NEUTRON-PROTON CAPTURE CROSS SECTION

problems of neutron detector absorption, source
perturbation, and mode content control (or use of an
integrating technique).? The first of these has been
properly dealt with in the present experiment. The
second may produce some slight systematic error; its
magnitude is difficult to evaluate. The third represents
the principal source of possible systematic error. The
studies of Mead, England, Collie, and Weeks,? using a
very large moderator and a comparatively low-energy
neutron source showed definite evidence of a mixture
of modes present after rather long delays, yet the
composite decay curve was very nearly exponential.
The ‘“mode suppression factors” calculated (for a
fission source) by Holzer and Crouch? show that in the
present case there is some appreciable suppression of
higher modes, though somewhat smaller moderators
would be necessary for complete suppression. Moreover,
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the agreement of measured mean lifetime values for the
two sizes of moderators used, and the similarity in
shape of the delay distributions at early delay times,
suggest that the admixture of higher modes is probably
small. Nevertheless the present measurement must be
considered to have some possible systematic error from
this cause.

A new measurement is in progress at this laboratory
in which source perturbation is greatly reduced and
mode content controlled by a mode synthesis procedure.
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The differential cross section for the elastic scattering of 3.7-Mev neutrons from sulfur, iron, cobalt,
nickel, copper, and zinc has been measured in a ring geometry using a modified Bonner-type scintillation
detector. The measurements were taken over an angular range between 10° and 160°. Angular resolution
effects have been removed by a suitable iterative procedure. Multiple-scattering effects have been removed

by an approximate analytical treatment.

I. INTRODUCTION

HE present series of measurements of the differ-
ential cross sections for 3.7-Mev neutrons
elastically scattered from sulfur, iron, cobalt, nickel,
copper, and zinc are a continuation of similar measure-
ments reported by us.}?

In a recent set of measurements? we used a Bonner-
type detector consisting of a network of spheres. A
series of tests showed, however, that the use of more
than one small scintillant fails to achieve the expected
increase in over-all detector efficiency for counting
elastically scattered neutrons. This deficiency is
attributed to the varying efficiency with which light
is collected from the individual scintillators. In fact,
a detector made with only one cylinder of plastic
scintillant 0.1 inch in diameter and 0.1 inch high
produced nearly the same proton recoil counting rate

1 Assisted by the U. S. Atomic Energy Commission.

* Research fellow, Bartol: Now at Université de Montreal.
Contents of this paper submitted to the Delhi University, Delhi,
India, in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.

1'W. D. Whitehead and S. C. Snowdon, Phys. Rev. 92, 114
(1953); S. C. Snowdon and W. D. Whitehead, Phys. Rev. 94, 1267
(1954).

2H. S. Hans and S. C. Snowdon, Phys. Rev. 108, 1028 (1957).

in the acceptable part of the spectrum as did the
detector that made use of eight spheres of plastic
scintillant 0.1 inch in diameter.

Since there appears to be no large gain in counting
rate accompanying the use of a multiple plastic ball
detector over that of the single plastic cylinder, and
since the angular resolution corrections are simplified
with the detector of smaller physical size, we have
carried out the present measurements with a single
plastic cylinder detector.

II. EXPERIMENTAL PROCEDURE

Figure 1 shows the scattering geometry. Neutrons
of about 3.7 Mev are produced by allowing a 40-
microampere, 1.0-Mev deuteron beam to impinge on a
deuterium gas cell filled to one atmosphere pressure.
The mean energy of neutrons in the forward direction
is 3.66 Mev with a spread in energy of about 400 kev.
The forward-direction neutron detector consists of a
0.1-inch diameter, 0.1-inch high plastic scintillator
placed directly on the face of a DuMont type K-1382
photomultiplier. For purposes of normalizing each data
run, a scintillation detector, similar to the forward-
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F1c. 1. Ring geometry for scatterer.

direction detector, detects neutrons emitted by the
source at an angle of about 40°.

Scattering angles between 10° and 160° are obtained
by using a series of three ring scatterers: a 7-inch mean
diameter ring with a 2-inch square cross section, a
5-inch mean diameter ring with a %-inch square cross
section, and a 3-inch mean diameter ring with a $-inch
square cross section. A ring is mounted so that its axis
coincides with the deuteron beam axis as shown in Fig.
1. Movement of a ring along this axis provides the
desired variation of scattering angle.

