/ ~
JX — - - [ - a
»
+
! H
3 1
T 4
t -~ \ 3
H
§
.
a0
A ® .
/
:
~ i
1
/ |
A i
‘ . £ |

The Attenuation of Very Cold Neutrons by Titanium Foil

=

By Philip Gabriel

&

1

| -
i

A thesis submitted to the Faculty of Graduate Studies

and Research in partial fulfiliment of the requirements

for the degree of Master of Science.

/
l
/
/
\
{, & gdi
' _t,«:\!t,;
v
Sy
bed
4 —-- . ' S
4 &
I
February 1981 .
! ¥
i
N LG
DA
' . ~
3 -
R -
13
1
_// ’
\ "
N / - -
: a
>
- . -
ey -
A . "
. IR
Y - f
v'"; Rz
.
R g > - Ky ;
‘
\
\L - \ '3
SN . cl - , .
-
- L T e
s . v ‘e
& T » ..
o N AT &

i

:

i

%

g
%
1
\g
5
]
&
1
'3;?3
3

4

»X




9 . | o | "\\@

Table of Contents’

Abstf'ﬂct otnuuclo!'otoq-luoll'oo!l!!tilot.t.c.-\ttacoccncc'

- 12

PrEfaﬂce/‘l|..l..li.'0ll:.—-'—l—“‘...“l...IQQ'."..‘.'...I:II.i‘i

ACknWTedqemnts--c.og..’c‘.lbioco..!cl.l.l'llu'lllltl.lbl‘i‘ii

Chapter One
. Classification of Neutrons by enerqy....................1

Thema] Neutrons o-..-ouoocthvooucoOl.tnouc'llnoolooqio't]
v STOW NEUt?‘OnS .‘........‘........"o1-000.00..01000.0-0.0
Very Cold and Ultra Cold Neutrons ._

- . \
T Types of Slow Neutron Scattering.....c.ceeeeevvcencscnes

2
2
Interactions o% STow Neutrons with Matter .....ceaveveessd
9

Coherent and Incoherent Scattering ....ceeesseresecessss.d
IncohereNt\ Scatter"ng Cl.OOOOOI‘..‘OQIOOIOC.00!"'.'.000‘09

. h Ine1astic Scatter1ng ....‘ll.C..."...Q.l‘.l.'l.l..‘.l...‘1

' J
;o Inhomogeneous Elastic Scattering .......ceeeevecncnnsesasld

Bragg Scattering og_g_l_gln!t‘nlc-uu-ooolt-n:'olcooo-noncu-..']4

Total Reflection of Neutrons from Material Walls ........15

Ry

PY‘OdUCtiQﬂ Of UCN ......."..........-...acnp.0'.noniao.i]7

“Chagtér Two- Experimental Procedu@ cererasnsnseeses2l

e

chapter Three- Ana1ysis of Results. 21

o

Interpretation of the Attenuation Experfment............30

—

Sources of Error..as _
¢ /. 1] N
Loss Mechanisms for UCN and VCN....ececevonoornsossssssidd

(.-:‘,’:" ~;K Losses due to Imurit"eso-000onoouodccabo.aoof—on.ocioooow
RN Losses diie to\ System Timing Errors........\.......,......40
4 j 1
: < . /
N h . 4. y

\

-

YEN'" o S L s 4 T e ;Au'w-»«»-‘- ..

A

TR I U W - SO

LS
S

f
|

3 X Ve b




PP - fh e —— -
- )

: COI’IC]US"OTI--..-....................-........-........42

TabIe 1.I.ll.l..Ill.olll.l.lll..'..l.'I.C.Q'il...l'll44

£
(%]
I

Table 2...uve..

st deaantasttestectited sttty

s

: <7 Table 3eaeseeee

-tll-'lutlillt.g’ll!.'o.t'ovl'.!.llnvu46

Ta‘b1e 400..0.!!.![.'!1.0..1ooozultnc;ichc-ootncnn-u'v4'1

R
;’.‘

l"l"."l."l'.l".'.48

.
L]
.
.
-
.
.
-
-
-

Y /. - Figures and Captions.

.
-~
Lot

Réfemnpes ’l.lll"litl.-.l.'I‘Ol".lll..'..l".l.‘l.

I
2
—

% ok
‘1 H
=
N
»

] A ;

i

|

i

i

f
~e




st e s LG

O
\
‘ \ 7
"\

o 5
3 W ATEOTTIR A Aon o e b s

X
&

law.
. . —
\
rd
\, ' '
] /’
. .

- v 3
,
.
. . .
¥
.
-
. W
. N .
- ¢ ‘
- .
. .
- ! .
. -
N 4
R T A <
. L. e ~ ‘ ¥
e e 7 v
BERT * -
.,'\ . . -

Abstract
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Cross section measurements of titanium foil using neutrons having
- - -7 .

energies between 10 . 10 e.v. are presented. It is found that the

experimental values for the sum of the nuclear absorption and the

non nuclear inelastic cross sections are consistent with the 'l/v’
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Des mesures de section efficace sur une feuille de titanium’
obtenus ﬁ 1'aide de neutrons d'énergie comprise entreild:ldﬂ‘
e.v. sonttpréSentées. Les valeurs expérimantales de 1a somme
de l'absorptiop nucléaire et des sections efficaces inélastiques

non-nucléaires sont en accord avec l1a loi en '1/v'.
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' ‘ ’ Preface B
fhis Thesis is the result of work performed at Chalk River and N
McGill Universify under the supervision of Professor J.M. Robson
/ during the 1979-1980 academic year. .
The experimental determination of the sum of the nuclear absorption and
tge non nugleaf inelastic cross sections using ext;gmely low eﬁetgy
o ’ i ——

neutrong is the subject of this thesis. -
7 Thg'phjpical importance of this measurement lies in the,confirmation
of the l/v law for neutrons approaching the sero energy aaympt;tic
limit. The practigal usefulness of this measurement is in connection

with’ the design of windows for low energy neutron detector.
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Chapter One 4,

"In this section the nomenclature is introduced, and concepts to be

-

discussed throughout this work will bAs\cribed.

—

Clasaificatibn of Neutrona by Energy

1n order to describe neutron mteractzons with matter it is useful to

classify them according to their kinetic energy. It is possible to
separate neutrons of a variety of energies into fairly definite ‘groups.
The divisions in general occur naturally as a result of the interactions

!

peculiar to certain energy ranges. 4

¥

Thermal Neutrons

When fast neutrons have been slowed down untilvthc average energy of
the neut;.ronl is equal to the average them:l energy of the atoﬁ’g of the
medium, the neutrons are called g:heml neutrons. The energies and
correaponding velocities of the neutrons then depe/nd upon the
temperature of the medium. Provided the medjium does not contain strong

neutron ibsprﬁer. the velocity distribution can be approximated by the

nande = 4w, (mln'n')vv ve

%ﬁdv "h( 1)
/

vhere v iq the neutron vclocity, n its mass, k is Boltzmanns constant

!
Maxwell dis ribution:

and T the ab:oluu tupeucuu. The maximum of the velocity distribution

occurs when thc neutron mny is equal to ld'. At 20°C the value of kT

' is about 25 -iui-ﬂc‘étton volts (mv), md the cmnponding most

o prohublc neutron vclactty it 2206 uttnlucmﬂ (w/sac). .
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““condition (3) are referred to as ultra cold neutrons (UCN), whereas

IS

.

Slow Neutroms

.
. » . 3 .
Neutrons having energies from O to about 10 e.v are usually included.

in the category of slow neutrons. A number of subclassifications in this
range occur. In addition to thermal neutrons, the two classifications

which are of importance to this work are described below. i

Very cold and Ultra cold Neutrons |,
&
It wae Fermi who first deduced that the scattering of neutrons by

individual nuclei means that neutrons propagating through matter would
be refracted as light or x-rays and that neutrons incident on_a surface .

at a glancing angle §, which satisfies :

sing, ¢ (VIE)"- (2)

*

/
will undergo total reflection, analogous to the phenomenom of total )

—1
reflection in optics. In,equation (2) V is of the order of 10 ev and is '
a potential characteristic of the material and E is the neutrom energy.

