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Absolute n-p elastic scattering cross sections were measured at 19.5 and 25.1° (lab) for an
incident neutron energy of 24 MeV. A liquid scintillator detected both the incident and scat-
tered neutrons. The scatterer was a liquid scintillator also. The ¢.m. differential cross sec-
tions were 31.3+ 0.5 and 30.7+ 0.6 mb/sr at c.m. scattering angles of 39.3 and 50.5°, respec-
tively. The present results agree with the cross sections predicted by Hopkins and Breit.

I. INTRODUCTION

An accurate knowledge of n-p differential cross
sections tests our understanding of the nucleon-
nucleon interaction and is needed for the measure-
ment of fast-neutron flux. In 1957 Gammel® pro-
posed an energy-dependent fit to the available
data of the form A(1 +B cos®0,,, ) for energies be-
low 42 MeV. Later data® have shown that the inter-
action is not symmetric about 90° in the c.m.
system indicating the need for a cos© term. Re-
cently, Hopkins and Breit® have used the Yale and
Lawrence Radiation Laboratory (LRL) nucleon-
nucleon phase-shift analyses to obtain fourth-
order Legendre-polynomial expansions for the
differential cross section. They predict that the
coefficients of the P, and P, terms have approxi-
mately the same magnitude between 20 and 30
MeV. At 24 MeV, the anisotropy in the cross sec-
tion reaches 10%, and the P, and P, terms account
for most of this anisotropy.

Most measurements of the differential cross
section have used a counter telescope for detect-
ing recoil protons, but this method does not work
at forward angles because of the small recoil

proton energy. The most accurate measurements
near 24 MeV are by Rothenberg® and Burrows,®
who has extended the range of this method down
to a c.m. scattering angle of about 70°. These
measurements are all relative and must be nor-
malized to the total cross section. This normal-
ization requires a knowledge of the scattering at
small angles where the cross section is not well
known. The only previous forward-angle scatter-
ing measurement was by the Harwell group? and
their energy resolution was poor [full width at
half maximum (FWHM) of 5 MeV].

The present paper reports an absolute measure-
ment of the differential scattering cross section
at 19.5 and 25.1° (lab). Both the intensity of neu-
trons scattered through an angle 6 by a target
scintillator and the intensity of the incident 0°
neutron beam [see Figs. 1(a) and 1(b)] were mea-
sured. The use of the same detector for both
measurements made an absolute determination
of the incident flux density unnecessary. Only the
relative efficiencies® of the detector for neutrons
before and after scattering had to be known to
normalize the number of neutrons detected at 6
to the number incident on the target. The present
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data provide measurements of the differential
cross section at 39.3 and 50.5° (c.m.). These
results may be combined with the relative mea-
surements in the backward hemisphere (such as
those by Rothenberg* and Burrows®) and with the
well-known total cross section to give an angular
distribution.

II. EXPERIMENTAL METHOD

A. General

Neutrons of 24-MeV lab energy were incident
on a target scintillator. The neutrons scattered
through an angle 6 pass into a detecting scintil-
lator. The target was a liquid hydrocarbon scin-
tillator, so that the background could be reduced
by requiring fast coincidences between the recoil
protons of the target and the detector scintillators.
The 0° neutron flux density was also measured
with the detector. The count rate of neutrons ob-
served at 0° depends on the incident flux and the
detector efficiency for 24-MeV neutrons. The
count rate of neutrons observed at the lab scat-
tering angle 6 depends on the same incident flux,
the n-p differential cross section, and the efficien-
cy of the detector for neutrons of energy E, cos®é.
The ratio of these two count rates gives the dif-
ferential cross section and is independent of the
value of the incident neutron flux. The resulting
cross section depends only on the ratio of the de-
tector efficiencies at two nearby energies.

