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ABSTR/CT

All errors due to diffraction effects in a neutron attenuation
experiment are computed. Also a special experiment to measure the
forward intensity of diffracted neutrons from lead and copper is
described, and the results given, These agree with the theoretical

values.,
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DIFFRACTION EFFECTS IN NEUTRON ATTENUATION MESSUREMENTS L

Edwin M. McMillan and Duane C, Sewell
Radiation Laboratory, Department of Physies
University of California, Berkeley

November 20, 1947

I. Introduction

In interpreting fast neutron scattering experiments, it has
generally been assumed that the diffraction of the neutron waves by
the nucleus accounts for a part of the total cross section equal to
the projected collision area of the nucleus. (See, for exemple, refs,

(1) ond (2) and earlier work referred to in these papers.) This is

(1) R. Sherr, Phys. Rev. 68 240 (1945)

(2) E. Amaldi, D. Bpecierilli, B, H, Cacciapuoti, and G. C. Trabacchi,

Nuovo Cimento 3 203 (1946)

a very reasonable assumpbtion, particularly in caeses where the neutron
wave length is short compaered to the nuclear diameter, since the
diffracted intensity is‘mostly in the forward direction and the situa-
tion approximates that of diffraction by a disk;like obstacle., Com=-
parison with the well-known equivalent optical problem shows that the
total diffracted flux is indeed equal to the flux intercepted by the
obstacle, and that its engular distribution is given by:

@7 (6) = | RJ1 (KR sin 0).2

| in €
3 sin Jl ) I(l)

where ¢y (@) is the cross section per unit solid angle for diffraction

at the angle €, R is the collision redius of the nucleus, k is 2 7rtimes



the reciprocal of the neutron wavelength, and Jy is a Besséil funption,

The total cross section 7y should then be made up of the inte-
grated cross section T4 for diffraction plus an equal smount to take
care of the neubrons that actually strike the nucleus, giving the
vsually assumed relation:

'y o= 28] = 20RP
(2)

This should be strietly valid when kR>1, if the nucleus can be
considered as an opaque obstacle. If the nucleﬁs is partially trens-
parent, as is apparently the case for lighter nuclei at 90 Mev
neutron energy, the situation is more complicated, and both the magni-

tude =and giéﬁlar distributioh of the diffraction cen be altered. One

can however still treat (2) as a definition of R in these cases, and
use the diffraction formula (1) as a first epproximation, with the'
understanding that the R so defined may be smaller than the actual
nuclear radius.

In the cases to be considered here, we are dealing with 90 Mev
neutrons, for which k = 2,15 x 1013 cm*l; the collision radius found
for the uranium nucleus is 9.0 x 10~13 cm,, giving kR = 19, According
to egn. (1) the diffraction pattern for urenium falls to half intensity
at © = 0,085 radian, while the patterns for other elements will be
wider, |

At small values of @, the diffraction per unit sclid angle is
given_approximately by the first two terms in the series expansion for
the Bessel function, thus:

63 (8) -~ 1/4 x2 R4

. 2

1 -1/8 (IR sin 0)2 |
e d (3)
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Il. Diffraction Error in an Attenuetion Experiment

With the above preliminarics we can estimate the intensity

diffracted into the detector in a typical attenuation experiment (3),

(3) BP-122; Phys. Rev. Dec¢. 15, 1947

set up as in Fig. 1, The method of calculation is similar to that of
ref. (2), appendix II. The source end detector are treated as points,
since they subtend angles small compared to the width of the centrsal
diffrection pesalk.

Let'IO = neutron intensity per unit srea at detector, in absence
of scatterer. Then the intensity abt.the position of the scatterer is
IO (xl + x2)2 / xlz, from the inverse sguarc law, and the number
striking the scatterer between r and r + dr is:

. 2 2
dIg = 2fr dr ¢ I, (x; + XZ) / X (4)

Now the prolability that & neubron will pass through the scatterer
with no collisions is e'l%k, where X is the mean free path., The
probability of making just one diffraction collision is 1/2 (KA&) e-@ﬂ&,
the factor of 1/2 coming from the fact that half the total cross
section is due to diffractions The prohability of making just n
diffraction collisions is (£/2N® (1/nt) e"£77ﬁ assuming that the
paths remain neecrly perallel to the axis. This assumption becomes
invelid in the present case only for values of n too large to have
any importance.