Analysis of the pulses derived from recoil protons
and electrons was accomplished using a 20-channel
analyzer. A precision pulse applied at the last dynode
of the photomultiplier was used continuously to monitor
changes in all electronics except the photomultiplier.
Frequent checks were made of the stability of the high
voltage applied to the photomultiplier. In addition,
frequent checks were made of the gain of the amplifier
plus pre-amplifier system.

A similar electronic detection and stability monitoring
system was used for the neutron monitor photo-
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Fi16. 2. Detector response: (a) response of proton recoil scintil-
lation detector for several channels of the multichannel pulse-
height analyzer as a function of neutron energy. The response in
all channels for neutrons of 3.66 Mev, the forward direction energy,
is taken as unity. The unlabeled curve, normalized to unity at
3.66 Mev, is a plot of the #-p cross section divided by the neutron
energy. The figure (b) contains the same information as (a) except
that it is plotted in a form more suitable for determining the
scattering ratio spectra,
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multiplier. Since, in this case, it was not necessary to
have detailed pulse-height analysis, a single-channel
analyzer was used to accept the upper part of the recoil
proton spectrum and reject the test pulse.

A typical run of data for the determination of the
differential elastic scattering cross section at a fixed
angle is as follows. The recoil proton pulse-height
spectrum of the direct neutron beam is observed for a
standard number of counts in the neutron monitor
scaler; a background spectrum is observed for the same
number of monitor counts by interposing the attenuator
between the source and the detector; the scattering ring
then is placed in location and a pulse-height spectrum
recorded for the same number of monitor counts. From
these three spectra a ‘“ratio spectrum’ is computed by
taking, for each channel, the ratio of scattered neutron
counts corrected for background to the direct neutron
counts corrected for background. A typical ratio spec-
trum is shown in Fig. 3.

The structure of a typical ratio spectrum may be
interpreted by considering the following features:
(1), the change in energy of the scattered neutron with
respect to the energy of the direct neutron beam; (2),
the presence of inelastically scattered neutrons and
associated y-rays produced in the scattering rings. In
order to investigate the effects of energy changes in the
ratio spectrum, one makes use of the connection between
the angle of emission and the energy of the neutron
emitted in the d-D reaction.? Proton recoil pulse-height
spectra are obtained at several angles of emission. Each
pulse-height spectrum is normalized to unit neutron
flux by dividing by the expected neutron yield for that
angle.* The ratio of this normalized spectrum to a
similar spectrum for zero-angle gives directly the ratio-
spectrum for 1009, scattering of neutrons having an
energy corresponding to the selected angle. Figure 2
shows the measured detector response for several useful
channels. The limiting curve in Fig. 2(a) is a curve of
o (Ex)/Ey normalized to unity at Ey=23.66 Mev. The
validity of assuming this curve to be the zero channel
response was strengthened by demonstrating that the
yield of the proton recoil pulses taken at the inflection
end point varies as o(Ey)/Ey times the neutron yield
from the d-D reaction. Figure 2(b) is a plot of Fig.
2(a) versus channel for several neutron energies useful
in reducing the data.

Figure 3 reveals the method by which the neutron
scattering ratio is found in a typical case. For a given
scattering angle the energy of the scattered neutron is
computed. The ratio spectrum for 1009, scattering at
this energy is found from Fig. 2(b). This ratio spectrum
is multiplied by a number which is adjusted until a
good fit is obtained with the measured ratio spectrum
in the upper channels where only elastic scattering is
expected to be present. Curve (a) in Fig. 3 shows the

3 J. L. Fowler and J. E. Brolley, Jr., Revs. Modern Phys. 28, 103

(1956).
4 Fuller, Dance, and Ralph, Phys, Rev, 108, 91 (1957).
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result of this fitting process. The rise in the measured
ratio spectrum as shown in curve (b) of Fig. 3 is due to
the presence of inelastically scattered neutrons and
y-rays associated with those inelastic events. The
number found in the curve-fitting process is normalized
to unit angular sensitivity of the neutron detector by
dividing by the measured angular sensitivity given in
Fig. 4. The result is then the neutron scattering ratio S.
The neutron scattering ratio may be written as