B. Neutron Source

The neutron source was the reaction T(d, n)*He.
Deuterons of 7.0-MeV energy from a tandem ac-
celerator were incident on a tritium gas cell.
Figure 1(c) shows an expanded view of the tritium
cell. The cell was 3.8 cm long and contained
about 20 Ci of tritium when filled to 1 atm. Gas
pressures ranged from 0.8 to 1.8 atm. Entrance
and exit foils were 2.5-um molybdenum and were
changed every other day on the accelerator. Beam
collimators prevented deuterons from hitting the
tantalum washers which supported the molybdenum
foils. The cell had an evacuated backstop and was
air-cooled to minimize beam heating effects. This
design insured that the neutron flux density was
the same for all runs. Had the deuteron beam
stopped in the tritium cell, heating effects would
have changed the local tritium pressure and con-
sequently the neutron source strength. The back-
stop was larger in diameter than the gas cell to
prevent attenuation of the neutron beam by the
walls of the backstop in the +3° range about the 0°
direction. A 0.5-mm gold foil stopped the deuter-
on beam. It was replaced periodically to reduce
the number of neutrons produced by the reaction
D(d, n)°He.

The mean deuteron energy at the center of the
tritium cell was 6.84 MeV (for ~1 atm T, pres-
sure). This resulted in approximately 1.6x 107
neutrons sr~! uC~! at 0° with an energy of 24.03
+0.08 MeV.
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FIG. 1. (a) Geometry for 0° flux measurement, (b) scattering geometry, and (c) detail of tritium gas cell.
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C. Apparatus

Figures 1(a) and 1(b) show the apparatus and
geometry used. The scattering target and the de-
tector were scintillators mounted on RCA 8575
and Amperex XP1021 photomultiplier tubes, re-
spectively. They were mounted to allow adjust-
ment in the plane perpendicular to the beam.

Both target and detector had Lucite caps with a
0.4-mm-diam rod sticking up through the center.
This rod defined the center of each scintillator.
Distances between the scintillators and gas cell
were measured to +0.2 mm. The target was a
2.5-cm-diam X 2.5-cm-high NE 218 liquid scin-
tillator” in a glass cylinder wrapped in aluminum
foil and mounted on an RCA 8575 phototube with
its axis perpendicular to the beam direction. The
mass” of the scintillator liquid was 11.37 g and the
H/C ratio® was 1.28. The total number of hydrogen
atoms in the sample was (0.659 +0.003)x 10%%, The
detector was a 2.5-cm-diam by 5.1-cm-high NE
218 liquid scintillator.

D. Electronics

(i) Phototube stabilization. The count rate in
the target scintillator was just under 1 MHz. A
Zener diode string and capacitor bank stabilized
the voltage at each of the last four dynodes and
increased the current handling capacity of the
bleeder string. The string was air-cooled and
operated at about 5 mA. With the diode string in
operation, no change in the pulse-height spectrum
of a ®°Co source was observed for count rates
up to 5 MHz.

(ii) Electronics for data acquisition. The elec-
tronics provided recoil-proton pulse-height spec-
tra for neutrons scattered from the target scin-
tillator into the detector scintillator. Figure 2(a)
is a simplified block diagram of the electronics.
Neutrons were detected in both target and detec-
tor, and a fast [time-of-flight (TOF)] coincidence
requirement reduced background. A pulse-shape-
discrimination system rejected y-ray pulses from
the detector. Figure 2(b) is a diagram of the
actual electronics used.

E. Procedures for Taking Data

The beam current was usually between 1 and 2
wA, the lower limit determined by count-rate con-
siderations (0.5 counts/sec) and the upper limit
by the maximum allowable beam on the molybde-
num windows. The maximum safe current for
nickel foils® was assumed for molybdenum.

The angular distribution of the neutron flux near
0° was measured. It varied by less than 2% over
the area of the target scintillator. The data anal-

|

ysis took into account these deviations.

A current integrator measured the charge inci-
dent on the tritium gas cell. The calibration and
zero point of the current integrator were checked
at the beginning of each accelerator running period.
The offset current measured with no beam on the
target was less than 0.2% of the target current.

