 

.teel. ,To prevent ther.al ne~tron. from enterins the guide tube., a 

.heet of 1/16 cadaiua ... vrapped around their outer lurtace.. The 

~ransmi •• ion of hiaher enere, D8~tron. was minÛDi.ed by placing 
" 

l 
/ 

borinated paraffin block. in appropria te position •• Pàraffin convertI 

high en.~1Y neutron. to ifi:heraal neutron. 10 that tbey can bft é,ptured 

'by ,the boron. It Ihoula k not8d thAt di,sr ... one 404 tvo are not clrawn 
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to scale. 

The neutron guide tub,e WBa connE!cted to the velocity spectrometè'r or --
cho,pper. The. chopper ia a rotating disk containin~ one circular hole of 

the aame diàmeter as the guide tube that tranamits ~stl of neutrons at 

regular intervals. These neutrons travel to the detector oveT a measured 

path. Electronic circuits dme the interval b,etween the opening of the 

chopper and the reaponse of the detect~r. These,circuits and the 

detector wil~ be d~scribed below. 1 

The chopper' used is shown in diagram .3. The shutter JA an off ' 

centered hole bored in ~o aluminum di,ka. The space between the di.ka 

is filled with cadmium foil to absorb any slow neutrons while the 

sh~tter ia cIOSï' This U8embl~ is supported by a ,Shaft which goe8 _ 

through the center of the di.ks and ia enclosed by a hermetic houai?, 

permitting'free rotation of the shutter. The chopper waa driven by a De 

shunt type motor Whole rotationai apeed could be\controiled by varying 
1 

its input volta,e. The difficulty with thi. kind of motor il it. 
/ 

tendency to drift, necellitating carefui monitoring of the 
• 

rotationai apeed. 

The eircuitry'may b. divided into a timing and a detectlon .ection. 
1 

To obtain a timing lilaal, a circuler hub wa. attached e~ternal11 to the 

ellopp~r Ihaft. Thia hub haa one l1li&11 hole bored throulh it al ,bOVtl in 

diaaram 3. The hub ,bad "to he alipecl ,10 that a pulae could b. 'anerated 

only when :the .hutter va. fully open. ThÏl pulae indicated the arrival ; 
- ~- / 

of neutrons and actea •• aD externa1 triller f~r the multicbannel aca1er 
('" 

(MeS). Defore the p~otodiode pul.e could he u8ed a8 a tUaina lignal, it 
1 

required .h.pi~ ~d -.plification. To accoapliah tb~.) • De, 

preamplifier va. "aianecl and built to accept ~. 0.15 vo~t 4i04. pul.e 
1 \ , . ' 

-

, , 
t"~ , 
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and to geneTate a ~igit81 pulse h~ving, the same time- amplitude 

characteristics,8s the original signal. This pulse was then amplified 
1 

furthur to 1.S volts'and fed into a discriminator. The discriminator 
1 

upon recieving this pulse p~oduced 8 very fast delta function type 

blip Which triggered the MeS. The block diagram of this circuitry ie 

illustrated in diagram 4. ~is timing signal was also fed into a sc.ler 

which could be made to count for one minute, delay for a specified time 
", 

clear and recycle. In this way a constant monito~ of the rotation speed 

could be maintained. "The rotational speed of the chopper was 240 ± ~ t'pm. 
) 

The detection system consisted of a boron trifluoride detector and 

assoeiated amplification and discrimination circuitry. The detector wa. 

filled with 1.6 cm of BF3 and 37cm of helium. The relatively low Br, 

pressure decre8sed the detector sensitivity to h~gher energy neutron. 
~ 

" but retained a high aensitiviey for VeN and VeN. ~e detector window 
j , -' 

" ' eonsisted of a .001 inch thick titanium foil 8~,ported by a stainle •• 

steel aride 

Detection ia based on the (n~) reaction in bOTon 10 Whieh bas the 

large thermal cross 8~ction of 4010 barns. The partiele. released, alpha 

partiele. and lithium 7* ~elei~ produce high .peeifie toulz.tion in 

gases. Therefore,thele partie le. are réadily deteeted in tbe presence of 

other, weaker ionizing partiele. such a. secondiry eleet~on. from gamma 

ray •• Dy use of circuits vhich di.criminate aaain.t pula. heilht. below 
- - - ,- -- ___ _ l.._ ~ __ " __ 

SOUle se1eeted, level, the ga1lllU ray background can he .uppr ... ed. 