N
'l

The observation of this effect by Fermi and Zinn (1946) and Fermi and

Marshall (1947) led some people to speculate that neutrons with an )

(3)

energy:

E<V

* . . "
would suffer total reflection at any angle ozcilnce from a material

surface and hence could be stored in bottles. Neutrons satisfying

neutrons violating (3) but satisfying (2) for glancing angles greater
]
than a few degrees,(for a 100 m/sec neutronB, is about 3') are termed
> i

-

very cold neutrons. o




v

Interactions of slow neutrons with mattet

In order of deéreasing,atrength ythe interactions of slow. neutrons
b . , ) J

with matter are® A) the nuclear interaction, B) the magnetic inferaction

C) the weak interaction and D) the gravitational interaction. Of these,

~

onty the nuclear interaction will be discussed as’'it is dominant and

-

pertinant to the description of the experimental results described in

this thesis.

RIS . . / . M ’

The interaction of a slow neutron with another nucleon can be
. . . - |
adequately described as a strong short range attraction. When & neutron
k)

PAl

interacts with a mecleuus, the result of the attiaction to individual
nucleons can be characterized (for low neutron energies) as an
attractive potehgial woith a depth of about 40 ‘?fe;r and a size slightly
larger thanu th‘e size of the nucleus, or a few‘rtimea 10 cus. With
decreasfﬁi neat:ron energy, the scnttéi‘ing 'beccmes preda;ninantlyu S~wave
i.e, isotropic in the center of m;g, ‘and mde,penden: of the attréctive
potential (B{/a;:t and Weukopff 1952). In fact at low énough eneigies,
(includit;g the energ‘iela with vhich ve a-re concerned in this 't:ha:il), the

-

scattering depends on a single patameter-the scl:terxnz léngth - vhich
will/b; symbolized by the letter a . Ac low energies the scattcrins
lengt:h is related to the S-wave phue shift through the rehtion;:

M R T o (4)

Thu equntion relates the phase shif:& to the scattorin; lmgth and thc

teciprocal mvelenzth of the neutron denocad by k L
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The significance of the scattering length can be estsblished simply.
At very low energies the wave function of the neutron outside the range
of \thg potential can be expressed as a plane wave having the form:

V & Sim Rir-o) v A(r-0) (5)

’

The scattering length is therefore the extrapolated intercept of the the

wave function on the r axis as shown in fig 1. It is seen that if the

9

inner wave function has a negative slope at f:=I , 8 is positive. Since

— _ a negative slope implies a possible bound state, scattering from a, -
. -
potential giving a bound state produces a‘positive a. Similarly if tﬁ?l

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

&
N >

function at =Y, is positive and a is negative.
C‘*‘ ) A positive scattering length may be compared to the range 2fc:f
- /
interaction of a spherical potential. This potential can be approximated

by an impermeable, or infinitely hard sphere. The incoming and outgoing.

. 0 . - .
waves are in this instance 180 out of phase with one another and exhibit

A A L R et e Thah it AN By L LT S

{ g . .
destructive interference. If one could produce a potential that allowed

/ for a zero phase shift between the incident ang outgoing waves, then

A e

constructive interference would result and the 'pbtent;iai barrier wduld

be permeable. This situation is illustrated in fig 2. -

=

The wave fanction describing the scattering may be expressed as a

superposition of an incoming pla“ne wave and an Outg‘oit{g spherical wave:
¢ | .

. Chr ibr , .

—~ V=e~", {{(9)/!‘ }‘6 ry (6) .

. J

»




where ¥, is the size of the nuclear potential well. The first term
représents the incident wave (wave vector k) and the second term the

scattered wave. The scattering length @, is defined as follows:

, ca=-fB) (7)

For kr«| ,(pv I~a/r , and we again see that a repruent‘a the distance
from the origin to the point where the wave function goes to zero.
- " Because of the strength of the attractive nuclear potential one cannot
use the Born approximation to calculate; $(€) . However Fermi in 1936
; : :
introduced the use of a pseudo potential designed to give. the result
(7) when used in the Born Approximation:

' i (k- ky)e
o A }ga ~(mc* funt) » jvc_pe(’ ~! td!, (8)

2 3 -
= It is seen thatny(ﬂ’(m*""‘:’) ‘as)gives the result a-«fm. This allows -,

thg usé of the Born approximation to ca’lcglate the scattering of
neutrons from complex assemblies of nuclei. It must be emphasized that
V(r) is not the tr‘ue pote‘ntial and ct;n only be used in the first order
Born approximation. g
As no accurate en’ouglla theory of nuclear structure exists, it is usual
— to use experimenf:ally measured values for tl_\e }cpttering length. In 1950
Fermi pointed out that due to the great strength of the attractive-

nuclear pdteut‘i’al,‘ the neutron wave function will make many oscillations

‘inside hfhe micleus, with- the result that po—oitive scattering nlengthn are

v

-

-~much more probable than negative ones; this is actually observed.

»
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A neutron penetrating a material medium from outside is described by the

{

following Schrodinger Equation:

Ty + + L. uma; S(r-rwf kY (9) |

» 1 z I3 . '
where E= th='h’h/zm inside the medium. Writing equation (9) as an

integral equation, one obtains:

. | | W.U,')= d>("‘ "’..L S__g__“i_s,’v( )q}( )d (10)
: Iy - v

from whichs
(r-n)

W) = O - bk L a...._._ Lylr.) (1)

where the integration over the variables was performed and ¢(\;\ is a

B

solution of the homoggneous Schrodinger equation and represents the
incident wave. Equation (9) shows thatq/(ﬂ is the sum of the incident:
wave and the waves scattered by all the nuclei and could serve as the

- gtarting point for discussing the interactions of very low énergy
neutrons with matter. If the neutron wavelength MMANe  where d is
the distance between nuclei in the material and a is the scattering
length, and if the immediate neighbourhood of the nucleus be neglected,
then the sum (11) can be replaced by an integral over the volume

W
\

distribution of the scatterers: ’

’/\l’(ﬁ = (b(\:)-‘efhm) S[Na]rW(r)L,, dr‘(12)

\rv

o




‘0

1

vwhere [Nﬂ-]:: is' the value of the product density in the material and the 1

scattering length averaged ovex the neighbourhood of the point 5’. By . .

operating on equation (12) with V"‘ one obtains:

~Whm VY5 +hrhm) [Na], W0 = <€‘1?1/ ST (13)

J—

which is the Schrodinger equation in the presence of an effective

Vir)= (278 fm) [Na]y (14)

potential:
\ -

These equations have been applied to the case of reflection of cold
neutrons by Steyerl (1972) and Ignatovieh (1972). The solution of these
equations (Goldberger and Seitz) shows that inside the medium \v has

ther
the form P¥ v multiplied by a function which differs from a constant by

a small amount. Here k satisfies the conservation of energy equation:

g

Erv=g  E'= R¢hm  v=(lnkim) Lo (15)

’ .
In this relation E is the energy of the neutron in the medium and V the
potential for the neutron inside the medium. Also Ni(ﬂ is the number
4

density of miclear species i at position r. Values of V for various

materials are presented in table 1.

Neutrons can also be absorbed by nuclei. The process can be desgcribed

by a cross section O . The cross section is related to the probability

°

that a nucleus will absorb a neutron. If N be the number of neutrons
incident per unit time ;;et unit area per second on a materizl and N the
! * number of nej:t:ronl which penetrate a distance x into the material,

" then: the following relation holds approximately :

(N-NoY/N, =-2n 6 (16)

]
—d
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provided X$‘(M'). Here n is the nu:ﬁ)er of nuclei per cubic centimeter of

t

tﬂe matérihl. For thermal and low velocity neutrons the relation:
-l '
G & V J (17)

can be shown to be valid (Blatt and Weiskopf 1952). This equation
expresses the fact that for thermal and subthermal neucronerthe cross
section of a material varies inversely as the neutron velocity. This
relation is often used and holds in the case when the interactio’n
respoznsible for the absorption is confined to & rggion much smaller than

the neutron wavelength and decreases outside this region. The absorption

effect can be simulated by including an imaginary component ir‘x the

, potential. A purely jimaginary potential would cause the probability

i
1

density to decay as:!

P L " %(18)*“

4
- - 0y

:

)

Setting?

w= i) EIN; o (19)
(

will give a correct descriptifon of the absorption . as was shown by

Goldberger and Seitz (1947). When relation (17) hol;h, then it is seen

that W is independent of veloc'it:y.