A correction for this offset current was applied.

Both maximal and minimal (shadow) shielding
were tried in an attempt to reduce background.
Foreground/background ratios were approximately
the same in each case. Observed backgrounds
were about 8% at 25.1° and 28% at 19.5°. Shadow
shielding was used because it was easily remov-
able for 0° normalization runs. [See steps (1)
and (4) below.] The shadow shield consisted of
30-cm iron plus 5-cm lead in the direct path of
neutrons from the gas cell to the detector. [See
Fig. 1(b).]

The following procedure was used in taking data:

(1) Measurement of 0° neutvon flux. A 0° nor-
malization run in the direct neutron beam was
taken with the detector far enough away (142 cm)
from the neutron source that the count rate was
less than 1 kHz. The count rate was reduced by
moving the detector away from the neutron source
rather than by decreasing the beam current so
that the neutron source strength would be the same
for this run as for each of the following runs (2)-
(4). This procedure also eliminated any residual
effects due to heating of the tritium cell, since
the deuteron current was the same for all runs.

(2) Background measurement. A 41-cm-long
iron shadow bar was inserted between the gas
cell and the detector for a 0° background run.
Typical recoil-proton spectra from steps (1) and
(2) are shown in Fig. 3(a).

(3) Scattering data. The detector was positioned
at the scattering angle 6, and the target scintil-
lator was raised into the direct neutron beam. A
TOF coincidence requirement between target and
detecting scintillators was imposed, and data
were collected for about 1 h (5000 uC). A TOF
spectrum of particles scattered by the target
scintillator and observed in the detecting scin-
tillator is shown in Fig. 4. These particles sat-
isfy a fast-coincidence requirement and the re-
quirement that the particle seen in the detecting
scintillator be a neutron. A “real” neutron is a
neutron which satisfies these requirements. One
channel of the TOF spectrum of “real” neutrons
is approximately 0.2 nsec and the FWHM of the
timing spectrum is about 2 nsec. A simultaneous-
ly measured “accidental” TOF spectrum is also
shown on the same figure. ‘“Accidental” means
that the particle seen in the detecting scintillator
was a neutron which did not meet the flight-time
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requirements. The “accidental” spectrum was
obtained by delaying one side of the coincidence
system by about 15 nsec. This delay has been
removed in the figure for comparison purposes.
The effect of the slight differences in the length
of time for which the real and accidental coinci-
dence gates were open was included in the data
analysis.

A typical “real” recoil-proton spectrum ob-
served at a scattering angle of 25.1° is shown in
Fig. 3(b). This spectrum shows the pulse-height
distribution of recoil protons produced by “real”
neutrons and is gated by the same logic as the
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“real” TOF spectrum as indicated by the elec-
tronics shown in Fig. 2(b). The numbers above
the arrows indicate the bias energy expressed

as a fraction of the incident neutron energy. The
location of the arrows takes into account the non-
linear response of the scintillator which was mea-
sured in a separate experiment.® An “accidental”
spectrum was measured simultaneously. It was
gated by the same logic as the “accidental” TOF
spectrum. Figure 3(c) shows spectra obtained at
a scattering angle of 19.5°. Since the background
is 3 times higher here, the present method has
limited usefulness at smaller angles.
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FIG. 2. (a) Simplified block diagram of electronics; (b) electronics used in data collection: 1: recoil proton spectra
gated by “real” neutrons 3 or “accidental” neutrons 5, 2: TAC spectra gated by “real” neutrons 4 or “accidental” neu-
trons 6, 7: fast linear spectrum from target scintillator gated by TOF and n-y requirements, 8: n-y spectrum. The
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(4) Scattering data background. An iron shadow
bar was inserted between target and detector (the
shadow shielding between gas cell and detector
remained in place) for a background run. All
shielding was then removed, the target scintillator
was lowered out of the 0° neutron beam, and the
detecting scintillator was moved to its 0° location
for another 0° flux measurement.
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FIG. 3. (a) Recoil-proton spectra observed in the 0°
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a scattering angle of 25.1°, The numbers above the ar-
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the nonlinear response of the scintillator. (c) Recoil-
proton spectrum observed at a scattering angle of 19.5°,
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III. THEORY AND ANALYSIS