Sinee the output pulae. fr01l,the. detector were tao .... 11 to be u.able, 
) 

pTeamplification va. neees.ary. After pr.amplification, the .ignal va. 

furthur ampiified and fed, into a diacdm:aat,or.' To properly .et "th. " 

loVer viadow of the dilcrimiutor .0 that the dana! to not .. ratto 

/ 

, 

i 

l 1 

1 
1 

1 

1 
1 



c~, 

~ , 
i 

Cl 

;' 

24 

} 

could be maximized,it vas necessary to obtain the characteristic 

response curve of the aetector. To do this, a strong neutron source 

(Am-Be) embedded in paraffin wax was placed in close proximity to the 

detector and t~e amplified signal arising from the detector was fed to 

the input of the ADe of the MeA. The spectrum illustrated in fig 3 was 
) 

obtained. The first peak.in this curve corresponds to gamma ray activity 
, -

and electronic noise. Tge second'rather large hump corresponds to the 

neutron detection signal. Thus the discriminator was adjusted to reject 

the noise and allow passage of signals just below the second hump 

(shaded area 1-2). 

lt should be noted that thê broadness of the second hump was due to 
) 

the geometry of the detector which was three ~nches in diameter but only 

one inch deep; thia was 'chosen to optimize the UCN/thermal detection 

efficiency but ia not ideal as a proportional counter. To calibrate thi. 

this spectrum a pulser was used. By varyi~g ,the output voltage, the 

.,.- -
pulse could be made to move either to the left or to the right al seen 

1 -

on the HeA. The voltage was thus set so that the pulse arrived at the 
• 

desired location. Thi. voltage Betting wal chosen fôr the lower window 

of the discriminator. 

To minimite the detection of background thermal neutrons originating 

elsewhere in the reactor hall, it was necessary to envelope the.detector 
1 

in-a cadmium shroud. SUppression of more energetic neutrons was . -, / 

accomplished by constructing a borinated paraffin enclosure .round this 

cadmium. ' 
, 

To measure the flux as • function of lotid anglelubtended by the 

detector, variou. lenath. of potythene liner'were inaerted inside the 

guide tube. The neutron count correspondina to • ,iven leQlth of liner 
1 • 1 
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wa~ recorded. To verify that DCN and VC~~~re indeed beine propagated 

down the guide ~ube, a polythene disk wes inserted to aea1 the guide. ln 

thi, manner, the presence of these neutrons was confirmed as the count 

rate was much diminished. Furthurmore, it wu found tha~ there .wu no 

significant difference in the count rate by either incre~ing or 

decreaaing the thicknus of the disks over the range .08 to 1 cm. This 

constant rate cou1d, in fact, be used for determining the background 

noise. The chopper was not used in this phase of the experiment. 

To check that this constant rate W8S due to thermal and hi&her energy 

neutrons , the di.ka vere removed and replaced by a single cadmium .heet 

1/16". This sheet wa~ so placed that it covered the sensitive front end 

of the detector. lt W8S obsérved that thià counting rate did notdiffer 

sta~iatically from the counting rate obtained with tbe disks in ~Iace • . 
lt should be noted that cadmium cuts thermal neutrons down the tube but 

nothlng eIse. 

In fig 4 the reluIts obtained witb and without background correction 
) 

are shown. The large background ia probably the resuit of in.ufficient 
.. 

shieldins around the detector. The re.uIt. and iDterpret4tion of thi • 
.... 

experiment will be discuI.ad -in the next chapter. 

) 

In the .econd part of the experiment an attempt was .ade to determine 

'the Attenuation of vadous Htanium foil. for neutronl of verioua 
\ 

ve.locitiea u.iDJ tlle chopper de.cribed above. In a lat.er .ectlon of thil 
\ . . - '. . . . 

theei., th!. at~enuation il inte~preted a~ a lo.e croe. iection. 

1 !lueur!. ~hh a~te~uation involve. recordina the neutron count:l:aa rate 

.S A function of foil thickne ••• The Interpretation of lU ch tranami •• ion 

lIeaeureMDt. i. clearer if th, incidtnt neutrons are colliaatect in a 
rh 1 

baa. rather than 'ra.OIÛ' orient_ct ia 'nale. AIl atteapt vu _de to 
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achieve this by Vlacint a liner inside the neutron guide tube just ahead 

of the detector. The liner was made of polythene 10 cms long and 0.16 

cm8 thick; it was eS8entia1ly opaque to neutrons used in thi. 

expetiment. Thua the neutrons which were.4etected were partially 

eollimated; a discus8ion of this point will follow later. 
\ \ "\ 

The velocity\of the ~mpinging neutrons, and/hence their energy could 
1 

be deduced from \their dme of flight (TOF) spectrum. A samp1e spectrum 
\ 

is shown in fig 5. The firat large peak represents aIl fut and thermal 

neutrons that pa$sed through the chopper and were hence timed. 'the 

second peak may be divided into two parts. The positive slQpe represents 
• J 

the veN spectrum, whereas the nega.tive slope derives from the UCN 

contribution. Not far beyond the UCN portion there should in theory be 

no counts. One can c.lcu~.te that the .inimum velocity should be about 2 

cm/sec. In practice, one does not see this because of the very low flux 

predicted by the Boltzmann Distribution of neutrons having this 

velocity, the poor reso1ving power of the chop~r and, the absorption of 

the thin titanium window' on the detector. 1 The8~ po'int~ falUna bey~nd 
channel 360 corre.pond to D8ckground; that is, neutrons entering the 

detector from 811 anale •• Because the.e neutrons are n~t tüped, they 

appeat' 88 point. Ipread uniform1y throughout the spectrum. 
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Chapter Thre-e 