S=81+Se+Ss+- -+, ¢y

where S1, Sy, etc., are the contributions to the scattering
ratio from neutrons singly scattered, doubly scattered,
etc. The principal contribution is from single scattering
S1, where

) 6)ne_0‘tot7t(f1+f2)dv_ (2)

I(O) RiR,

The number of scattering nuclei per unit volume is #,
and o (f) is the differential cross section for scattering
into the laboratory angle 6. All geometrical quantities
are shown in Fig. 5. 7(6) is the yield of the d-D reaction
at an angle 6;. Analogous expressions for double, triple,
etc., scatterings contain double, triple, etc., volume
integrals.

In order to obtain the desired single-scattering ratio
S: from the net scattering ratio .S, multiple-scattering
contributions amounting to about 159, must be re-
moved or accounted for. Our previous work? made use
of a Monte Carlo technique in which one follows many
case histories of a neutron traversing the scattering ring.
We have subsequently shown that, in the case of our
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Fic. 3. Typical scattering ratio curve. Part (a) is a multiple of
the detector response ratio in Fig. 2(b) for a neutron energy of
3.50 Mev. Part (b) is the measured scattering ratio. The deviation
between parts (a) and (b) is due to the presence of inelastically
scattered neutrons and their associated y rays.
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previous work, a very close approximation to the
Monte Carlo result may be obtained by the following
simple analytical method. Assume that it is quite
probable that each of the multiple scatterings that
subsequently enter the neutron detector has a large
probability of occurring in the following way. All
neutron scatterings except one are zero-angle scat-
terings, the remaining one being scattered through an
angle appropriate to send it in the direction of the
neutron detector. As a partial justification for this
assumption, we note that neutron scattering at this
energy is strongly peaked in the forward direction. The
result of this assumption is to permit each higher order
scattering ratio to be evaluated in terms of a single
volume integral. Thus Eq. (1) becomes

fri(:)x))(klkz) <0)nll+aem(h+”)

“O'e121’12(1'1+1’2)2+ ce }eﬂrmn(rﬁm)dV' (3)
2!

P(x,y)

A%Y ~

»
s
29

g 4R, § 3

F1c. 5. Details of scattering geometry. The point P(x,y) is
depicted within the cross section of the scattering ring. S and D
represent the location of the source and detector, each of which
may be considered as geometrical points when compared with the
extent of the ring cross section.
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F16. 6. Measured differential cross section for the elastic
scattering of 3.7-Mev neutrons by sulfur.

Since the sum in the bracket is e”1*(71+72 we see that,
using the above approximation, Eq. (2) for .S; now
holds for the net scattering ratio S if ooy is replaced by
Ononel. Thus

I(6y) ( Ry

2
) o-(o)ne—tfnonelﬂ(rﬂ—rz)dV. (4)
v I(0) \RiR,
Physically, this means that the attenuation of the
neutron beam into and out of the ring occurs only by
true absorption and not by elastic scattering. This
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F1c. 7. Measured differential cross section for the elastic
scattering of 3.7-Mev neutrons by iron.
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cannot of course be completely true. However, the
scattering ratio calculated using Eq. (4) agrees with the
more accurate Monte Carlo method within a statistical
accuracy of 6% in the particular case of zirconium.?
Since the explanation for the approximation given by
Eq. (4) is plausible, we have assumed that the use of
Eq. (4) reduces the multiple-scattering contribution to
not more than 5%,.

In order to make use of Eq. (4) to obtain the differ-
ential elastic scattering cross section ¢(6) from the
measured scattering ratio S, the following method is
employed. Expand all quantities in the integrand except
those in the exponential about their mean values,
retaining terms up to the second order. For con-
venience, the center of the cross. section of the ring is
used in defining the mean values of the quantities
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F16. 8. Measured differential cross section for the elastic
scattering of 3.7-Mev neutrons by cobalt.