The differential cross section for neutrons scat-
tered by protons through a lab angle 6 is™

0(9)=§1‘§ fB(Eg) GnP(Eg) i _Aj_ , (1)
di? fa(E,) 0,p(E}) n, B,

where s is the distance from neutron source to
target scintillator, d is the distance from target
scintillator to detecting scintillator, d, is the dis-
tance from neutron source to detecting scintillator
for 0° measurements, 0,,(E) is the n-p total cross
section at energy E, n, is the total number of
protons in the target, Ay is the number of neu-
trons detected per unit charge after being scat-
tered from the target into the detector, B, is the
number of neutrons detected per unit charge in
the 0° position, and fj is the fraction of the total
number of recoil protons detected at a given bias.
The bias factor fy is given by

fs= L "4 0 o (¥)(sind AW / jo'"oc_m_(q;)(sin\lf)d\lf,
min (2)

where ¥ is the c.m. scattering angle and ¥, is
the neutron scattering angle at which the recoil-
proton energy is equal to the bias energy B. The
c.m. differential cross section is o, (¥) and the
integral is over a differential volume element in-
side the detector. Table I gives values of the ratio
fs(E,)/fs(E,) as a function of bias energy for vari-
ous assumed angular distributions. The table in-
dicates that for these angles and biases the as-
sumed angular distribution has little effect on the
determination of the differential cross section.
The Hopkins and Breit angular distribution derived
from the Yale phase shifts was used in this calcu-
lation. The lab cross sections were converted to
the c.m. system using the relativistic kinematics

TABLE I. Effect of different angular distributions on
bias factors.

Ratio of bias factors fg(E) £ g(Ey)
Bias for angular distributions
(B/Eg) Isotropic Gammel Hopkins

Ey=24 MeV, E;=21.35 MeV

0.45 1.113 1.110 1.115
0.5 1.142 1.137 1.146
0.55 1.179 1.172 1.186

E,=24 MeV, E;=19.69 MeV

0.45 1.219 1.208 1.217
0.5 1.281 1.265 1.282
0.55 1.366 1.345 1.372
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program RELKIN.!' Not yet included in the rela-
tion (1) are the effects of multiple scattering, ex-
ponential attenuation, and wall effects. These will
be discussed in Sec. IV.

A computer program was used to analyze all
recoil-proton pulse-height spectra and to calculate
a laboratory differential cross section. It took
into account backgrounds, accidental coincidences,
bias effects, and the nonlinear response of the
scintillator. It also included the effects of trans-
missions through shadow bars, differences in
widths of time-to-amplitude converter (TAC) spec-
tra, dead time, analog-to-digital converter (ADC),
and current-integrator corrections. In addition,
the program was used to calculate statistical er-
rors.

IV. CORRECTIONS

A. Multiple Scattering

Consider neutrons which have scattered once
from a hydrogen atom in the target scintillator
through an angle 6 towards the detector. The
number of neutrons going in this direction may
be decreased by collisions with either hydrogen
or carbon atoms in their paths while leaving the
target scintillator. This is called exponential
attenuation of the outgoing beam or out scattering.
The number of neutrons headed towards the de-
tector may be increased by neutrons which have
scattered previously from hydrogen atoms in a
direction away from the detector and then scatter
from either H or C towards the detector. The
scattered flux may also be increased by neutrons
which have scattered previously from carbon in
any direction and then from hydrogen towards the
detector. Neutrons interacting only with carbon
are not included because carbon recoils are not
detected in the target scintillator, since the bias
level on the target scintillator was set above the
maximum light output for both carbon recoils and
a particles from reactions in carbon.