lntereretation of Re.ults 

In the firlt part of thil exper~ent the counting rate of the neutron 

detector was measured as a function of va~ioul lengthl~f polythene 

liner. The liner was placed insiqe the guide tube just ahead of the 

detector. It seems reasonable to assume that the polythene of thicknes8 

0.16 cm W8S opaque to aIl ueN and ~CN sinee hydrogen has large inelastie 

and absorption cross se~tions. 
J 

In view of the fact that there exists a eritical angle of reflection 

given by equation 2, the VCN will be limited to trajectoriea whieh make 

small angles to the surface of the tuhe. veN are thus lèss likely to 

strike the) liner than the UCN, many of which will make large angles ta 
1 

\ 

the .urface. Thil point i_ illuatrated iu diagram 5. lt migbt thU8 be 

expected that the variation in the number of neutrons Itriking the 

,central region of the detector, aa\a~ction of liner length for both 

VeN and UCN, will be of the generaJ fOTm shawn in fig 6. The difference 
) . ~ 

iu babaviour of the two types of neutrons ean be uled to g1ve some 
\ 

information on the velocity spectrum of the neutronl tranamitted dovn 

the tu"e. As will be .hon, the ve10city speetrullS is sensitive to the " 

de,ree of apeeularit, of tn. reflections at the surfaee. 

To obtai~ a~ .atimate of the number of DeN tra~.mitted down the guide 

ua. va. made of. MOnt~ carlo co.puter'prosra. previoualy developed at 
) 1 

MeCtI1. The prolra. aa.~s no los~e. of neN around the bauds,. 

rea.onable assomption for 100% specular reflectton but inappropriete for 
1 • 

diff~ae reflectlon. Siace fev rafl.ctloD' (probably 3 or le.,) are 

involved et .. ch ~n4, end a hiih dear •• of speeutarit, 'ia exp.ct.ct, the 

-, 
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assumption of a large specularity ia probably acceptable. In order to 

test the effect of the polythene liner and to include the absorption in 

the counter window, it was neces.sary to modify the program for the -
ç 

J 

appropria te boundary conditions. The r~sults are shown in fig 7 for 

varioue degrees of specularity. The agreement with the experimental 

results is not good. However, a comparison with fig 6 suggests that the 
. 

addition of some veN would modify the predicitions in the correct 

direction to better correspond with the experimental data. 

In order to estimate the transmission of veN it is necessary to take 

a more realistic account of the bends effect. To do this, a three 
/' 

1 

dimensional Monte Carlo calculation shQuld be performed. The 

difficulties in developping and debugging such a eomplicated program led 
• 1 

to the use of' a two dimensional analogue previousl"y' developed by 'the 

McGill group as part of a general computer simulation of the passage of 

UCN and veN down neutron guides. In this two dimensional code, neutrons 

of a given velocity were followed around two bends connected by a 

straight section. Repetition of this procedure for vadous velocities 
. 

yielded the transmission factor for this filter, which after 

multiplication by 'V1 gave the predicted VeN spectrum for 'neutrons 

entering the final Itraight section containing the polythene liner. The 

factor v1 enters from, the low velocity approximation to the Boltzmann 

Distribution. 

Figure 8 ahows the predicted velocity .pectrum for varioui lengths of 

straight secti0!1 between the bendl. Thil resuit &Ssumes 100% apecularity 

around, the bend. and includes the Ilece.ury correction for the) 

efficiency of the deteetor. Thi. factor approa'ches unit y for the UCN but 
1 

dropa off as the ve10city exeeed.. 1 the . ueN timit d.ue ta the low BF, - , 

l' ... ,~~ , 
, f" ; " '; ~, "" 
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pressure. 

lt should be noted that a short connecting section between the two 

bends is predicted to filt~r qut the VeN more effectively than a longet 
r 

one. This effect is due to the bunching of veN near the bottom of the 

first bend which would result in thei~ striking the second bend surface 

S ~ 1 (VI ) 1/1-
1 at an angle exceeding ec"" i~ E and be lost. Howevet, a longer 

straight section redistributes these neutrons and enhances the 

transmission of the second bend. 

The straight section separating the bends was 33 CUlS long. The 100 cm 
r 

velocity spectrum is shown as a time of flight spectrum in fig 9 for the 

situation of the velocity spectrometer used in the experiment. Also 

shawn ia the spectrum modified by the àme resolution function of the 

chopper. 

To use this spectrum as 8. base for predicting the effect of VCN on 

,the polythene liner experiment, the previously mentioned UCR Monte Carlo 

program W8S modified by ~he addition of VCN. This modification allowed , 

for the possibility of 10s8 at a wall collision due to the neutrons 
, 

incident angle exceeding the cutoff value for iu particular ve1ocity. 

The spectrum coming out pf the second bend W8S und as the incident 

spectrum for thia calculation. The results are shown in fig 10. In this 

figure, the result for 80% specularity for pure ueN is 8h~ and ie seen 

.to be too low, wherea. if the same apecu14rity is .. sumed for VCN only, 

it i.e se en to be too high. The other curve. are for the mixture of VClI 
J 

and VCN predicted by the bend calculation , .h~ for 100%, 80% and 60% 

speculariti.e •• The curte for 80% apecularity with both llCN and VeN il in 

) ' rea.onable aareementJ far better than the re.\llta for pure UeN. 
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• Interpretation of the Attenuation Exe~rilllent 

The attenuation experiment provided the data neees.ary to deduee the , 

UCN absorption cros~1 .ectio~ for titanium foil. Titanium hal a negative 

scattering length. Thil means that it transmits a fraction of the 

incident UCN be.m. This fra~tion can be related to the 10s8 croe. 

section since those neutrons suffering ~uclear absorption are lost,- a~d 

those inel88tic~lly seattered have energies too high to "'be detected by 

the BF3 detector. 