(&
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Types of Slow Neutron Scattering

_ Coherent and Incoherent Scattering

The optical interference proPérties of neutrons are determined by the
elastic coherent cross section of the individual atoms, that is, the
. CoL
J cross section for the type of scattering that produces a wave capable of

interfering with the incident neutron wave.

Coherent scattering is related to constancy of phase relations of the

waves scattered by different centers. Irregular or random phase
A

: relations give rise to incoherent scattering. An important property of

| these types of scattering is that the amplitudes of cohe;ently scattered

‘ waves add directly while intensities or amplitudes squared, add for

| incoherent scattering.’

| {:) . _ The coherence and incoherence of neutron scattering is much more
7 ~ complicated than the scattering of light because incoherent neutron

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

& causes that do not exist for the scattering of light. Neutron refraction
resembles best the refraction of iigpt in a gas, and as for that case,
the average coherent amplitude determines the index of refraction,
vwhereas the variation in amp%itude contributes- to incoherent scattering. -

“

Incoherent Scattering

Incoherent scattering occurs whenever deviations exist in the
- scattering lengths of atoms in crystals. Iﬁ a c;ystiI‘containing a
single chemical species, variations in the scattering length from site
to site will arise from the random distribution of nuclear spin
1" orientation if tﬁe~quclci ;oncerned have spin or from the presence of

isotopes. Both of these effects are included in the cross sections for

A
v
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élgments qjifed in the Barn Book. The incoherent elastic seattering .
cross section is expected to be independent of the neutron velocity and {f
should be negligible compared to the nuclear abSOrpéion cross section

and the thermal inelastic scattering cross section at the neutron

velocities used in this experiment. Note that tﬁe total ;ross

sections quoted in the Barn book intlude contributions }rom all the

various types of scattering. ﬁowever, in this paper, only tﬂe cross

section which behaves according to the 1/v 1law is examined. Indeed, it

is the validity of tﬁis law as the neutron vglocity becomes very small

J
that is of interest.

A,




e ) Inelastic Scattering

Neutton thermal inelastic scattering at very low energies occurs )

whenever the energy of the emitted neutrpns exceeds that of the incident

e

neutrons. Thus, the inelastically scdtfered neutrons gain energy and

.

move outside the UCN or VCN range.In contrast, elastic scattering

. S i e

involves a change of momentum between the neutron and the whole solid

vhich involves a very large number of atoms. Therefore the neutron

4

4w dmn

|  neither gains nor loses energy.

The inelastic scattering described in this section differs from that

e s

— vwhich occurs at much higher energies i.e. above 100 Kev, where the’

[ S

emitted and incoming particles are different.This higher energy
inelastic scattering is due to the niclear excitation of the scattering

nucleus and results in a scattered neutron of lower energy than that of
T J

the incident neutron. . g
. ) :

At very low energies, the 1/v law holds for the cross ‘section for §
inelastic scattering, provided that the energy width of the emitted |
particle does not change with the it:téident neutron velocity.

In the case of inelastic scattering of very cold and ultra cold

neutrons, where neutrons gain energy from the lattice vibrations of the

scattering material, the scattpgred neutrons have an energy width almost

,
DA K AL T b i by i G G ey 24w

independent of the incident neutron energy. Thus cold neutrons have an
inelastic cross section proportional to 1/v.. Although-the nbtorpcioi

and inelastic cross sections behave as 1/v , they may be distinguished

Bt ey IS L

by the fact that the inelastic cross section refers to energy exchanges

a

RO K v

>

Petween the neutrons and the lattice vibrations (Debye Spectrum) of the

scatterers. This spectrum 'is strongly dependant on temperature, whereas :

1

the absorption cross section, vhich refers to a purely nuclear

e

\
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'where(s+s) is the sum of the coherent and incoherent scattering cross

12

interaction, exhibits no such dependance.  Since the lattice vibratioms
involve energies well above the cutoff energy for UCN, the neutrons
which are thermally inelastically, scattered are effectively lost from

the UC§ range. W is now determined by replacing the absorption cross

section(, by:

) a0 ) , :
qwss = O * Oiuetastic (20)

)

Henceforth the process of absorption and inelastic scattering which are

both inversely proportional to the incident neutron velocity will be

referred to as loss. g

t .
¢

The magnitude of the inelastic cross section has been estimated by

+

Binder for neutron velocities much below the characteristic excitation '

~

_energyho where § is the Debye temperature. He gives: .

oy = (29} () "9/5)%’{"1} 3 8-l o

7 BT 1S6o0\T

—

sections for the bound atom, vy andﬁN are the masses of (the neutron and

the atom andT is the temperature. The Debye temperature fog titanium is

380°K and at room temperature the series converges rapidly. This then

P

gives for titanium: s
\

G~ 3OV . (22)

)

Tl;is will be compared to the measured loss cro‘:b"-nction in the
J

o J——

discussion of the results vhich follow later.

o
)

)
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Inhomogeneous Elastic Scattering

In polycrystalline and non uniform substances, additional effects
arise due to fluctuations in density brought about by a disorder in

structure.’ In alloys this effect will be furthur complicated by

fluctuations in the composition on a microscopic scale. The elagtic

scattering cross section from such inhomogeneities varies inversely as

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

tends to be energy independent at very low energies (typically whenever
3

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

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

angles are small, it varies more rapidly, inversely as the square of the
incident energy of the neutron. This type of inhomogeneity scattering

/

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

neutrons (Schmatz et al 1974) and more recently by total elastic

scattering cross section measurements of VCN (Steyerl and Englemann

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

-

small for two reasons. First, the titanium foil was quite pure (see page~

72)and thus would not have inhomogeneities in composition though it may
have had irregularities in its microcrystal structure; secondly the

foils used in the experiment were mounted directly in front of the
)

’ detector so that most neutrons scattered by this process would still o

J
have been detected and would not have contributed to -the measured loss

of intensity. The titanium foil used in this experiment was analyzed by

the chemistry division at ACEL. This analysis indicated that the

contributions of the impurities to the thermal cross section was )

RN

considerably 1éss than one percent of the thermal cross section. In the

int;}prqtntion of this experiment it is therefore assumed that

~

i3
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fé inhomogeneous elastic scattering had a negligible effect. The fact that
5 t T -
5 the loss cross section agrees well with a 1/v extrapolation from
g : N
g, measured thermal cross sections gives some confirmation to this
&
b assumption.
.
Bragg Scattering
. Diffraction by a set of lattice planes can take place if the neutron
. . ' |
wavelength is smaller than the lattice spacings in the crystal. Ultra
cold neutrons have energies of order 10" electron volts. The wavelength
- ’ associated with a.neutron in this energy range is a few hundred .
- 7 .
1 angstroms, whereas the lattice spacing in a crystal is only a few
3 .
1 ' ' angstroms. Therefore Bragg Scattering plays essentially no role in UCN -1
3 . - ? / "
/ L yo and VCN scattering. In t’:itanium the lower cuf off emergy is expected to
. : L )
: be.004 volts (lattice spacing for a crystal is 4.68 angstroms). However
: /o
- in comparing the cross sections measured in this experiment with those ,
1 to be expected from an extrapolation of the literature values in the
{ ‘ :
g region .002 ev. to 50 ev., Bragg scattering occuring in the latter
% ‘energy range can cause difficulties in interpreting the experimental ’
1 results. This point is discussed further on page 34.
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Total Reflection of Neutrons from Material Walls

We can consider the surface of a material with a positive scattering

) 5 ’

length as constituting a potential barrier. If a neutron has a kinetic
energy in the direction of the normal to the surface, sitisfying the

relations:

L Neae (23)

A

EL V= (lﬂ ﬁ"[rm‘s

[ o}

-~
L Sl b o bty L eng, P T

it cannot penetrate the surface according to the laws of classical

\ mechanic}:s, hence is totally reflected. QuanEum mechanics allows for

~

surface penetration, with the probability of transmission given by.
)

relation (18). For neutrons of velocity v travelling at an angle & with
respect to the m./xrfcce the perpendicular kinetic energy E and the

J
Q critical angle are given by the relations:

CEusiwilvsing s Sing ¢ (vEV®  (24) <

N i i Hpa b Tr e e S et T Bt g e e

A AR e e A ik b ¢ v

This condition is equivalent to iaying that the perpendicular kinetic

energy E should not exceed the scattering potential for totsl

-

reflection.