A Monte Carlo computer program was used to
trace the trajectories of about 6x10° interacting
neutrons through the target scintillator and to cal-
culate the numbers of all possible in scattering
and out scattering collisions. At 25.1° 5.5% of
the detected particles were due to in scattering,
while 9.0% had been out scattered for a net cor-
rection of +3.4%. At 19.5° in scattering was 2.8%,
out scattering was 8.7% and the correction to the
scattered flux was +5.8%.

B. Finite Geometry

The tritium gas cell is actually a neutron source
of finite length and not a point source. Neutrons
are assumed to be produced uniformly over this

length. Thus the front of this cell subtends a dif-
ferent solid angle at the target than the back of
the cell. The average count rate A, may be writ-
ten as'®

= 1

AG —AQ 1 -(L/Zs)z ’
where L is the length of the tritium gas cell and
s is the distance from the center of the gas cell
to the center of the target. For L =3.8 cm and
s=34.5 cm this represents a correction of —0.3%
to the differential cross section. This correction
is negligible when the detector is at 0°, since the
distance to the detector is about 142 cm.

The same correction may also be made for the
finite length of the target. Here the differential
cross section must be multiplied by the factor
1-(D/2d)?>=0.999 (where the target diameter D
is 2.54 cm and d is 33.4 cm) for a correction of
-0.1%.

C. Attenuation in Detector

The flux actually measured in the detecting scin-
tillator is not uniform throughout the scintillator,
but is exponentially attenuated along its path
through the scintillator by collisions of the neu-
trons with C and H nuclei. By performing an
integration over the volume of the scintillator'®
we find, for an incident energy of 24 MeV, 92.3%
of the incident neutrons are transmitted through
the scintillator. At a scattering angle of 19.5°
91.8% of the scattered neutron beam is transmitted
through the detecting scintillator. At 25° 91.1%
goes through. Since the attenuation depends on the
energy of the neutrons incident on the detecting
scintillator, corrections to the differential cross
section of 0.5% at 19.5° and 1.3% at 25° result.

D. Attenuation in Target and Air

The actual neutron flux in the detecting scin-
tillator differed from that measured at 0° be-
cause of the exponential attenuation of the neu-
tron beam as it passed through the target. Five
separate factors must be taken into account in
the calculation of this effect:

(1) The exponential attenuation of the neutron
beam entering the target scintillator must be in-
cluded. This will decrease the average beam in-
tensity passing through the target. This correc-
tion was calculated by partitioning the target scin-
tillator into 15 segments and calculating the trans-
mission (T;) through half the thickness of each
segment.

(2) The effect of exponential attenuation of the
neutron beam coming out of the target towards
the detector must be included. Here we must con-
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sider both the decrease in the flux density directed
towards the detector by outscattering and the in-
crease in this flux density by neutrons which scat-
ter first in some other direction and then towards
the detector (in scattering). This calculation has
been done more accurately in the multiple-scat-
tering program but is included here because it is
also needed in the calculation of the average scat-
tering angle.

(3) The effect of exponential attenuation by the
material (glass, tape, and aluminum foil) sur-
rounding the scintillator fluid must also be in-
cluded. This must be considered for both incident
and outgoing neutron beams. This correction was
calculated from the experimentally observed trans-
mission through the scintillator (including con-
tainer, etc.) and the calculated transmission
through the scintillator fluid alone. This was a
3.9% correction to the differential cross section.

(4) The effect of differing distances and scat-
tering angles at different locations in the target
scintillator must also be included.

(5) Exponential attenuation by the air must be
taken into account. This applies to both the 0°
measurement of the direct flux density and the
measurement of the scattered flux density. The
effect will be greater at 0° than at the scattering
angle 6, since the distance from the neutron
source to the detector is greater at 0°. The net
correction to the cross section is —0.1%.

The target scintillator was partitioned into 15
segments (5 in the horizontal plane by 3 in the
vertical plane) to calculate and measure the ef-
fects (1), (2), and (4) above.