The firet step in the analysis is to determine the level of 

background noise. This noise arisee from the detection of--stray neutrons 

o~ var3ing energies arising elaewhere in the reactor hall. Since the 

noise-level W88 never constant it was nece88ary to estimate where the 

base line abould be, the estimate being based on the fact that neutrone 

having velocit!e. lei. than 3 m/sec are not detected wit~ ~he exi.tins 

.ystem. To draw the ba.e line, the count. in the channel~ corre.pondiq 

to velocities belaw 3 mlsee were 8u~ed and averaged, thui e.tabli.hing 
--

the noise level. Ju.tification of thi. procedute il founded in 
.. 

experimental observations 'of the noise levell wen the thet"lDlll colwm 

. i ) waa closed. W1th the chopper running, t wa. leen on the Has that the 

background leve 1 Wal time dependent,. 1. e., ehan,iog frOll run to run. 

This being tbe c •• e, lt ia not unrea.ouable to etibltract the averaged 

background from tbe- total .peetrua in the .. noer indicated. 

The analYd.- of,-the clata luding to the interpretation of thb 

experiment would be a relatively .imple tllk if the VCR and UCR lieu trOll' 

moved in Itraiabt line. in.tead of reboundiua off the wall,' of the &ùide 

tube. One could in pracÙce line thé entire gulde bibe vith polythene, 
. 

e1'1.urina linear trajeetorie.,- however, tbe already low flux of UCI and 

.' 
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veN neutrons would diminish very considerably and result in a 

practically nil counting rate. The best one could do to collimate the 

neutron beam was to only partially line the guid~ tube with polythene. 

This W8S done and the resu1ts of this effort have been discussed in the 

previous secdon. '\ 

Using Monte Carlo programs, it"was possible to obtain curves whieh 

approximated the observed data. More specifically, it was possible,to 

determine the trajectories of bo,th species of neutrons as a function of 
j 

speèularity and len8th of polythene liner down a tube of length 80 cm. 

The results are shawn in table 2. In this table, 1 is the l'ngth of 

polythene liner, F is the assigned specularity of the guide tube and'x 

ia the average path length of a neutron. ~e average path length of • 

, neutron is. calculated by dividing 'the total distance travelled by many 

neutrons by the number of neutrons detected, using a givèn .pecularity. 

The geometrical factor F allows for the calculation of the total axial 
j 

distance travelled by a neutron: Thia factor i. equal ta $e(B as shown 

'" in diagram 5. New the total axial length a neutron mult travel before 
.. 

reach~ng the detector ia: l cm (for chopper) + 50 e.œ (path lengtb) +AD 
, 

wbere 1~ b the mean free path of a neutron havina a velocity of S.7 

mlaec in the deteetor. Tbe total path length i. ,therefore 52.2 cm. time. 

the factor F. The path length between chopper and det_ctor vaa SO ~; 

the value of F calcul.ted from the MOnte Carlo calculation for a tube of 

of lenath 80 cu Vere ... uud to be valid for tbÎl SO ca tube. " 
" () 

: , 
Because of the poor re.lovina power of the chopper, better .tati.tic. 

could De obtained by arouping the data in bine of ~nty. The contents 
, 1 

of the fir.t tventy cba~l. vere :u.med and r~a'lilaed to tbe firlt 
~ "'~~-;:... 

cha-.el. Siailari,. tbe content. of the n~t tv::t0ty ~halln.la vera • .-cl 
'~ . 
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and were reassigned channel two and 80 on'thus smoothing the data. 

hence. th6 nth channel corresponds to a time: 

\ (37) 

Tbe factor .4 ms comes_from the time base of the MC~ • bis _ni that 

the dwel1 time pêr channel is .~ milliseeonds during 

The velocity is given by the expression: 

scanning mode. 

For a 10 cm lertgth of~olythene liner, the values of 11' given in table.2 
il' . , 

are tao large' for both VCN and VCN neutrons. It was neeessary ta 
...1 

interpolate _usina fig 16 to obtain a new value for ~ which results in a 
n • 

~lower critical angle for bath species of neutrons. Figure 16 wal not 
1 

derived exper.fmentally but was obtained from a Monte Carlo simulation. 
~ 

The plot reveal. the variation Of th~ secant of the critical angle (F) 

, ' 

.... a function of neutron velocity. 

For UON. bavins velocitiee ,in the r.nge from four to about six meterl 

per second the be.~ value for F. i. 1.4 whi1e th.t fpr veN i. 1.25. 