'I‘o'\ treat the reflection quantum mechanically one can assume a surface

. whose roughness is on a scale much smaller than a neutron wavelength, In
. ; ,

this limit the surface may be treated as an abrupt potential step. A '

TEAE U PP

surface extending over a region much larger than a wavelength is

equivalent to a one dimensional potential. The proiubility of uflect‘ion

from a potential barrier of height U is obtained by applying the

boundary conditions to the solution of the Schrodinger Zquation. The
o - potential V is ;:hc real .pirt.of the complex potential UsV-iW. If \Jdoes

' 'not allow for absorption then \/ must equal zero. Using & real potential,"

i

5
o , ‘(
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che probability of reflection is:

&I AR - (Ex- ) /(s,,\"%lam) g (25)
If W is real and E&U then/ [r\‘sl . Por a complex -potential and to first
order in W with E{ U one finds:

]R‘z’- ‘“1§(ELIV'EL\%‘= I-/U.(E,B) . (26)

)

.

grhere: . o
/  Sswlvek(a/ana)ee  @D)

An exac; expression forll is given in Luschikov et al (1968) and Antonov
et al (1969). Table 1 shows values of £ for some interesting substances.
As previously noted W and V and therefore f are independent of/nle/ut':ron
energy. This mea;u that ;LLI even at the enérsies of UCN energy where
loss cross sectiona are often much larger than the coherent elastic
scattering cross section umlt and the presence c;f loss will not.
significantly change the wave function. Since its first observation by
Feqmi and Zinn in 1946 total reflection of neutrons has been wé.dely used

for the determination of scattering lengths as well as for polarizing

neutrons in guide tubes whére neutron beams are confined in two

dimensiona.
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‘the moderator and the energy spectrum would be Maxwellian corresponding

' The neutron energy spectrum may be approxzmated by a Maxuullian

L

17

v a4

Production of UCN - ‘ ' g
Neutrons are gemerally produced as the result of a nuclear reaction %
orﬂfission process. In either case neutrons are produced with kinetic
energy of several Mev or higher. In order to obtain neutrons with
thermal or léwer energies it is usual to surround the source with some
material which scatters the neutrons, gradually éﬁs;rbing the neutron
energy by recoil of the scattefing nuclei. If this moderator consisted

of materials whose nuclei did not absorb neutrons and was of infinite §

size, the neutrons would eventually come into thermal equilibrium with

LV,

e

to the temperature of the ﬁpdetator.‘ln any real system both absorption

A L T

and boundaries are present and so the thermalization is not complete.

»

o &

distribution corresponding to a temperature slxghtly hxgheF thn the

temperature of the.moderator. A? increase in the flux of the neuytrons at

7 ® * /

energies below that corresponding to rodm temperature is possible by

AR et b ke et T,

cooling the moderator. The neutron spectrum may be described by the
Maxwell distribution given by (1).
The density of UCN neutrons available for trapping in a cavity vhose

o

walls have a potential V is given by: :

ez jf"n(wr)dw 47N, (M f20kT) ey’ he d.\r (28)

/
Thxs cqua:ion represents the maximum UCK gas density that can be

obtained fton a given /source at a- given tenperatute if the UCR are in ' /'f
thermal equilibrzun with the nodaracg;. ‘ j c, ;
There axe effects vhich occur in the modergtor which reduce the

uviilublc.ﬁbl density below that given by the above calculation. Since
‘ / ¢ -
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‘UCN are produced by neutrons colliding with moderator nuclei, and losing

most of their energy upon the first impact, it is not unreasonable to .
assume that a lack of low frequency vibrational modes of moderator
nuclei’ would cause anomalies in the tail end of the Maxwell .

distribution. .

ay

If it is required to extract some UCN from the moderator and trap them
in a closed Eontainet, then one is faced with the problem that the only

neutrons which can enter the cavity by penetrating the walls will have -

too large an energy to be contained by the walls. There are several ways

of surmounting this difficulty however. One can fit the moderator with a
. R .

window made of a material whose potential energy is considerably lower

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

some material which is capable of converting neutrons from EdV toE{V

- s . o
inside the container. In order to calculate the UCN density available .
for a moderator which may be either the converting material (called the
converter), -or the moderator adjacent to the window, one should note

thag;the total loss cross section for UCN, which is the sum of capture

—
-

and inelastic scattering cross sections can be very léfge since both
these cross sections vary as 1/v . Hydrogeneous substances have a total
mean free path of about 3m for 25 mv‘neutrons. The only UCN which are
able to eﬁerge from the matarial are those which reach the UCN energy/
range within a distance of the omfer of Xum from the surface, hence it
it is only necussary to consider this th:n uurface layer in calculating
“the productxon of UCN. However, the energy dxscribution of the neutronaf
inc;dent on this active layer may be modified by the remainder of the
moderator materigl. The number of UCN produceq in an energy range

4

betwean E and E+dE per unit volume of moderator per second ﬂny be second

:: ‘/ X
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may be written as: . ,
S(Eu‘.,) dEuw' = j dE Z;,(E»Ewd)di(s)d&‘w (29 |

The macroscopic differential energy cross section is:

o) -

s

ClEUcN )
é oy » -

vhere N is the density of atoms in the moderator material ;nd(lg(s*q;}is
the maéroscopic differential cross section for scattering neutrons of
energy E into the energy range E+dE. Here d)(E) is assumed to be
homogeneous and isotropic. The UCN produced travel through the
moderator until they are captured or scattered inelastically (in which
rcage they leave the UCN energy range) or are elastically scattered. In
the absence of elastic scatterin} one obtains the flux of UCKN leaving

the surface of the moderator by multiplying (27) by the effective

thickress of the active layer described above :
. -' )
= + |
X - ([;se'u\sf Ecl\mu;) (31)

A calculation by Golub (Golub 1972) shows that the emitted flux is

given by @

I‘.Eucw) dE_um = jli [ S (E“"’\dEW"} * qu (32)

where! Xy
WELMY

. »
L (Bud: S’ E (Em,-»E\dE (33)

J :
For materials in thermal equilibrium, one can write:

. D(eELEET = [ (Buio) Eun €™ (34)
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velocity end of a Maxwellian spectrum.

20

where T is 'the temperature of the material. Using this result and
assuming that the incident neutron flux is given by a Maxwellian

spectrum corresponding to temperature T and total flux d& one hasg:

dErde « e Tprs £ E (35

which is determined by conditions external to the active layer and which
can be calculated by standard methods, (Davison and Sykes, 1957,

Egelstéff and Poole, 1969). Equation (27) may be written as

- % -ﬁ;:j?
[(E) dBu = Q50 (E) | Lipe €757 (36)

Thus it is seen that the flux emerging from the moderator is a
Maxwellian distribution times a correction factor. This factor is

practically igdependent of Eﬁcu so that the UCN spectrum will be the low
.

—
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( Chapter Two

Experimental Procedure

This experiment may be divided into two dependent parés.(!n the first
part, a horizontal beam of UCN was subjected to various constraints
which “llowed measurement of the number of neutrons emerg{ng in & given
solid angle. From this preliminary work it was also possible to estimate
ghe gpecularity of the guide tube, a consideration ﬁegessary’to the
interpretation of the central second experiment. In the second pﬁrt the
attenuation of various titanium foils was measured. -

The source of neutrons was the NRU reactor at Chalk River. In order
to extraét the UCN frém within the thermflxcolumn,.the arrangerent
illustrated in diagram 1 was used. The converter consists of a thin

/
polythene disk attatched to a copper tube. This converter was cooled to
liquid nitrogen temperature to enhance the production of UCN by a factor
of approximately two. The copper tube was evacuated to a pressure of

tens of microns of mercury to minimize the interaction of neutrons with

air.

To segarate the more energetic neutrons frém UCN, the geometry
illustrated in diagram 2 was utilized. This arrangement makes use of the
properties of UCK described in<the introduction. The horizontal guide
tubes béyond the ﬂe;da were made from mechanically polished stainless
steel. To prevent thermal neutrons from entering the guide tubes, a
sheet of 1/16 c;d-iu- was wrapped around their outer surfaces. The
;ransminai;n of higher enet;y nnuérona was minimized by placing
boriﬁated paraffin blocks in appégptiaee positions. Paraffin converts
high energy fieutrons to"thermal neutrons so that they can be captursd

by the boron. It should ba noted that diagrams one &nd two are not drawn

>
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f:o scale.