The differential cross section [Eq. (1)] may be
rewritten as™

0(0)=(1+5)o(6), (3)
where
15 27 -1
1+5=[§;g—: T,T! %(gf)] . (4)

C, is the measured neutron flux in the ith seg-
ment (8 denotes the middle position, the position
at which all 0° flux measurements were made).

T; is the transmission of the incoming neutron
beam through half the thickness of the ith segment
of the scintillator fluid. T} is the transmission
of the outgoing neutron beam through the remain-
ing thickness of scintillator fluid towards the tar-
get. T; was set equal to 1 to calculate 6 because
this effect is already included in the multiple-
scattering correction. It was needed for the aver-
age scattering angle calculation. V; is the vol-
ume of the ith segment, V is the total volume, and
d, is the distance from the center of the ith seg-
ment to the detecting scintillator. At a scattering

o

angle of 19.5° 6 is 0.077; at 25.1°, & is 0.076.
Average scattering angles were calculated from
these parameters using the equation

Ze‘v,c dzTT/ZV,c dzT,T’ (5)

A geometrical 6 of 19.46° corresponded to §
=19.53° and a geometrical 6 of 25.09° became
25.13°.

E. Wall Effects

The range of a 24-MeV proton recoiling from a
head-on collision with a 24-MeV neutron is 0.67
cm in toluene, the liquid of the scintillator. The
diameter of the scintillator is 2.54 cm. Conse-
quently, many of the recoils in the detector do not
have their full range inside the scintillator, and
their observed light output corresponds to an en-
ergy less than their actual energy.

A Monte Carlo routine was used to calculate
this effect. The program traced the paths of some
2x10° neutrons of each incident energy through
the scintillator. All incident neutrons interacted
with the scintillator and appropriately weighted
random numbers were chosen for all scattering
parameters.

Since this wall effect occurs both when the de-
tector is at 0° for an incident flux density mea-
surement and at the scattering angle 6, the ratio
of the effects in both places will give the correc-
tion to the differential cross section. At a bias
of 0.5E,, the correction to the differential cross
section is —-2% at 19.5° and -3.3% at 25.1°.
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FIG. 4. Time-of-flight spectra for neutrons scattered
from the target scintillator into the detecting scintillator.
FWHM is approximately 2 nsec.
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Wall effects in the target scintillator must also
be included. If a neutron is to meet all the elec-
tronic requirements for scattering from a proton
in the target into the detecting scintillator, it must
produce a detectable recoil proton in the target
scintillator. A lower level discriminator thresh-
old was set on pulses coming from the target scin-
tillator. If a recoil proton is produced so close
to the wall of the target scintillator that part of
its range lies outside the scintillator, this recoil
will be lost if the observed pulse height is less
than the discriminator threshold. This wall effect
is simple to calculate because the geometry in-
volved is well determined. In order for the scat-
tered neutron to hit the detecting scintillator the
scattering must take place in or near the hori-
zontal plane and all recoils must go in approxi-
mately the same direction. Let the minimum de-
tectable path length be €. The number of recoils
which are not detected because they occur too
close to the wall is then proportional to the non-
overlapping area of two circles with their centers
separated by a distance €. The fraction of recoils
occurring in this area is given by'°
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where 7 is the scintillator radius. The calcula-
tion is exact for any value of €.

At 19.5° the minimum detectable recoil energy
was 1.4 MeV. This corresponds to an € of 0.0046
cm (from Janni!?) and a correction to the differ-
ential cross section of +0.2%. At 25° the mini-
mum detectable recoil energy was 2.25 MeV cor-
responding to an € of 0.010 cm and a correction
to the differential cross section of +0.5%.

V. RESULTS
A. Measured Cross Sections

Table II presents the measured differential
cross sections at an average scattering angle of
25.1°(1ab) as a function of bias energy. The values
quoted are in the lab and uncorrected. Correc-
tions are given in Sec. VB. The errors given in
this table are statistical only. Data Sets I-III
differ in the tritium pressure of gas cell used for
the neutron source. The over-all average is
weighted by the statistical error of each data set.
Lower bias levels are excluded because the reac-
tions D(d, n)*He and 2C(n, n’)3a enter.