, --Using these value. a plot va. made of vel?city al.iust channel nuaber 

thé reeult:s of which .re ihown in fig 1'1 .. As may he sean tbe li'DUr 
/ . , 

portion of the curve extend. from eheanel. 12-22. Tbree poiut. in thi. 

ragion vere .electe. to deduce the C1;'OII :.ectiou of the titaniua foU. 

The points in fact èorr.spond to are •• or total cOuat •• Tab~ 3 .havl . , 

.!? .. , 

tb.s. divieion •• Tbe total are. ~nd.r the •• ction. of inter •• t va • 

obtained from the o;i.aiu,l data vith th. baekaround ·.ub.atr.c~ed. lt wUI 
~ .. ..'.... ' 

, 1 \ 

, 110V be .ho",' 'hw th. c; .... o, ••• ection of tit.niu. At diffrent lMutroa ' 

velocitia •• , .,. lota"" frôa 'the etata. ,1)' plottina th;. ~te.rat.i 
, , ' ~ 

! ' 
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\ 
,Ii 

coùnt. against the thicknes. of titanium foil, one obtains curvea such 

'as those shawn in fig 12. The slope gives an apparent mean free path 
1 

denoted by~ • Here use ie being made of the relation : 

N~ No ë X
/1 (39) 

,1 

l~fact, it b neceesary to plot counts "n,us :';;~e path 't in titaniulII 

foil t aot tt its thickne.s. From the relations: 

(40) 

one obtains the actual mean free path ~. 

The calculation of the cross section requires the veloeity of ~e 

neutron. in.ide the foil. Using Snell', law, one obtains the relation: 

) (41 ) 

ln thh equation V ia the neutron velocity inside the foU and Vc. il the 
-

critical velocity for titaniulII which i .. ·,.:a.o~' mete1'8 per second. The 

e1tpre.sio~ 3.0." where i- Çl', indicaee. that the Icattering length il., 

ne_ative.. Table 4' .how. the re.ulting cr088 .ections of titaniulll for 

the mean velocitie. of the thrèe bina uaed in tbe data an.ly.ia. To 

obeain t~e 1088 cro ... ection ~tKliterature data for titanium va. 

plotted ••• using a fittina function qf the fo~: 

(42) 

The 1 ••• t .quare· fit,tina~ procedu" •• pplied to the literature data lave 

c( •• 6.6 barn., and »-4.07 barn. Ilere 0- il the ob.ervéd cro •• ,ecdon,c( 
, 0 1 

th, DOnal'ised cro .. section for 2200 Mtel'l.ec neutron., 1S~ .' the lIO.t , 

, p~o1>.~le .•• 1OC,ity ,of ,tlle' ~lU .• 1l di.trihutioll (~.·2200 .. t.1:'~/.ec .t , 

.. " 
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T-200 C) and, 1f the i'ncident neutron velocity. The constant D represents 

that part of the observed cross section whieh does not follow the l/v 

law. lt includes contributions resulting from Bragg seattering, 

incoherent seattering and ail other types of sca~tering for neutrons in , ( 
, ,. 

3 4-
the range of 10 ta 10 metera/sec. 

The observed points in this experime~t were then placed on the fitted 

curve, which had been extrapolated to the velocity range of interest. lt 

should be noted that the constant D is small, being only about 4.01 

barns. However, there does exist some ambiguity in the meaning of D at 

very low energies. For example there cannot be Bragg seattering for 
.8 .7 

energies in the range 10 to 10 eleetron volts sinee the neutron 

wavelengt~ is a few hundred angstroms. Yet for thermal neutrons, Bragg 

8cattering ia not uncommon. 

As mentioned on page14 the effect of Bragg scattering complieat.1 the j 

fitting function for the literature data since it i. èSlential1y aero 

below .004 ev. In fact, a non critical glanee at the data for the total 

cross section might luglest the presence of an edge in the raaion near 

0.004 ev. To test thi., a fit of the literature data was performed ovar 

two regions: from .002 to' 50 ev. and, from .004 to 50 ev. Tbe former 

region yields D-4.07 barns white ,the latter relults in D- 3.98 barne •• 

The difference in the 10 •• cross sections wu .15 barns. Tbb sualelts 

that the effect of any Bralg Icattèring doea not seriously affect the 

interpretation of thi. experUDent. 
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Sources of Error 

I~ this section the sources of error will be discussed and idea. will 

~ be presented to improve tbe experiment. 

There are three sources of error tbat affect the ~ta. These errora 

arise from: the 10w reso1ving power of the chopper, a time varying 

neutron flux, and system timing errora, all to be described below. Of 

tbese, the first two contribute relatively large errors. 

The resolving power of tbe cbopper is inherently dependant on its 

design and construction._A larger chopper having a 81it instead of a 

circular sbutter would increase its sensitivity to velocity 

discrimination but would reduce its ~ransmission. For example, instead 

of grouping the data in lots of twenty as was done in the aQAlysis of 
\ 

thi. experiment, it would be better to group the 4ata in smat1er lots, 

allowing more pointa to be used thus increasing the accuracy in the 
~ 

cross section versua velocity graph. The resolving power of tbe cbopper 

i. given by the expre •• ion: 

~n.e;tina the appropriate numberl it is found that the tim6 re.olution 

of the instrument i. 48 .. ec for a rotati~n speed of 240 revolution. per 

minute. ror .'6 mater per .econd neutron thi. mean. a v.toclty .preÀd of 

tl.7 .. ter./.ec. SiDce the re.olution allo depende on the lena~h of,the 
• • 1 

f1iaht- path, .n {ncr .. ee in ite 1enstb would improve, the re.olution. 