The neutron gui/c!g tube was connected to the velocity spectrometeér or
cl;opper. The, chopper is a rotating disk containing one circular hole of
the same diameter as the guide tube that transmits bursts of neutrons at
regular- intervals. These neutrons travel to the detector over a mea;ured
path. Electronic circuits time the interval between the opening of the
chopper and the response of the detector. These circuits and’ the

detector will be described below. !

The chopper'useci is shown in diagram 3. The shutter is an off’
centered hole bored in two alu‘minum diéks. The space between the disks
is filled with ca?mium foil to absorb any slow neutrons while the ~
shutter is closed. This assembly is supported by a shaft which goes
through the center of !:he— disks and is enclosed by a hermetic houain‘
permitting free rotai:ibn of the shutter, The chopper was driven by a DC
shunt type motor vhose rotpcional speed could be controlled by varying
its input/ voltage. The difficulty with this kind of motor is it‘a
tendency to drift, necessitating careful mon/itoritﬂag of the Q
rotation;l speed. ’
~ The circuitry may be divided into a timing and a detection section.
To obtain a timing signal, /a circular hub was attached externally to the

chopper shaft. This hub had one small hole bored through it as shown in

diagram 3. The hub had ‘to be aligned ,so that a pulse could be generated )

only vhen the shutter was fully open. This pulse indicated the arrival

" of neutrons and scted as an externsl trigger for the multichannel scaler

's .
(MC5). Before the photodiode pulse could be used as a timing signal, it
reqdired shaping 4nd uélification. To accomplish this), a DC.

preamplifier vas dnignafl and built to sccept the 0.15 volt diode pulse
i \ - ' ! ' [ ’ .

-
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and to generate a digital pulse having the same time- amplitude
characteristics as the original signal. This pulgg was then amplified
furthur to 1.5 volts and fed into & discriminator. The discr;minator
upon recieving this pulse pggducéd a very fast delta %unction type

blip which triggered the MCS. The block diagram of this circuitry is

illustrated in diagram 4. This timing signal was also fed into a scaler

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

clear and recycle. In this way a constant monitor of the rotation speea o
could be maintained, The $otational speed of the chopper was 240Z% 3 rpm.

’l‘he/ detection system consisted of a boron trifluoride detector and
associated amplification and discrimination circuitry. The detector was

/

filled with 1.6 cm of BF;and 37cm of helium. The relatively low BE,
pressure decreased the detector sensitivity to higher emergy neutrons
bnt retained a high sensitivity for UCN and VCN. ?he detector window
consist‘ed‘ of a .00l inch thick titanium foil sqﬁpporte,d by a stainless
steel grid. ’

Detection is based on the (n,d) reaction in boron 10 which has the

large thermal cross section of 4010 barns. The particles released, alpha

—

pgrticles and lithium 7% nyclei, produce high specific ionization in

gases, Therefore,these particles are readily detected in the presence of
other, weaker ionizing particles such as secondiz"y electrons from gamma
rays. By use of circuits which di'scrimina_tg aga“i_n{t__pnluf heights below

some selected level, the gamma ray background can be suppressed.

" Since the output pulses from.the detector were too small to be usable,
’ d

_preamplification was necessary. After preamplification, the signal was

furthur mpiified and fed into a dilcriniu‘at;ot."ro properly set ‘the

lower winflow of the discriminator so that the signal to noise ratio

4
v/ -
i
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J
cou}d be maximized,it was necessary to obtain the characteristic
response curve of the detector. To do this, a strong neutron source F
(Am-Be) embedded in paraffin wax was placed in close proximity \to the \
deﬁector and th,g amplified signal arising from the detector was fed to
the input of the ADC of the MCA, The spectrum illustrated in fig 3 was
obtained. The first peak.in this éjurve corresponds to gamma ray activity
and elecﬁtron’ic noise. The 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), -

It should be noted that thaj broadness of the second hump was due to
the geometry of the detector which was three inches in diameter but only
one inch deep; tﬁis was chosen to optimize the UCN/thermal detection
efficiency but is not ideal as a proportional counter. To calibrate this
this spectrum a pulser was used. By varying Ithe output voltage, the
pulse could be made to move either to the left or to the right as seen
on t’c‘le MCA. The voltage was thus set so that tile pulse arrived at the
desired iocation. This voltage setting was chosen for the lower window
gf the diaczliminator. '

To minimize the détection of background thermal neutrons originating
elsevhere in the reactor hall, it was necessary to envelope the.detector
in a cadmium shroud. 'Suppre_s/aioln of more gnergetie neutrons was
accomplished by constructing a borinated paraffin enclosure around this
cadmium, '’

To measure the flux as ‘a function of solid angle subtended by the
detector, various llengthc of polythene liner were inserted inside the
guide tube. The neutrom count correapondirig to . given length of lix}mt .

hed
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was recorded. To verify that UCN and VCN were indeed being propagated
down the guide tube, a polythene disk was ‘inserted to seal the guide, In
this manner, the presence of these neutrons was confirmed as the count
rate was much diminished. Furthurmore, it was found thag there was no
s/ignificant difference in the count rate by either incri\tﬁing or

\
decreasing the thickness of the disks over the range .08 to 1 cm. This
congtant rate couyld, in fact, be used for determining the background
noise. The chopper was not used inl this phase of the experiment. ;

' To check that this constant rate was éue to thermal and higher energy
neutrons ,the disks were z;emoyed and replaced by a single cadmium sheet
1/16". This sheet was 8o placed that it covered the sensitive fromnt en;l
of the detector. It was obaérve& that this counting rate did not differ
statistically from the counting rate obtained with the disks in place.
It should be noted that cadmium cuts thermal neutyons down the tube but
nothing else. \

In fig 4 the results obtained with and without background correction ,
are shown., The large background is probably the result of i::uufficient .
shielding. around the detector. The results ;md* interpretation of this
experiment will be discussed ‘in the next chapter.

In the second part ;)f the experiment an a;:cempt was made to determine
‘the attenuation of v;rioua titanium foi’ls for neutrons of various
ve}toc_itieu using the chopper‘ducril}ed above. In a later section of this

_ thesis, this attenuation is interpreted as a loss cross section.

'

'Measuring this li:te;:uation involves recording the neutron counting rate
as a function of foil thickness. The interpretation of such ;:ranlmitsion
neas'urqaenf- is clearer if the incident neutrons ar; collimated in a
beam rather than ‘raudo-l; oriented in angle. An attempt was ;udc to
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achieve this by placing a liner inside the neutron guide tube just ahead
of the detector. The liner was made of polythene 10 cms long and 0.16
cms thick; it was essentially opaque to neutrons used in this
experiment. Thus the neutrons which were detected were partially
collimated; a d\isc\uasion o,\f" this point will follow later.

The velocity\ of the ;'.mpinging neutrons, and hence their energy could
be déduced from \tbeit time of flight (TOF) spectrum. A sample spectrum
is shown in fig 5 The first large peak represents all fast and thermal
neutrons that passed through the chopper and were her;ce timed. The
second peak may be divided inﬂto two parts. The positive slope represents

the VCN spectrum) whereas the negative slope derives from the UCN

contribution, Not far beyonq the UCN portion there should in theory be
no counts., One can calculate that the minimum 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 resolving power of the chopgr and, the absorption of

the thin titanium window on the detector.’ These points falling beyond

channel 360 correspond to background; that is, neutrons entering the

I3

J

detector from all angles. Because these neutrons are not timed, they

appear as points spread uniformly throughout the spectrum.
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¥ Chapter Three

Interpretation of Results

In the first part of this experiment the counting rate of the neutron
detector was measured as a function of various lengths .of polythene
liner. The liner was placed inside the guide tube just ahead of the

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

0.16 cm was opaque to all UCN and VCN since hydrogen has large inelastic

and absorption cross sections.

IIn view of the fact that there exists a critical anglélof reflection
given by equation 2, the VCN will be Ii;xxited to trajectoriés which make
small angles to the o&tface of the tube. VCN are thus less likely to
strike the liner than the UCN, many of which will make largg angles to

. .

the surface. This point is& illustrated in diagram 5. It might thus be

expected that the variation in the number of neutrons striking the

.central region of the detector, as'a fyaction of liner length for both

VCN and UCK, will be of the general form shown in fig 6. The difference
in buhav;odr of tﬁe two types of neutrons can be used to give “some J
informatiod on the velocity spectrum of the neutrons transmitted down
the tube. As will be shown, the velocity spectrum is sensitive to the

!

degree of specularity of the reflections at the surface.