involved. Evaluate the volume integrals numerically
for each location of the ring assuming a trial value for
the nonelastic cross section onone1. Since the expansion
of o(#) will involve the first and second derivatives of
o(6), these are approximated by first finding the o (6)
that obtains if all quantities under the integral except
the exponential are treated as constants. The first and
second derivatives of this ¢(f) then are found by using
an 11-point Lagrange differentiation formula.® Carrying
out these operations yields a value for the differential
cross section which is quite accurate except for the
assumed ononel. However, since the total cross section
is measured for each element in the same geometry and
since the nonelastic cross section opomet is equal to
owt—.J 0 (0)dQ, it is possible to carry out a calculation
which yields ¢(¢) that is consistent with the above

5 W. G. Bickley, Math. Gazette 25, 19 (1941).
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relation. This calculation, of course, also gives the
correct ononel-

III. EXPERIMENTAL RESULTS

Figures 6-11 show the experimental results of our
measurement of the differential cross sections for the
elastic scattering of 3.7-Mev neutrons from sulfur, iron,
cobalt, nickel, copper, and zinc. All quantities plotted
are in the center-of-mass coordinates. The solid curves
drawn through the points are visual estimates of the
best curves to be obtained from the data points. The
error bars represent the resultant standard deviation
of the measurements compounded from estimates to be
given in the section on errors.

Previous measurements of the differential cross
section for the elastic scattering of 3.7-Mev neutrons
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F16. 9. Measured differential cross section for the elastic
scattering of 3.7-Mev neutrons by nickel.

have been made by Morgan® for the elements sulfur
and copper. These measurements are some 30 to 509,
higher than our measurements. A possible explanation
may be that the measurements reported by Morgan®
include some inelastically scattered neutrons since his
detector, a Hornyak-type scintillator, is known not
to discriminate against inelastically scattered neutrons
as effectively as the Bonner-type detector.

A comparison of our differential cross sections for
iron and zinc at 3.7-Mev with those of Beyster, Walt,
and Salmi” at 4.1 Mev shows fair agreement. The
general features agree over all angles common to both

6I. L. Morgan, reported in Brookhaven National Laboratory
Report BNL-400, edited by D. J. Hughes and R. S. Carter (un-
published).

7 Beyster, Walt, and Salmi, Phys. Rev. 104, 1319 (1956);
M. Walt and J. R. Beyster, Phys. Rev. 98, 677 (1955).
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F16. 10. Measured differential cross section for the elastic
scattering of 3.7-Mev neutrons by copper.

sets of data; the extreme forward scattering and ex-
treme backward scattering, however, differ by as much
as 40%,.

Table I presents the results of a Legendre polynomial
analysis of the solid curves in Figs. 6-11 using a method
of analysis developed especially for this purpose.® The
table presents the coefficients By, in the expression

0'(0) =4i Z (2L+ 1)BLPL (COS@),

™
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F1c. 11. Measured differential cross section for the elastic
scattering of 3.7-Mev neutrons by zinc.

(155511)owd0n, Eisenbud, and Marshall, J. Appl. Phys. 29, 950
958).
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TasLE I. Legendre coefficient By, in o (x) = (1/47) Z(2L+1)B P (x). Units of ¢ (x) are barns per steradian.
Total and integrated cross sections are in barns.

L Sulfur Iron Nickel Cobalt Copper Zinc
0 1.797+0.075 1.898+-0.100 1.82240.100 1.973+0.100 1.81040.100 1.74740.100
1 0.679-+0.037 0.98940.034 0.917+£0.034 1.051£0.034 0.863+£0.034 0.87140.034
2 0.5354-0.060 0.76940.078 0.7160.078 0.804-+0.078 0.684-+0.078 0.7364-0.078
3 0.156+0.025 0.47940.027 0.46140.027 0.533+0.027 0.476£0.027 0.5154-0.027
4 0.068+0.035 0.232£0.045 0.2330.045 0.267+0.045 0.27440.045 0.3214£0.045
5 0.01740.013 0.0390.013 0.050+0.013 0.061+0.013 0.05840.013 0.1194-0.013
6 0.00740.010 0.0164:0.010 0.01740.010 0.0294-0.010 0.01640.010 0.0544-0.010
Ttot el 1.80 4-0.08 1.90 +0.10 1.82 £0.10 1.97 £0.10 1.81 +0.10 1.75 £0.10
Tot 2.58 +£0.09 3.41 £0.14 3.33 +0.15 3.59 £0.15 3.38 £0.15 3.59 +£0.17
G nonel 0.78 +0.12 1.51 £0.17 1.51 +0.18 1.62 £0.18 1.57 40.18 1.84 +0.20

where all quantities refer to the center-of-mass co-
ordinates.
IV. ERRORS

The uncertainty in the final differential cross section
is estimated from six sources of error in addition to the
counting statistics.