Figure 5(a) is a histogram of all the differential

2\1/2 .
fo=1- E cos™! € + € 1- € (6) cross-section measurements at 25°. Each square
m m 2r) Ty 47 ’ t f diff i
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FIG. 5. (a) Histogram of 25.1° data as a function of bias energy. (b) Histogram of 19.5° data as a function of bias en-
ergy. Each block represents a differential cross-section measurement within the indicated 2-mb/sr interval,
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cross section within the indicated 2-mb/sr inter-
val. Statistical errors on each point are about 5%.
The spread in the data points about the average
values (indicated on the histograms by the dashed
lines) was used to obtain standard errors.

Table III presents the measured differential
cross sections at an average lab scattering angle
of 19.5°. The cross-section values are in the lab
system and uncorrected, and the errors quoted
in this table are statistical only. Data Sets 1-6
differ in the electronics used and in the tritium
pressure in the neutron source.

Figure 5(b) is a histogram of the differential
cross-section measurements at 19.5° as a func-
tion of bias energy. Statistical errors on each
point are approximately 5%. No distinction is
made between data from neutrons scattered to the
left and to the right in the lab in these histograms,
because no statistically significant differences
were found between left and right scattering. The
dashed lines again indicate the average values,
and the spread in the data about this value was
used to obtain a standard error.

B. Corrections to the Cross-Section Data

Table IV presents the corrections to the data.
The uncertainty in the differential cross section
due to these corrections is approximately 1.5%,
and is principally due to uncertainties in the ex-
ponential attenuation correction 5, the multiple-
scattering correction, and uncertainties in the
differential cross section itself which results in
errors in the bias factor fy (see below).

Table V presents the corrected c.m. cross sec-
tions and the corrected c.m. angles at which they
were observed. The average values are obtained
by averaging data over all biases. Since the data
sets are correlated, this averaging does not im-
prove the statistical accuracy.

TABLE II. Laboratory differential cross sections
measured at 25.1°. No corrections are included in these
values other than those contained in the data-analysis
program.

Bias=0.45 Bias=0.5 Bias =0.55
o Ao 4 Ao o Ao
Data set (mb/sr) %) (mb/sr) %) (mb/sr) &%)

I 98.2 1.9 994 2.1 100.4 2.2
o 98.4 1.7 1004 2.0 100.4 2.2
oI 98.4 1.6 99.7 1.7 100.1 1.9

Average 98.3 1.0 99.8 1.1 100.3 1.2

|o»

C. Error Analysis

Table VI lists the errors in the cross-section
measurement. The standard error was estimated
by taking sums of squares of deviations from the
mean cross section at each bias energy and divid-
ing by N(N-1), where N is the number of obser-
vations. 16 separate measurements were made
of the differential cross section at 25° 50 at 19.5°

The error in 6 was estimated by observing the
changes that occurred in the calculated value of 6
with extreme variation of the input parameters.

It includes errors for target exponential attenua-
tion corrections. The error in fz was estimated
by assuming that the bias was known to 1% and
calculating the uncertainty in fz as a function of
the scattering angle 6. This corresponds to an
uncertainty of approximately 4 channels in the
estimate of the maximum recoil-proton energy

in the direct neutron beam. The error in n, is the
error quoted by Galbraith Laboratories in their
analysis of the hydrogen and carbon content of the
scintillator fluid. The error in the correction
for the finite range of the recoil protons is the
statistical error based on the number of neutron
trajectories traced by the Monte Carlo calcula-
tion. The multiple-scattering error is the statis-
tical error based on the number of neutron tra-
jectories followed by the Monte Carlo multiple-
scattering program. The column labeled “rms
error” is the rms sum of all the errors quoted

in the table except those due to counting statistics.
The final column is the rms sum of all errors.