To obtain an estimate of the number of qpﬂltraﬁsmitted down the guide
use was made of a Monte Carlo computer ‘program previoz:-nly developed at
Hcéill. The program assumes no losses of UCN around the bends,a
reasonable asuumpt%on for 1002 specular reflection but inappropriate for

diffuu reflection, Bince few reflections (probably 3 or less) are

* involved at each bend, and a high degree of specularity is expected, the
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assumption of a large specularity is probably acceptable. In order to
test the effect of the polythene linef and to include the absorption in
the counter window, it was necessary to modify the program for the -
appropriate boundary cjanditions. The results are shown in fig 7 for
various degrees of specularity. The agreement with the experimental |
results is not good. However, a comparison with fig 6 suggests that the
aﬁdition of some VCN would modify the predicitions in the correct
direction to better correspond with the experimental data.
In order to estimate the transmission of VCN it is necessary to take

a more realistic account of the bends effect. To do this, a three
c_limenai)onal Monte Carlo calculation should be performed. The
difficulties in devglopping aqd debu‘gging such a complicated program led
to the use of a two dimensional analogue previously developed by the
McGill group as part of a general computer simulation of the passage of
UCN and VCN 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 various velocities

-

yielded the transmission factor for this filter, which after

-
7

multiplication by 'U“ gave the predicted VCN spectrum for neutrons
entering the final straight section containing the polythene liner. The

factor vienters from the low velocity approximation to the Boltzmann

»

Distribution.
‘ 0

Figure 8 shows the predicted velocity spectrum for various lengtha\ of
straight uectio;p betwveen the bends. This result assumes 100% specularity
around the bends and includes the necessary correctioﬁ for the

efficiency of the detector. This factor approal'chea unity for the UCN but

drops off as the velocity exceeds the -UCN limit due to the low BF,
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pressure.

It ;hould be noted that a short connecting section between the two
bends is predicted to filter out the VCN more effectively than a longe?
one. This éffect is due to the bunching of VCN near the bottom of the
first bend which would result in their striking the second bend surface

/at an angle exceeding Q= Si;«l (VIE)VL and be lost. However, a longer
straight section redistributes these neutrons and enhances the
transmission of the second bend. *

The straight section sepdrating the bends was 33 cms long. The 100 cm
velocity spectrum is ghown as a time of fligﬁt spectrum in f£ig 9 for the
situation of the velocity spectrometer used in the experiment. Also
ghown is the spectrum modified by the time r;solution function of the
chopper. l

'1“0 use this spectrum as a base for predicting the effect of VCN on
the polythene liner experiment, the previously mentioned UCN Monte Carlo
program was modified by the gddition of VCN. This modification allowed
for the possibility of loss at a wall collision due to the neutrons
incident -angle exceeding the cutoff value for its particular velocity.
The spectrum coming out of the second bend was used as the incident
spectrum for this calculation. The results are shown in fig 10. 1In this
figure, the result for 80X specularity for pure UCN is shown and is seen
.to be too low, whereas if the same specularity is assumed for VCN only,
/it is- seen to be too high. The other curves are for the mixture of UCN
and VCN pi'ed}icted by the bend calculation , shown for 100X, 80% and 60%
specularities., The curve for 861 specularity wi!:;x both UCKR and VCN is in

reasonable agreement} far better than the results for pure UCN.
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*Interpretation of the Attenuation Experiment

!

The attenuati(on experiment provided the data nece‘seary to deduc;e the
UCN absorption cross) section for titanium foil. Titanium has a negative
scattering length. This means that it transmits a fraction of the
incide/nt UCN beam. This fraction can be related to the loss cross
section since those\ neutrons~ suffering nuclear absorption are lost, ax"d
those inelastically scattered have energies too high tobe detected by
the BF, detector. ) .

J

The first step in the analysis is to determine the level of
background noise, Thie noise arises from the deteff:tion of -stray neutrons
of varying energies arising elsevhere in the reactor hall., Since the
noise level was never constant it was necessary to estimate where the
base line should be, the estimate being based on t:h'e. fact that neutrons
having velocities less than 3 m/aeq are not detected with the existing
system. To draw the base line, the counts in the channels correapondi;:g
to velocities below 3.m/sec were summed and averaged, thus ;stablishing
the noise level. Justification of thiu‘procedure is founded in
prerime;tall observations of the noise levels when the thermal column
was closed. With the chopper running, it was seen on the MCS thl/t the
background level was time dependent, i.e., changing from rum to runm.
This being the case, it is not unreasonable to subatract the averaged
background from the total spectrum in the nnn& indicated.

0

The analysis of the data leading to the iinterx'aretation of this |
experiment would be a relatively simple task if the VCN and UCK neutroms
moved in straight lines instesd of rebounding off the walls of the guide
tube, One coul;! in pgtct‘ice line theé entiﬂ; guide tube with polythene,

ensuring linear trajectories, hf;wever, the already low flux of UCN and




©

VCN 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 guidel tube with polythene.

N N
et e 1

This was done and the results of this effort have been discussed in the

previous section. % )

] Using Monte Carlo programs, it was possible to obtain curves which
approximated the observed data. More spegifically, it was possible.to
determine the trajectories of both species of neutrons as a function ofj

‘

. “"specularity and length of polythene liner down a tube of length 80 cm.

[RC SO

The results are shown in table 2. In this table, 1 is the length of

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

ek b K g

is the average path lengt:ﬁ of a neutron. The average path length of a
O neutron is. calculated by dividing the total distance travelled by many

neutrons by the number of neutrons detected, using a givén specularity. :

\

E Ao

/ The geometrical factor F allows for the calculation of the total axial
? J

distance travelled by a neutron. This factor is equal to Setg as shown

in diagram 5. Now the total axial length a neutron must travel before

reaching .the detector is: 1 em (for chopper) + 50 cm (path length) +A,
where Aa is the mean free path of a neutron having a velocity of 5.7
m/sec in the detector. ,The total path length is .therefore 52.2 cns times

0

the factor F. The path length between chopper and deteéctor was 50 cm;

#
i
3
*
3
{‘&
z
R
#
¥
%
X
g
P 1

the value of F calculated from the Monte Carlo calculation for a tube of
", .
) of length 80 cms were assumed to be valid for this 50 cm tube.
Because of “the poor resloving power of the chopper, better statistics

could be obtained by grouping the data in bins of twenty. The contents

O ! of the first twenty channels were :gumed/and reassigned to the first
. N i
channel, Similarly the contents of the next twenty ¢hannals were summed
VS :
% 2 \
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and were reassigned channel two and so on'thus smoothing the datad.

hence, the nth channel corresponds to a time: -
| te {2060 0 (37
% \n-
The factor .4 ms comes_from the time base of the MCS. This means that
A3
é‘: v the dwell time per channel is -4 milliseconds during its scanning mode.
] ' The velocity is given by the expression:
V=52LF/{8Cu-4) (38)
For a 10 cm length of polythene hner, the values of F given in table .2
are too large for both UCN and VCN neutrons. It was necessary to
4 o

interpolate using fig 16 to obtain a new value for F which results in a

(1'; 0 ~lower critical angle for aboth species of neutrons. Figure 16 was not

! derived experimentally but was obtained from a Monte Carlo simulatiom.
/ ' ' v ! ) -
The plot reveals the variation of the secant of the critical angle (F)

* ' as” a function of neutron veloci;:y. .
For UCN having velocities .in the range from four to about six meters
per secar:d the best value for F. is 1.4 wh,ile that for VCN is 1.25. R
Uung these values a plot was made of velocity against channel nunber

the results of which are showu in fig Il. As may be seen the linur
portion of the curve extenda from channels 12-22. Three points in thu
region were selected to deduce the cross ‘section of the titanium foil.