(1) The uncertainty in the multiple-scattering cor-
rection inherent in the approximate analytical treat-
ment. This is estimated to be not more than 459, and
is largest near the minima in the curves.

(2) The uncertainty in the solution of Eq. (4) for
o(6) by a finite rather than an infinite iteration. It is
estimated that this approximation leaves a residual
uncertainty in ¢(6) of about 459, at the minima of
the curves.

(3) Geometrical uncertainties. These amount to
+1%,.

(4) Variations in background between successive
ring-in, ring-out readings including scattering-in of
background neutrons, attenuation of background
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F16. 12. Comparison of measured differential cross section with
optical model calculations for sulfur. Solid curve is case (1) and
dotted curve is case (2).

neutrons, and variations difficult to detect. Auxiliary
tests indicate that the uncertainty for this measurement
is not greater than about 4=3%,. )

(5) Target pressure and foil thickness variations.
These variations change the effective energy and flux
distribution of the emitted neutrons and represent an
uncertainty of about £=3%,.

(6) The polarization of neutrons from the H?(d,n)He?
reaction.? Under our experimental conditions the
polarization is not greater than 7%,. Assuming that the
scatterings are 1009, effective in distinguishing spin-up
from spin-down neutrons, the polarization would then
lead to a 79, error. However, the measured polarization
asymmetry for copper is not larger than 409,'°; hence,
we conclude that the uncertainty caused by the
polarized neutron source is probably less than 3%.

O (8)-BARNS/STERADIAN

1.0 0.6 0.2 -0.2

CO0s &(cm)

F16. 13. Comparison of measured differential cross section with
optical model calculations for iron. Solid curve is case (1) and
dotted curve is case (2).

9R. E. Segel and S. S. Hanna, Phys. Rev. 106, 536 (1957).
These authors present a summary of recent measurements of the
polarization of the H2(d,n)He? reaction.

(119051;%CCormac, Steuer, Bond, and Hereford, Phys. Rev. 108, 116
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The statistical uncertainty in the measurements was
determined by the standard deviation of the neutron
scattering ratio obtained in the curve-fitting process.
This contribution varies from about =439, for small
angles to about 4209, for the backward angles. Since
a liberal estimate is given for each source of error it was
felt that the root-mean-square error would be a realistic
estimate of the net uncertainty.

Some checks on more subtle flux variations within
a run, and on the presence of time-dependent systematic
errors were made by examining the internal consistency
of the data. In particular, at least three independent
measurements of the entire angular distribution were
made for each element. The deviations of each run from
the mean of three runs were in close agreement with
that expected from the statistical errors in each indi-
vidual run, indicating satisfactory reproducibility in
the data. Another check was made by measuring the
neutron scattering ratio at three angles with rings of
different diameter and hence different geometry. The
measurements showed no systematic variation in .S as
a function of ring diameter.

In addition, for completeness, the table gives the
total elastic cross section given by the value of By, the
total cross section measured in this experiment, and the
nonelastic cross section.

V. DISCUSSION

Bjorklund and Fernbach!! have carried out optical
model calculations at 4.1 Mev in which the parameters
determining the shape of the central potentials were
determined mainly by using the 14-Mev data. The
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F16. 14. Comparison of measured differential cross section with

optical model calculations for cobalt. Solid curve is case (1) and
dotted curve is case (2).

