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Abstract

L]

The inelastio scattering cross sections

of lead and urenium for 14 VYev neutrons have

besn messured bv means of threshold detectors

whrose thresholds were 12 Nev and 3 Mev.
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Inelastic Scattering Crdss Sectioms of Lead and Uranium

for 14 Mev Neutrons

Introduction

The purpose of this experiment was to measure the inslastic
scattering oross section of uranium for 14 Mev neutrons and to determine
the approximate energy loss during an inelastic-collision. Duplicate
runs wers made in every cane,.using lead in place of uranium}agg ons
would expect similar results except for ths effeocts of fissiOA?

. The measurements were made with threshold detectors whose
charaéteriatioslraro, ideally, zero detection cross section for neutrons
below threshold energy and an approximately constant oroas section above
this energy. Actually, however, instead of a critieal energy there is
usually & transition zone one or two qu w;;;. Ths true shepe of this
curve was used in snalyzing the data. (See Fig. 1., ) With detsctors
of this type the measuresd value of the inelastic scattering cross
section is the sum of the cross sections for all processes in which the
neutron is either scattered out or degraded in energy below the thresh-
0old of the detector, the most probable progesses being (a ) true in-

elastic scattering, (b) n,2n, (¢) n, fission.

Disk scattering

" The ideal experimental setup should be one in which the effects
L0f elastic scattering are oencelled out. The first dttempt et this was

thin disk scattering ss suggested by John Manley. A thin urenium disk
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with both facea covered with copper foil detectors was placed normal to
the beam of 14 Mev neutrons. The copper foil on ths side toward the neu-

tron source should see all the primary neutrons plus all the elastically

P N
R,

back~scattered neutrons. The foil on the face of the disk away from
the neutron source should see the primary neutrons minus these elasti-
cally back-scattered and minus those inelalticilly scattered in the
uranium. The effect of the primary neutrons alone was determined by

2 second run mede with duplicate copper disks and without the uranium

disk. For a primsry beam of I,, the intensity on the side towerd the

source is I, and the infonsity away is T

z I
Then
Ip = T, (1 + No elastic )
I, = I,-(1 - Vo elastic - No igelastic )
AMding gives
No =2 - IT + IA_
in
To
'Oin - 2 IO - IT - IA
I,

whers N is the number of uranium atoms per ¢m? and the I's are obtained
from the Geiger counting rete of the foils after irradiation. This is
of course a crude picture but the method will not be discussed in more
detail since it was not satisfactory; & correction factor in the foil

sensitivity was larger than the main effect and very difficult to

. sompute,

o, 500 0 30 1% UNCLASSIFIED
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This correotion, .called the obliquity factor, comes sbout
in the following{ way. If the detector feil is in a uniform neutron
flux, the éiz;, shape, or oriéntotibn is of no importance, only the
totel number of atoms in the flux, provided 'of‘ course the path lengths
in the detector are vary smell compared to a mean free path., However
in a non-uniform flux this is not the case. Ilet n, the neutrons per cm
sec, be expressed as a function of a parameter, _e_. Let g_é be that
differential area of the foil which sees a consta.nt value of nsutro;‘x
flux and. let it be expressed as function of 8 . Let P, the associnte's
peth length in the foil, be expressed as a function of 8. The r;ate of
formation of radioactive stoms in the detector foil, R, is then given by

R nf on(e) -#atom’§/cc « P(B) « A (o) e~ Zl)
é

If n .is & constent, this results in : R

"R, =on #atoms/cc f PdA=o0n °#atoms/cc x volume .
A
R, = onfetons
c #‘ (2 )\
which is customarily used. ‘!"\”‘

A more convenient form of ecustion (1) in the case of a point

source of neutrons is

R = ofetons/om’ / n neuts/unit solid angle x F x d.(3)
n

As an example of this obliquity correction consider a point source Q

neutrons per second and a circular disk detector.

b

;dn | P = e ‘
? P dn =27 sin 64 @
Q r e b oo o .?-'-'..0’.# a‘toms/ce -Z;- P dn
FRFCEE I R A
¢ Se coe o7 n‘%"dtoms/cc Qb ( dz
e o = hd
.K. e A /@’ 1 rz )

L4 ——
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if a were small enough So-thnt the flux could be considered parallel,

the expected reaction rats would be R e

2
R Q o AxNx b)N = 8
o - A = A'coms/cc
™ : — 3 #
r
RO = (o] QAb R 82
4 r2

The obliquity factor _g_.- log (1 + a?/é? ). , which increasss to 1
° al/r2 -
as a/r gets small. Now in the case of disk seattering the obliquity

factor would have to be obtained by considering sach point of the
uranjum disk in the above manner and integrating over the volume, &
complicated procedure when such othesr factors as gecondary elastic

or inelastic scattering in the uranium associated with the different

N

path lengths are considered.