“7  The points in fact correspond to sreas or total counts. Table 3 shows ,
thgu &ivinibnc. The tot':al arc;. nuder the sections of interest iu
obca:.ned from the originll data m.t'h tha background suhm’:nc;ed. It wi,ll

G “ . now be shown how tha sross uect:ion of titanium at diffnnt n‘entron *

ﬂ . velocities may be infarred from ‘the data. By plqtting the integrgttcd_‘ ‘ »V

2z

.
-
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/
counts against the thickness of titanium foil, one obtains cdurves such

"as those shown in fig 12. The slope gives an apparent mean free path

e fder

denoted byq'. Here use is being made of the relation : o

N-N, e (39)

M Ky R« G

-

AT :
In"fact, it is necessary to plot counts versus tilhe path r in titanium

P " T R

foil, not t, its thickness. From the relations:

x=Ft ,q-Fq - (40)

¢ /

one obtains the actual mean free pathgq, , *%;
The calculation of the cross section requires the velocity of the

; - . ;

neutrons inside the foil. Using Snell’s law, one obtains the relationﬁ: / ‘
;o = [\—(\mﬁ‘)”‘ (41)

In this equation Y is the neutron velocity inside the foil and\ is the 1
critical velocity for titanium which iuf‘a,o;' meters per second, The f}
expreasioﬁ 2084 where i= f—? y indicates that the scattering length is é
negative: 'Tab“le 4 shows the resulting cross sections of titani;m for é
the mean velocities of the three bins used in the data analysis. To Co *%

obtain the loss cross section U:m,liuiature data for titanium was

-

plotted assuming a fitting function of the form:

O O
PERIER T U

0= aAlijg 4D, Tur 6D (42)

The least square fitting procedure applied to the literature data gave

¢{= 6.6 barns, and D=4.07 barns. BHere 0~ is the observed cross section,d

§
i
k3
f
i)
e
z
p
H

the normalized cross section far 2200 meter/sec neutrons, ‘ﬁ; / the most

) - a
4 : ' o, e /
. . . - - - '
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=20’ C) and,U the incident neutron velocity. The constant D represents
that part of the observed cross section which does not follow the 1/v

law. It includes contributions resulting from Bragg scattering,

incoherent‘scattering and all other types of gcattering for neutrons in .

= m

the range of 10 to 10 Qéters/sec.

The osservgd points in this experimeﬁt were then placed on the fitted
curve, which had been extrapolated to the velocity range of interest. It
should be noted that the constant D is small, being only about 4.07
barns. However, there does exist some ambiguity in the meaning of D at
very low energies. For example there cannot be Bragg scattering for
energies in the range ldﬁto ldﬂelectron volts since the neutron
wavelength is a few hundred angstroms. Yet for thermal neutrons, Bragg
scattering is not uncommon.

As mentioned on paget4 the effect of Bragg scattering complicates the
fitting function for the literature data since it is essentially gzero
below .004 ev. In fact, a non critical glance at the data for the total
cross section might suggest the presence of an edge in the region near
6.004 ev.-To test this, a fit of the literature data was performed over
two regions: from .002 to' 50 ev. and:from .004 to 50 ev. The former
region yields D=4.07 barns while the latter results in D= 3.98 barns. .
The difference in the loss ’cros‘s sections was .15 barns. This suggests

that the effect of any Bragg scattering does not seriously affect the

interpretation of this experiment.
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Sources of Error

In this section the sources of error will be discussed and ideas will

be presented to improve the experiment.

'

There\are three sources of error that affect the %ata. These errors
arise from: the low resolving power of the chopper, a time varying
neutron flux, and system timing errors, all to be described belgw. of
these, the first two contribute relatively large errors.

?he resolving power of the chopper is inherently dependant on its
design and construction..A larger chopper hav{ng a slit instead of a
circular shutter would increase its sensitivity to velocity )

/
discrimination but would reduce its transmission. For example, instead
of grouping the data in lots of twenty as was done in the anglysia of
this experiment, it would be better to group the data in smailer lots,
allowing more points to be used thus increasing the accuracy in the

cross section versus velocity graph. The resolving power of the chopper

is given by the expression:

L ots (R Frused a3)

;nsenting the appropriate numbers it is found that the time resolution
of the instrument is 48 msec for a rotation speed of 240 tevoiﬁtionc per
minute. For a 6 meter per second neutron this means a velocity spread of
+1.7 meters/sec. Bince the resolution also depends on the length of the
flighf path, an increase ih_ics iength would iﬁprove,tha resolution,

As slways however there is an exchange. This exchange would r»t‘xlt in a
decrease in the counting rate which would adversely affect the
statistics, Some -pcﬁlnills which conspire to yié ‘n low countin;gta

i

will be deseribed later. ‘
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]

An inspection of column five in table 4 reveals that the normalized
i Ch
cross section for 2200 meter/second neutrons is not constant., This \

. result is partly due to the low resolving power of the chopper. The

velocity resolution of the chopper is given by the expressions

13
o

d-’V/’U' = .096 U (44)

i

To calculste the error in the normalized cross - section€;, one

twdoodv)/v,  (45)

to obtain: . i ) “
dox (o sl e

This assumes that the velocity recolution of the chopper remaing
constant. In fact, the velocity res?lution is given by equation
multiplxed byé% ’ the efficiency of the detector. It turns out however
that the effzcxency of the detector does not vary wildly for neutrons in
the range 6.8-8.0 metérs/sec. For a 6.8 meter/sec neutron, the error in G
is$2.3 barns. , . J.

The error in the loss cross cec;ionﬁ'w must be found by f‘.irlt
determining the error %u the apparent g?in free path and then.using the

3

resule:

Oras P

dGy - hdf-“—%q«n CYS

The error in the spparant mean free path was determined by applying a

least squares fit to the counts versus titanfum foil dats. To ﬁctcﬁim

{
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the error in F, a plot was made of F as a function of velocity. Values

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

program described previously by holding the specularity fixed at 80% and

keeping the length of the polythene liner fixed at 10 cms. Thus, the
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 is best shown by an
‘examplez if it is required to find the error in F for neutrons having
velocities in the range from say 6.5 to 7.4 meters per second
(corresponding to area one in fig 17) one obtains from fig 16 values of
,F corresponding to 1.36 and 1.26. The difference divided by two is the
error associated with a neutron having an average velocity of 6.95
meters per second, or the mean of 6.5 and 7.4 meters per second. It
should be noted that there exists another source of error in F. This

/
error is associated with the way F was obtained in the first place- a

Monte Carlo simulation. This error is straightforward to compute and is

given by the expression: !

-

€ = ZL: (E,-F:) /'ND ; No= qeg#rons de;teckd- (48)

. , .
This error is small however and therefore not included in the error in

F.

!
One major drawback co‘;orking with an engineering type reactor lies

i the frequent changes in flux level. Because fuel bundles are

’ /
periodically changed or woved to another positiom in the reactor lattice

in order to'maintain constant power, ‘the flux in & given location may
/ ‘* ! -
vary by as mach as ten or fifteen percent. In order to obtain

consistent results, it was necessary to momitor the neutron counting

.
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rate near the guide tube. An external counter was placed in close
proximity 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 reasons which were not
explored due to lack of time. To surmount this pr;£lem the f1u£ in the
‘expefimental area was monitored by detectors placed inside the reactor. .

» * >
These counters could monitor the flux accurately to within 5 Z%. '

Measurements were thus taken only when the neutron density was constant
as indicated by the counters. Thus, an error of 5% can be associated

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

G

» approximation it was assumed that the percentage of UCN is always the °

same i.e, the ratio of UCN to the total neutron population at all /
- ' I ” \
: ( ' energies is fixed so that if the flux of neutrons varies by 52 the UCN

*  flux will vary by 5%. |
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Loss Mechanisms for UCN and VCN

Pores and Surface Roughness
The ;;obability of losing UCN in ;he walls of the guide tube is
increased if the -pores in the material, which constitute the guide tube;
are of order 100 angstroms or greater. If the size of the pores is much
smaller than the UCN wavelength the average dénsity of material and
hence the UCN ﬁg:;ntial V will be reduced. If in addition the porosity

is a function of distance from the surface the effective potential might

have the form shown in fig 15 instead of the ideal form shown in fig 14.

fhis could increase the UCN losses because the UCN penetrate further
into the material; however thxs can only have a minor effect. If on the
other hand the pores are of the order of a UbN wavalength, then UCN can

be trapped in a pore with a consequent increase in loss rate,

In the opposite extreme if the wavelength of the UCN is much Iirger

, . &
than the size of the pores in the guide, the effect will be to round off

. the potential step of the-ideal surface as in fig 15 and this will

-

increase the UCN loss rate since Qhe UCN wave will overlap a greqté;
number of nuclei before reflection. This problem has been lgndiei in
detail by Ignatovich (1973) who treated the problem by applying .
par&dbitioﬁ theory to the Schrodinger equation assuming a Ga.unian

co:rchtion function for the surface roughness wi.th ;the result:

ﬂ }} {’H 2,‘) N /(H.““‘w +[§‘w)‘)ﬁ} | (49) 4’ A

vhere ,”, i.a thc loss ﬁcta: in :!w .absence of pores and Q (4? is the
. )critictl m'u m tér ucu ﬂﬂwtz&oﬂ,and b the m hai;ht vnriution :
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g the worst case f->0 one finds an increase in UCN losses of about 25%.

v r 5 X ,
g / ' " \ Losses due to impurities

B

% One mechanism which may be responsible for some UCN loss is related

i

: to impurities on the imner surface of the guide tube. In order for large

)

losses to occur it would. be necessary that the contaminant have a small

R aE

nuclear mass and a large incoherent cross gsection (Blokhintsev and

"Plakida, 1977). A prime candidate having thes€ properties is hydrogen.