1 F, Bjorklund and S. Fernbach, Phys. Rev. 109, 1295 (1958).

OF 3.7-MEV NEUTRONS 1569

2'0 T 1 L T
1.0 o'\ NICKEL 3
L #) 3.7 MEV h
3 - C\ -
Z s0f i
o )\
< o \ -
x \
w - ‘\‘ -4
b
(2] ‘\\
» .20} y .
z .‘
[+ \
< L)
-]
L Jaof \ Aot ~ E
LY o \ 1’ \\‘ 1
3 - ) . ]
b o . \ B
\ ", °
SR\ W A\
.05} W <\
,
L \ ®/ “\ A
| e "\
02 . ; . .
1.0 0.6 02 -02 -0.6 -1.0
cOS 8(CM)

Fi1c. 15. Comparison of measured differential cross section with
optical model calculations for nickel. Solid curve is case (1) and
dotted curve is case (2).

strengths of the central potentials and of the spin-orbit
terms then were varied to produce a best fit to the
4.1-Mev data of Beyster, Walt, and Salmi.” A com-
parison of our data for iron and zinc with the calcu-
lations of Bjorklund and Fernbach indicates a dis-
crepancy that is of the order of the difference between
the two sets of data. Since there are no calculations at
3.7 Mev comparable in detail with those of Bjorklund
and Fernbach at 4.1 Mev, our data are compared in
Figs. 12-17 with the computations of Reilly and
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F16. 16. Comparison of measured differential cross section with
optical model calculations for copper. Solid curve is case (1) and
dotted curve is case (2).
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TasLE II. Integrated cross sections from optical model.

Case (1) Case (2)

7o Tshapo e] Feompound el Tlot Tuonel o Tlape el . Goompound el atot Tnonel
Element (fermi) £ (barns) (barns) (barns) (barns) (fermi) 3 (barns) (barns) (barns) (barns)
S 1.20 0.100 1.90 0.38 2.80 0.52 1.25  0.120 1.87 0.45 3.04 0.72
Fe 1.20 0.100 2.31 0.38 3.58 0.89 1.25  0.140 2.01 0.28 3.49 1.20

Co and Ni 1.20 0.100 2.24 0.38 3.50 0.88 1.25 0.145 1.95 0.28 3.53 1.30
Cu 1.20 0.100 2.12 0.38 3.44 0.94 1.25  0.149 1.90 0.28 3.65 1.47

Zn 1.20 0.100 2.11 0.38 3.44 0.95 1.25  0.150 1.89 0.28 3.68 1.51

Francis? at 3.7 Mev. These workers employ a diffuse
surface potential well and account for compound elastic
scattering but omit the spin-orbit interaction.
The optical potential used by Reilly and Francis was
of the Woods-Saxon type,
Vo(1+if)

Vin= R~

Two sets of parameters were chosen: case (1) used
Vo=42.0 Mev, £=0.1,
R=0.84+1.24*% fermi,

a=0.35 fermi;

O (6)- BARNS/STERADIAN

1.0 0.6 0.2 -0.2

COS 8(CM)

Fic. 17. Comparison of measured differential cross section and
optical model calculations for zinc. Solid curve is case (1) and
dotted curve is case (2).

2 E. D. Reilly and N. C. Francis, Knolls Atomic Power Labo-
ratory (private communication).
B R. D. Woods and D. S. Saxon, Phys. Rev. 95, 577 (1954).

and case (2) used

Vo=42.0 fermi, ¢ given in Table II,
R=0.84+1.254% fermi, @=0.35 fermi.

The parameters in case (1) gave a very good fit to our
total cross section measurements, but did not give a
very good fit to the nonelastic cross sections computed
by subtracting our integrated elastic cross sections from
our corresponding total cross sections. On the other
hand, if the parameters in case (2) are used, the non-
elastic cross sections may be fitted very well but at the
expense of the good fit to the total cross sections
obtained in case (1). No further adjustment of the
parameters in the optical model was carried out. Table
II summarizes the results of the present calculations.
In each case an estimate had to be made of the con-
tribution to the elastic scattering due to compound-
elastic scattering. The estimated compound-elastic
contribution is roughly consistent with that obtainable
from the theory of Hauser and Feshbach! and is as-
sumed to be isotropically distributed.

ACKNOWLEDGMENTS

The authors wish to express their appreciation to
W. F. G. Swann, Director of the Bartol Research
Foundation, for his continued interest in elastic neutron
scattering. Our thanks are also due to H. S. Hans, now
at Muslim University, Aligarh, who participated in the
early phases of this work. Finally, the authors appre-
ciate the efforts of E. D. Reilly, Jr., and N. C. Francis
in making available the optical model calculations with
which our data were compared and to P. F. Zweifel,
who expedited these calculations at the Knolls Atomic
Power Laboratory.

4 W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).