8
Method

The method finally used for the experiment was sphﬁ?E‘?Eltf;rJ
ing. Leed and uranium spheres of radius about one-~half mean free path
for energy loss were made with a smell central cavity in whichhéhe
detector foils were placed. 1In such a spherical geometry the effects
of elastic scattering do not enter into the caloulations since just as
many neutrons are elasticelly scettered out as are elastically scattered
into the detector. The foils were made in long thin strips which were

rolled up tight to approximate a pseudosphere when placed in the cavity

C RELEASE
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and which could be unrolled and wrapped around a Geiger counter for good
counting geometry,

Several sizes of uranium spheres were tried with copper
detectors. Redii, of 3, 4, and € cm &2ll gave the seme value of inelastic

scattering cross section within the experimentsl error, 5

~
.

The experimental procedure (Fig. 2 ) consisted of pl;éing the
sphere with the internal detector in the neutron beam for about 1@&.
minutes (approximately one half-life ) and then counting the induced
foil mctivity. 4 second run was then made with a duplicate detector
but without the spheret The ratio. of the two foil activities was then
a measure of what we have called inelastic scatt?ring. 10 minute runs
were chosen as a compromise since the foils would be up to sbout half of
saturated activity end a number of runs could be made in a reasonable

time,

N
Of course it was necessary to normalize the neutron flux during

the two runs.- This was done by using & mahitor foil of the same material

as the detector foil, placed in the bsem in & standard zeometry far enough

from the sphere to minimize sny back=scattering effects from the'sphere.
After irrsdiation with the.sphere in, the detector and memitor

foilé were counted simultaneously in two Ceiger counterc'fop about 10

minutes. The retio of the total ccunts in such a case is the same as

the retio of the two foll activities at the end of irrediation. The

same ratio was determined for the sphere-odut run.

Computation

The transmission T of a neutron beam through a medium is given

by . ’.: .31' .?e-.ug\rzoo [

APPROVED FOR PUBLI C RELEASE




®<ratidit, I U )

APPROVED FOR PUBLI C RELEASE

$98 i Ties
PIE Y S T A FOR

where N is ths number of etoms per cc, r is the distence in centimeters
and ¢ is the total cross section in general, but is only the inelastic

in our case,

ip = _= loge T

¥r
Tsing, detector foils of equal mass, the transmission ie the ratio of foil
activities, 52, with the sprere in and out, normalized to the same neutron

flux by means of the monitor foil activities, Am,

Te _AMin x Ag out
Ad out Am in

3
.

This ratio is evalusted from the counting data, using equal monitor masses,

T e {(8d/Am) in i

(4d/am ) out
Fhen computed in this fashion the irradiation time and the counting time

do not enter into the calculations, and so do not need to be known.

Results with 14 Vev Neutrons

The results to date are shown in the tabls below. The errors
given are the mean deviations from the aversge., The geometrical cross

sections are included for comparison. The cross sections are in barns.

Al detector Cu detector
J
¥aterinl runs o in runs g in geome - figsion trge
rical inelastic

Lead 8 2,20 4+ .17 11 2.29 +0.12. 2.5 2.25 + 0.15
Tranium 7 2,02 4+ 0.21 15 2,50 + 0.08 2.7 0.85 1.65 + 0.10
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In the teble we see that the inelastic cross section of lead is
essentislly the seme when measured by the copper ard eluminum detectors,
This suggegts that tre inelastically scattersd neuvtrons which are degraded
in energy below the coprer threshold are slso degraded below the aluminum

threshold, or, & 14 ¥Mev neutron loses over 11 Wev ir its first ineslastic

collision in lesd, ~

In the cese of uranium there is a significent difference in the
results of the measurements with the two detectors., This difference might
be due to an average energy loss hetween the two thresholds but more prob-
ably is due to activation of the aluminum deteétor by the faster of the