1]

In addition it should be noted that because of its chemical properties
—

hydrogen could be present to some extent, in the forh‘of hydroxides in 1,
..: the oxide layer which covers most metals. Hydrogen can also be deposited
1 : | on the inner surface in the form ?f\a hydrocarbon by the vacuum pump
;i (i’ which uses oil, although the geometry used minimizes this effact.

Nevertheless it has been estimated that a hydrogenous layer about 70 x o .

thick would cause large UCN losses (Herdin, et ai, 1977). PFrom the

foregoing discussion it is evident that a highly polished guide tube

void of surface contanination would minimize UCN loloea, éhu: allowing
for a longer flight path. The guqu tubes used in this experiment vere
only mechanxcally polished; the use of electroplating or ion bombardment
might have reduced the UCN losses by reducing the very sharp surface

. o )
\ imperfections and by more effectively cleaning the surface laygr.




e rm e g i ettt et mn e e ety [P

IR e, e aen

41

) ‘
result in gross errors if the sweep gontrol was not properly calibrated.

vHowéver,.this’syatem was checked and was deemed reliable. Since the

rotation speed of the chbpper was manuglly controlled by varying the
input voltage to the motor, it is clear that a constant speed cannot be
maintained over extended periods. This fluctuation in rotational
velocity results in asynchrony with the MCS time sweep and causes the
MCS to miss timing some of the UCN bursts. The effect is to diminish the
neutron counts. To regulate the rotation speed it is recommended that a
feedbaci system be employed with a DC motor or a synchronous motor. Such

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

over the motor.’
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Conclusion

fhe'object of this experiment was to determine the attenuation
of UCN by titanium foil. This attenuation could, after appropriate
transformation ,b; interpreted as a loss cross section. It was found
that the loss cross section was consistent with the 1/v law, although
it appears that the cross section deviates increasingly from this law
as the neutron velocity becames nil. The errors are large, and points
‘few to say that aberrations from the 1/v 1law exist at extremely low

|

velocities. A more accurate experiment would have to be performed in
order to verify thisﬂobservation. The loss cross section defined on page
12 results from inelastic and absorption effects. It should be noted
that the inelastic scattering éfos; section also‘vgries as the 1/v law.

v

The thermal inelastic cross section at 6.95 m/sec is estimated to be
4

nearly 20 barns from the expression given on page 12.. This is small in
comparison to the measured loss cross section of 1800 barns suggesting

that most of this loss is due to nucléar absorption in the case of

i

titanium.

Y

Titanium was selected because it is characterized by a negative

!

scﬁ:terihg length, which means that it permits some transmission of UCN

and VCN. Its ability to transmit extremely low energy ﬁeutrods, combined

with its flexibility and strength, make this metal useful for the

construction of thin windows for UCN detectors. \
Before the UCN cross section of titanium was determined, it was
necessary’to obtain an estimate of the number of the UCN transmitted

down the guide tube. It was observed that this number, and inéeed the

velocity spectrum itself are sensitive to the degree of specularity
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of the guide tube. From a Monte Carlo simulation the specularity of the
guide tube was found to be about 80Z. This simulation also gave useful
/information on the effect of bends on VCN. It was iéarned that a short
connecting section between two bends will filter out VCN more
effectively than a longer one. This effect is due ‘to the bunching of
VCKN near the bottom of the first bend which would result in tyeir
striking the second bend surface at an attitude exceeding the critical
angle given by equation 2.

To increase tHe counting rate it is recommended that the guide tube
be electropolished in order go decrease the effects of pores and pits,
If possible, the converter should be placed deeper in the thermal column
as this would also: increage the production of UCN. ~

To minimize the effect of background thermal neutrons, the eptire

chopper—detector assembly should be shielded using blocks of borinated

paraffin. ) ,

-
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Material Effective Potential ° Theoretical loss factor

§ i 4

Units of 10 eV f= (W/VIx10

.
8

ML 27.0 ' 2.5 /
Be 25.0 0.1 (300°K)
| c 18.0 0.l
Cu - 17.0 o 3.1
Mg 6. 0.2 : i
Al 5.6 ‘ 0.5

Polythene =1.1 -

Water -1.1 - . )
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LENGTH OF
LINER

. ﬁLz

10

20

10

20

20

10
.10
10

10

10

Table 2

SPEC% X=TPL/ND

UCN V=5.7 meters/sec
/

100 118.0
100 85.9
100 80.0
80 166.0
80 101.9
80 91.0
60 » 225.0
60 139.0
60 101.9

VCN V=7.0 meters/sec

100 87.3
BO 90.5
60 85.6

VCN V=90 meters/sec

80 83.6 .

VCN V=12.0 meters/sec

80 O 83.9

F=X/(80-L)

1.48
1.23
1.33
2.07
1.46
1.52
2.81
1.98
1.70

1.25
1.29
1.22

1.19

1.20

-y
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Channel Area

Velocity Range

12-14
14-16

16-18

7.4-6.5 ‘m/sec

5.7-5.2 m/sec

6:5-5.7 m/sec '

e e

Table 3 . .

Mean Velocity

Titanium Foil Thickness in Mil .

foi!ithigkness. .

- 0.0 05 1.0 2.0 4.0
6.95 m/sec. 828 793 358 355 ° 219
© 6.10 m/sec 1103 966 . 561 " -401 - 209 .
5.45 m/sec 1150 1230 570 M0 128
"+ Numbers in last column are integrated counts -
in indicated channel area for various Ti
™
J )
’ o h e ,:‘",""-
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Observed Velocity
v in wm/sec

6.95

&

0O

Y

Correcled Velocity

Apparant Mcan Free

G ATy gt 0w e

Loss Cross Section

Normalized !os'

v _in_m/sec Path in inches (d) o in barns Cross Section 2;1??GQ
7.58. 0.00381 +.0008 1832 £ 450 6.70% 1.3
i 0.00317 £.0006 2202 ¢ 490 7.34¢1.1
6.26! 0.00235 +.0004 2971 4 600 9.18£2.3
1]
¢ -
C -3
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Fig 1. Illustration of the physical meaning of a positive
. ’ £ . >
scattering length. The wave -function is plotted against

radial distance. The scattering length is the~eiprapolated .
l :
] \ | intercept of the wava function on the r axis.
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Fig 2. Illustration of the physical meaning of a negative

‘scattering length. The wave function is plotted against

radial distance. The scittering length is the'extéipolated

intercept of the wave function on the r axis.
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Fig- 3. Illustration of the spectrum obtained from the ' /
detector when placed next to an Am-Be neutron source.
The discriminator was set to fire above the noise. The

shaded area 1-2 corresponds to the quiescent region. - .
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Fig 4. Illustration of the effect of polythene~1in§r

length on UCN count rate. The large background can be

reduced by using more shielding. ‘The background shown
B

here was measured in different runs and its average 13

2800 cOunts per BOO seconds.
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COUNTS PER 800 SEC

e ¢ Uncorrected

850C0O ' X Corrected
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Fig 5. Illustration of date in a typical time of flighi
run. All counts below the line are considered as noise.
Note that the line is not horizontal as is expected, but

slightly skewed. This is due to a variable background
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