A. dwa)'. bonve~ tblra 18 àn exebao.e. Thie exebanae would r •• ult 

_ decrea.. in tbe èouatiaa rate whicb WOuld adv.rael, affect the 

.tati.tic.. Soma ~chaDi ... vbich con.pire 

will be d •• cribH latl".. 
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~ 

An inspection of column five in table 4 reveals that the normalizea 
,- }-

crosl section for 2200 meter/second neutrons il not constant. Thi. 

Iresult i. partIy due to the low resolving power of the chopper. The 

velocity resolution of the chopper i. given by the expression: 
/ 

d-1f/'tr :- .oq61f 

'1'0 calculate the error in the normalized cross - section~, one 

uses the res-ult : 

(45 ) 

to obtain: ' 

(46) 

Thi. assumes that the veloeitr re.olution of the chopper remainl 
-

constant. In faet. tb. velocity resylutio~ i. ,iven by equation 
- 1 -

mu~tiplied byEs ' th~ efficieney of the detector. tt tuma out bovever 

that the efficieney of the detector doe. not vary wildly for neutronl in 

t~~ range 6.8-8.0 met'ra/see. For a 6.8 meter/sec neutron,.the error ~no; 

ist~. 3 barns. 

The error in the 10 .. cro.s see~ion<r~ lII1;"t be' fOll~ by Urlt 

determining t~e error in the .pp~rent .. an free patb and ~.n_u.tna tbe 

relult: ~ 

The error in th. apparant mean fr.. pa~h vaa ~.t.ndnecl b7 apPlyl.saa a , , 

l.a.t squares fit to tbe count. verlUI tit.niva foil'daca. '0 ~.t~i~. 

.. 
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the e~ror in F, a plot was made of F as a function of velocity. Values 

of F as a function of velocity were obtained frôm the Monte Carlo 

program described previously by holding the specularity fixed at 80% .nd 

keeping the length of the polythene liner fixed at 10 cms. Thus, th~ 

only variable input was the initial velocity of the neutron. From the 

curve obtained in this manner (see fig 16) it was possible to estimate 

the error in F. The way the error was computed i8 best shown by an 

example: if it is required ta find the error in F for neutrons having 

velocities in the range from say 6.5 to 7.4 meters per second 

(corresponding ta area one in fig 17) one obtains from fig 16 values of 

,F corresponding to 1.36 ~nd 1.26. The difference divided by two iB the 

error assoeiated with a neutron having an average velocity of 6.95 

meterB per second, or the mean of 6.5 and 7.4 mete~1 per second. lt 

should be noted that there exists anotper of error in F. Thi~ 
1 

error ia aBaociated vith the way F was obtained place- a 

Monte Carlo simulation. This error is ard to compute and ia 

given by the expression: , 

j r-I.-,l1\S d~+eti. (48) el = r: (~'I- Fâ'/tJ» 
'" ) 

This error i. small however and therefore not included in the error in 

F. 
j 

,ç" 
One .. jor drawback to workina with an enaineering type reactor lie. 

iu the frequent chaille. in flux leve 1. Because fuel bundle. are 
1 * 

" 1 
periodical1y chansed or DOVed ta another po.iti~ in the reactor lattice 

in arder to' maintain con.tÀnt poWer, 'the flux in a ,iven location may 
1 

) 
vary by a • .uch a. ten or fiftèen percent. ln order to obtain 

J 

coneilteDt r •• ûlu, it va. nece .. ary to wmitor the neutron countiq 

,1 
i 
1 

1 

, 1 
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rate near the guide tube. An e~ternal counter was placed in close 

p~oximity to the guide so as to normalize the counting rate, i.e. make 

it independent of reactor power. Unfortunately, the counting rate did 

not depend on the power in a linear way for ressons which were not 

explored due to lack of time. To surmount this problem the flux in the 

experimental area wes monitored' by detectors, placed inside the reactor. 

These counters could monitor the flux accurately to within ~ X. 

Measurement8 were thus taken only_When the neutron density was constant 

as indicated by the counters. Thus, an erro~ of 5% can be associated 

with the UCN counting rate due to flux variations. As a first' 
) 

o approximation it wu assumed that the percentage of UCN fs dways the " 

same i.e, the ratio of UCN to the total neutron population st aIl 
" \ 

energies is fixed so that if the flux of neutrons. varies by 5% the UCN 

flux w~ll vary by 5%. 

) 

) 

) 
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Lo.s Mecbanisms for UCN and VeN 

Pores and Surface Roughnes. 

The probability of lo8ing UON in the walls of the guide tube .il 

increased if the-pore. in the materia1, wbich constitute the guide tube, 

fre of arder 100 angstroma or greater. If the size of the pOTe. ie IDUch 

smal1er than the UCN wavelengtb the average dénaity of materia1 and 

hence 'the UCN ~~ntia1 V will be reduced. If in addition the porosi~y, 
i9 a function of di.tance from the surface the effective pot~ntiàl might 

have the form shawn in f~g 15 inatead of the-ideal form shawn in fig 14. 