28 fission neutrons. If this is so, thenfthe results of the experiment
¢
L 4
ere that the true inelastic scattering croes section (measured-minus

fission ) of uranium is twice as rfreat as the fission cross section and

the averapze energy loss due to an inelastigﬂcqllision of 2 i% Mev neutron
. - 'ﬂ -l - v . e
in uranium is over 11 Vev. . /14’/’, , 5

[ 2 -z
.

Correction of measurements with aluminum detector.

Zvaluetion of the expected contribution from fission neutrors to
. : -a
the aluminum foil activation is given below. -

s The ratio ¢ of detector gbtivption R from fissicn neutromns to

“the detector activation R, from primarj bdem neutrons is

- _ ¢ = R/ﬁ
ct

. L I
R, is computed on the basis of the value 6f inelestic scatiering cross

— .

section; u determined with the copper detector,

[ )
[ d
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[
[
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-No
Ry = ng neutrons/om? sec x a~NOT

x Op1 x# Al etoms/co x Volume Al,
where Al refers to aluminum. . |
R is the produot of"three computed functions.
®) The average number of fissions/cm® sec = F.
b) The average number of neutxjons/fission detectable with
aluminum = G.

¢) The number of aluminum reactiona/detectablo nsutron

integrated over the uranium sphere = Ry, .

R=FXGZR2

3o;n 1+Aca
Fe =~ £ 0 1org9.T2Y<
h
waere 2a.3Aa"'[ Ao

(1_ o 2A aa)]

Gf = 248 neutons/fission x (0.218 detectable nou'trons/
fission neutron

G = 0,56 deteotable neutrons/fission.

(W . a 2 2
Rt = 2770 crAl*Aycc/ [- 2;’; 1}:; ] ( 1-0.84 —i’T) b’db
. r :

C .= R/Ro = FGRa/RO
i+Aoa (,_ " RAca
377'0;.ﬂ [Zd '———AT (i e

- oA
-

)]/'f(b)db . 0.55

v e—AvrasAdz

C = 0.0648 =« 6.45 ¢
P« 0.8 cm
V = 0.98 oc
r =3.34 cm

& = 3.97 cm

- o o - - -:..--.——..—..-—-—-———-——-—----—---—----—-...—----.--—-—.—_——.-----—--—————.

Apprend ix B ' ..: 'E' E OEO E.. E.:
#% Appendix C A I

+ Flgure 1
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o = 250 x 10-24 cmz
-
op = 0.86 x 10 24 on®

A = 0.464 x lo23 e:*toma/cm:5 :
A

a

8.2 cm for 3 Yev neutrOn.a;.';.
S E® = 0,76 om®

The sverage value of the trensmission as measured was 0.731,

If we consider that the value we should use is 0,731 (1 =~ c) we get

T = 0.684. Putting this in the cross section formuls gives

lo T
%n =~ _...i?_...,_. = 0.380 x 2.44 barns.
¥ or 1.56 x 102%

The mean deviation will be about the same, so

bin = 2.44: 0.21 barns,

which i1s in agreement with the value obteined with copper

Oipn = 2.50 * 0.08 barns,

Trerefore the results of the experiment are probably correct as steted.
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Fige 1

fission neutron-spectrum,
LA 140 and B.E. Watts

aluminum crogfk section curve" gp1

.~

The detection efficiency is the normalized, integrsted

product of these two functions, which is equal to 21,8

percent detectable neutrons per fission meutron.
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Appendix A
Detector Reaction Threshold Half-life Cross Section Size
63 N . 1 "
Cu n=2n ~ 12 Yev 10.4 min 0.25 barns 12" x 1/
x 0.003"
Al n=-p ~ 3 lWev 10.2 min 0,082 barns 12" x 1/2“
X 0-008"
N -
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Appendix B

“ Toevaluste the total number of fissions in a uranium sphere

in a uniform flux of neutrons,

First assumption

Any effects of elastic scattering cancel out due to the

spherical geometry.