The next step is to compute the intensity directed toward the
detector for each number of collisions. For one collision, this is
very simple. Combining egn. (4) with the result of the last para-

graph, we get the number of collisions occuring at each value of r;
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this must be multiplied by the intensity per unit solid angle in the
direction of the detector per collision which is equal to 5&(6)/5“, and
finally by the solid angle of unit area at the detechbor as seen from
the scatterer, which is eoqual %o 1/&22. Then the intensity diffracted

into the detector by single collisions is given by:

1) = ar (/e A QL 102 S () rd (5)
d 0 X1 Xop ,/ s

.

d
a”
Putting in the approximation (3) for ¢;(8), end noting that

sin @ ~(L + L )r, this is easily integrated.

Xl X2
Using the relations (2), the result can be written:
(l) J ""i?\
R 7DD S (6)
where K = 1/8 ¥2R2a%(1 , 1y% 1 % s> & (1 ! )2.
X Xo T8 v x P

The setup we are interested in ?as k = 2:15 x 10113 cm*1l, a = 1.25",
x; = 110", xp = 88"; for lead ¢} = 4.53 x 1024 em®, giving K = 0.0273.
Thus K can be neglected in the parenthesis in (8), which means that
the angles introduced by the finite width of the scatterer are not
important.

The computation of the intensity due tohmultiple scattering is
more involved if carried out to the second order as done sbove, and
we shall content ourselves with a first order computation which will
be of s ufficient accurecy. The freaguency of multiple c¢ollisions is
as given above; the width of the centrsl peak after n collisions
incresses ahout as nl/é, and therefore the central intensity varies
about as l/h. Thus the contribution of intensity due to the various
numbers of scatterings are proportional to (J@@(On / (nent)end the
total intensity is: _ X

Iq = Id(l) f 1+ (/«V/z 2) /4 +(Y2 A)2/18 + ..-_~i (7)
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This series can be summed as an exponential integral, but this is
hardly justified since the higher terms are certainly not accurate
and are not important in the present case, where %%& 1

To find the errvr whish this effect produces in the attenuation

meesurement, we consider that the cross section is computed from the

relation:
J I3 IO
Nig = #n - 17/
N t <] s }.
IO + Id (8)
-7 7 1
~ 1 -1 (14 L)
. : ( B -}'

and that therefore the fractional error is given by the difference of
the bracket frem vnily. This ©ormula was uged fov coﬁputing the
corrections applicd Tto tne abttenuation experiments: The correction is
3.17 in the cese of lewd, less for lighter ¢lements because of the
smaller value of 67, and less for U because in this case the radius
of the scatterer was only 1%,

I1I. Direct Measurement of Diffracted Intensity

In order to check to some extent the velldity of the assumptions
used above, an experiment was set up as shown in Fig. 2.

The cyclinder # is of copper, 10" long, and absorbs over 99% of
the direct beam, The ring B is lecd or copper, w'th e ‘e Three

measursments were made, using the ssme technigque a3 in the attenuation

experiments:

I, = intensity at detector with A and B away
Is = bsckground = intensity with £ in plece
Iz = intensity with bhoth A and B in place
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Then the ratio of the intensity scattered by B to the initial
intensity is given 'y (Iz - Ip) (I; - Ip). This is to be compared

to the theoretical rktio, ohteiped from equations (8) and (7):

-2 ,
Ia . k= 1o . N
L x* (1+33) K (1-K)-K (1~Kl)} (9)

where the two values of K correspond to the two redii a; and a5.

Since ay = 1.5", sy = 3", for lead K; = 0.036, K, = 0.142, and for

2
Cu Kl = 0,018, K2 = 0,070, The expected ratios are then 0.038 for
Pb, C.019 for Cui

The measured valuss, with mean errors from the counting statistiecs,
are:

T; = 2.74 % 0.04

Ip = 0.217 ¥ 0.003

(7S

0,304 - 0,004

b

Ts (Pb ring)

1+

0.259 = 0.004

#

Iz (Gu ring)
These give Id/Io = 0,035 £ 0,002 for Pb and 0,017 ¥ 0,002 for Cu, in

excollent agreement with the computed values.,
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