This could inerease the UCN 10s8es, beeaus~ the UCN penetrate further 

into the material; however this can on1y have a minor effeet. If ~n the 
d'\,- . 

other hand the por •• are of the order of a U~N wav~length, then UCR cau 

be trapped in a pore vith a consequent inerease in 10.1 rate. 

In the opposite extreme if the vavelength of the UCN i. mueh lar,er 
, . 

j than the Bize of tbe porel in the guide, the effect will be to round off 
~ . 

the potenti.l step of ,tbe'ideal surface as in fig 15 and this vill 
.. 1 J 

inerea.e the UCN 10.. rate .ince 'the UCN wave will overlap a ares ter 
" 

~ 

n~mber of nuelei before reflection •. Tbi, proble. ha, beeu .tudied in 
• - 1 

det~il bYiIsnatovicb (i973) wbo,treated the problem by spplyina,' 
- - , 
, , 

pertiOb.tloù tbeory to the ,ebrodiaser equation a •• umina • Cau.aian 

~o(r.~.ti~ lunctlon for the .urface roQshne •• ~thJtbe re.ulta 

_ (49) 

-; 
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the worst case UJ-)O one finds an lncrease in UCN 108ses of about 25%. 

'\ r 

';\1 
Losses due ta impuritie. 

One meehanism whieh may be respon8~ble for some ueN 10s8 i. related 
1 

ta ~purities on the inner surface of the guide tube. ln order for large 

losses ta occur if' would .. be necessary that thé contaminant have a amall 

nuclear mass and a' large incoherent ero •• section (Blokhintlev and 

-Plakida, 1977). A prime candidate having thes6 propertie. il hydrogen. 

In addition it should be noted that becauae of its chemicsl properties 

-----­hydrogen could be present to some extent, in tbe form of hydroxides in 
~ 

the oxide layer Which caver. most metals. Hydrogen can alao be deposited 

on the inner lurface in the form of a hydrocarbon by the vacuum p~~p 
, , ,,\ -

\ 
which uses oil, although the geometry used minLœiz~i thi. effect. 

Neverthelel' it bal beeu estimated that a hydrogenous layer about 70 , 

thick would cause large OON lo.se. (Herdin, et al, 1977). From the 

foregoing discussion it is evident that a highly polbhed guide tube 

void of lurface contamination would ainLœize OON la •••• , tbus allovina . 
for a longer fliabt patb. The guid~ tube~ u.ed in thi. expe~iaent ve~. 

only machanic.ll, poti'hed; the ut. of electroplatina or ion boabardaent 

miaht have reduced th. uèu lo •• ea by reducina tbe v.~y .ha~p ,urface 
t . \ 

imperfection, and by mare ef~ectiv.ly cl.anfna the lurfac. layer. 

to .... 1",01'1 ' 

The .yst., .tiaiQl enor. 
\ 

\ ' 

lt. ~.P 'cycle and tho'.,~ttrlbute4'to 
, \ ' ,-- , 

~,o, "\\. ~~~~ tiaê ~~COul •..•.. 
{ l '. f;', .. ' -

.. ~ . ~ , .. , ,'" .. '.. ~ 

J 1 , 1 .: ' • l ~,' \ " 

,i
T

_, ~ ' .. '~.~!~,\ ::: .. ' 1'<. , .~ ,.~-

, 1 

. tilllins errora of tbe MeS' <lu»! 

fluctuation. lu the totatloŒ • 
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result in grou errats if the sweep iontrol wes not properly calibrated·. 

However,.thig system was checked and was deemed reliable. Sinee the 

rotation speed of the chopper was manually controlled by varying the 

input voltage to the mator, it ia clear that a conatant speed cannot be 

maintained over exteûded periods. This fluctuation in rotational 

velocity results in asynchrony with the MCS time sweep and causes the 

Mes to miss timing some of the UCN bursta. The effect ia to diminish the 

neutron counta. Ta regulate the rota~ion speed ie i9 recommended that a 
1 

feedback system be employed with a DC mator or a synchronous mGtor. Such 

a system would a180 free the operator from maintaining a constant watch 

over the 'IDOtor" 

J 

• 
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r.nnclusion 

The 'object of this experiment was to determine the attenuation 

of ueN by titanium foil. This attenuation could, after appropriate 

trans~ormation ,be interpreted as a loss'cross section. lt vas found 

42 

that the loss cross section vas consistent with the l/v law, although 

it appears that the cross section deviates increasingly from this lav 

as the neutron velocity becdmes nil. The errora are large, and points 

'few to say that aberrations from the l/v lav exist at extremely lov 

velocitieso A more accurate, experiment would have ta be"performed in 

order to verify this observation. The loss cross section defined on p~ge 

12 results from inelastic and absorption effects. lt should be noted 

that the inelastic .cattering cross section alsa'varies a. the l/v lav. 