The locus of differential volumes which see the same nevtron
flux is a ring of volume dv « 21y dy dx. The number of fissions in
dv/%ec = df. N

af = e n x ‘m/bc av o ' .

The neutron flux n falls off due to inelastic scattering end fission as

-4ct

n:noo

.

where ¢ is the thickness of material,

:
df = o n, et Vv a-y? -x) #A zﬁ'.j{‘dy dx '
. Sy
: Aox -A¢ a*-y
f = az.nQA.?.?r(é e [ dY dx

To obtein the average, °gmtmc oP‘hWibha per second cm:5 we take

APPRO\/ED FCR PUBL
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F = £

: 4;3 n a3
or 3o0; ng {+Aca ~-2Aca
Fr 2l |pg lrhea o ozhoa)
Ra*A o* Ao ‘
which is given as ecuation (a ). As @ check on the validity of the

equation, we can see if it reduces to the simple form of

3

= A
o noof

which we know holds true for small values of a. The procedure is to

teke lim F, the necessity being that 7 is indeterminate for smell a,

a—>» 0

Arite
= 3 1thAoa -ond)
Fofx —dog | 2a- 022 (1o e

Differentiating three times to get rid of the as in the denominator
we ot .

3
4 A o’

limF = 1im 37 | 229
2%l g A’o?

a-» 0 a->0

lim F = Fo

a4 -» o
e eee o 200 S0 o0
o o o o e o o o
e o o e o ° o
] e oo e o o
[ [ 4 L ] [ ] o o
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Appendix C

To deternine the rate of formation of radio-aluminum atoms
due to the presence of fission neutrons of Q per cc with energy sbove
3 Wev, cConsider first e point scurce of neutrons, N neutrons per unit

solid angle, at a distsnce P_ from the center of the aluminum detector

rac} fus .

Ze
fo
Q

For different angles @ the flux incident on the sphere is different by

1/r2 and the path length P is different in the sphere and hence the

reaction probability is - also different. Lei the number of reactions

per second in the differential solid engle d 1 be dR, ,

- dRy = 0,, x N dn xgAl/cc P,

First to express P as a function of 8,

(x-b ) 2 . yz .pz

y =X ten €

X = b cos® 6 + o cos @ —\/ 1 -k sin® 8

where k = b//.) .

y:_bsinecose:_/_;sina ~\/ l-kzsinze

P..-... 00 o .1.: k? Binz e
TR SRR
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To get 41 as a function of 6,
dN = dA = ' 2ny' rd e 2n Y doe
2 ré T

but y‘/r = sin 8,

dNl - 2n sinead &

dR, -'oAlxNx#Al/cch/a‘\/l - ¥ gin? 8 x 2r 8in 6 d &

; i‘é R N .A:'.“l
R o, NgAl 41 bsi ) 1-12sin26 d o
1 = Al . ﬂ n l.

o
2 2

b -, b+,
R, =2noc,  Ngal) {-—"
p m iy N 2,50 b=

/> is determined by setting 4/311/)3 « volume

Volume = rass * 2.56 = N.95 ce
density 2.7

Pl = 0.61 cm
This will hold for small b but for lerge b it does not take inte
sccount the inelastic scattering in the uranium, However for these large
b the chanée in flux due to the factor e-rﬂ is small .comparéd to the
change due to l/rz, and so this form is still & fair approximation. This
is the contribution of & point source. The totel source strength for

given Db is ¥ x 4nb2 4 b,

d-b

dR11 = 810 b2 0, NgAl 1~ bz-/oz log b+,
2 by b-p
ki H |
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We must put in the exponential decay factor now since we have varying b.
This is e-b/X where A is the mean free path for energy loss, since
agein we agsume o]astié; scattering cancels out. For our range of

values of b we can set this to (1 - 0.84 b/q~)t. N = Q/4n¢ .-

d 2 2
‘- 2 # _b"‘/.) b+p - b) 2
Rz 87% o N Al[ [1 2 Loy b_p](i 0.84) b db

‘R, 227p 0, Q#A [ £ (b)dD

_R
2T

Ll Y

R = 2mpoy, #Al/f(b)db

This integral is too messy to evaluate analytically, so we plot the

integrand and measure the area, giving .
=)
/f(b) db = 0.76 cn®,
-
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