The thermal inelastic cross section at 6.95 m/sec is estimated to be 

nearly 20 barns from the expression given on page 12 .• This i. ~11 in 

comparison to the measured 10ss cross section of 1800 barns ,suSge.ting 
~"" 

that most of this 108. is due ta nucléar absorption in the ca.e of 

titanium ... 

Titani~m va •• elected becau.e it is,charlcterized by a nelativ~ 
.1 

scattering length, which means that it permit. some tra~~i.sion of UCN 

and VeN. lts ability to transmit extremely low energy neutrod., comb.ined 

w~th its flexibility and strength; mak_ this met.l useful for the 

construction of thin windows for UeN detectora. 

Before the UeN croIS section of dtaniûm wa. determi'ned, it va. 

necessary1to.obtain an e.timate of the number of the UCN tran~tted 

dOWR)the guide tube. lt va. observed that tbi. n~ert.and indeld the 

velocity .pectrum ita.lf are .en.itive to the delree of .pecuI.rity 

l " 
, 

, 

, " . , 
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of the guide tube. rrom a Monte Carlo simulation the specularity of the 

guide tube was found to bejabout 80%. This simulation a1so gave useful 

linformation on the effect of bends on veN. lt was lëarijed that a short 

connecting section between two bends will fil ter out VCN more 

effectively than a )onger one. This effect is due 'to the bunching of 

veN near the bottom of the first bend which would result in their 
j 

striking the second bend surface at an attitude exceeding the crieical 

angle given by equation 2'. 

Ta increase tHe counting rate it i8 recommended that the guide tube 

be eleetropo1ished in order ta decrease the effects of pores and pit •• 

If possible, the conv~rter should be placed deeper in the thermal column 

as this would alao'\ inereue the production of UCN. 

To min~i,e the effect of background thermal neutrons, tbe eptire 

chopper-d.etector assembly shou"Id be shie1ded using blacks of borinated 

paraffine 
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Table 1 

Effective Potential 
..... 

Units of 10 eV 

27.0 

25.0 

18.0 

17.0 

6.1, 

5.6 

-1.1 

-1.1 

.' 

Theoretical,loss factor 

• ç: (W/V) xIO 

2.5 

0.1 (300
o

K) 

0.1 

3.1 

0.2 

. , 

/. 

,1 
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Channel Area 
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Table :} 

Veloci ty Ral)ge Mean~Ve1ocity 

7.4-6.5'm/sec 6.95 m/sec 
. 

6.5-5.7 m/sec 6.10 m!sec 

5./-5.2' mjsec 5.45 m/sec 

,~ 

,., .... i,~~ ,~i~'~~~ 

--, 

Titanium Foil Thi ckness in kil -: 
0.0 0.5 1.0 2 ~O :, 4,,,0' 

1 

828 793 358 355 . 219 

1103 966 " 561 '·4Gl " 209 
, .' 

• . 
1150 1230 -570 340 ·128 ' 

. 11 

.,. Hurdlers in last col um are intcgrated co ..... ts 
in indicated channel area for various Ti 
foi~thirkness. • 
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Observed VC!locity 
v in m/sec 

6~95 

6.10 

5.45 

~ 

" 

'-'-""" *~,~ ..... ,~ .•. :;.~.,-

Corrccled Velocity 
" / v ln IIIsec __ _ 

7.-58-

6~~6f 

, 

- ....... 

'<,.. 

·:wt1e'~ 

Apparant Mean Free 
Path in ioches (~) 

0.00381 t .0008 

0.00317 i:. 0006 

0.00235 i.0004 
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Loss Cross Section 
a in barns 

1832 t 450 

2202" 490 

2971 i 600 

• 

" 

Nonnallzcd J.os~, 
Cross Sccti~n, Yfi7.?Dn 
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Fil 1. Illustration of the physical meaning of a positive 
f'" , '* 

.seattering lengtb. The 'Vave, function is plotted 4gaiust' 
-

radial distance. Tbe .cattering length ts the_ex~r.polated 
1 

l intercept of the vave, function On the r .xi •• 
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Fig 2. Illustration of the phy.ical meanina of a ne,ative 

scattering length. The vave -functi~ i. p~otted 'againtt 

radial distance. The sca'ttering length' if the' ext~~polated 

'inte~cept of the wave'funetion on the r axia. 
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FiC' 3. Illustration of the spectrum obtaine4 fram the 

detector when placed next to an Am-Be neutron .ource. 

The discriminator wal .et to fire .bove the noise. The 

shld-ed area 1-2 corre.ponda to the quielcent reaion. 
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Fig 4. Illustration of the effeet of polythene,lin.~ 

length on UCN count rate. The larle backlround cau be 

redueed by using more Ih~lldin&. 'The b.cksround sbown 
o'} 

bere w.. me.sured in ~iff.r.nt rune and iel aver.ae ii 

2800 cOunt. per 800 .econd •• 
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run. All counts below the line are conaider.d .,-noi.,. 

Note that the line il not horizontal •• il expect", but' 
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ri~ 6. Illustration of the exp,ct.d variation in tbe numbeT of 
J ../ 

VON and UCN atrikina the central re,io~ of the detector a. a 

function of polythlne liuertleuath. ) 
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