VI. CONCLUSIONS

The cross section measured at 19.5° (1ab) or
39.3° (c.m.) is 31.3+0.5 mb/sr. The cross sec-
tion calculated from the LRL phase shifts by
Hopkins and Breit® is 31.3 mb/sr. The value they

TABLE III. Laboratory differential cross sections
measured at 19.5°. No corrections are included in these
values other than those contained in the data-analysis
program,

Bias=0.45 Bias=0.50 Bias=0.55
(4] Ao (o4 Ao o Ao
Data set (mb/sr) (%) (mb/sr) (%) (mb/sr) &)

1 102.8 1.3 103.0 1.4 101.9 1.5
2 103.2 1.6 103.8 1.7 103.4 1.9
3 102.3 1.3 102.2 1.4 101.1 1.5
4 100.1 1.3 100.0 1.4 98.2 1.6
5 106.7 1.6 108.7 1.7 109.0 1.8
6 1060 1.4 1056 1,5 104.7 1.6

Average 103.3 0.6 103.6 0.6 102.7 0.7
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TABLE IV. Corrections. All corrections are given in %.

Atienuation
011 Bias Ref. Ref. Ref. Ref. Ref. Ref. Ref. Ref. Ref.
(deg) B/E, a b c d e f g h i Total
19.5 0.45 .7 3.9 -0.1 -0.3 -0.1 5.8 0.5 0.2 -1.8 15.7
0.50 -2.0 15.5
0.55 -2.3 15.3
25.1 0.45 7.6 3.9 -0.1 -0.3 -0.1 3.4 1.3 0.5 -2.9 13.3
0.50 -3.3 12.9
0.55 -3.7 12.5

2 Exponential attenuation of the neutron beam by the target scintillator fluid.

b Exponential attenuation of the neutron beam by the container of the target scintillator fluid.
¢ Exponential attenuation of the neutron beam by air.

dEffect of finite length of neutron source.

¢ Effect of finite length of target.

f Multiple-scattering correction.

g Effect of finite detector thickness —exponential attenuation of neutron beam in detector.

h Effect of finite range of recoil protons in target.

i Effect of finite range of recoil protons in detector.

TABLE V. Summary of cross-section measurements and corrections. (39.3°) =31.3+0.5 mb/sr,
G(50.5°) =7+0.6 mb/sr.

0 b Correction c.m,

Bias uncorrected (%) conversion Oc.m.
60 1ap (B/Ey) (mb/sr) factor (mb/sr) 6.
19.5° 0.45 103.3 15.7 0.262 314 39.3°
0.50 103.6 15.5 0.262 314 39.3°
0.55 102.7 15.3 0.262 31.1 39.3°
25.1° 0.45 98.3 13.3 0.273 30.5 50.5°
0.50 99.8 129 0.273 30.8 50.5°
0.55 100.3 12.5 0.273 30.8 50.5°

TABLE VI. Errors. All values are given in %.

Finite rms error
range of without
] Bias Counting Standard recoil Multiple counting Over-all
(1ab) (B/Ey) statistics error [ fB n, protons scattering statistics error
19.5° 0.45 0.6 0.7 0.5 0.7 0.4 0.2 0.6 1.3 1.4
0.50 0.6 0.7 0.5 0.7 0.4 0.2 0.6 1.3 1.4
0.55 0.7 0.7 0.5 0.7 0.4 0.2 0.6 1.3 1.5
25.1° 0.45 1.0 1.0 0.6 1.1 0.4 0.3 0.6 1.7 2.0
0.50 1.1 1.1 0.6 1.1 0.4 0.3 0.6 1.8 2.1

0.55 1.2 11 0.6 1.1 0.4 0.3 0.6 1.8 2.2




700 T. G. MASTERSON 6

T T T T T T T T

@ Present data
O Burrows, 1971

o Rothenberg, 1970

o (8)g m.(mb/sr)
w
kS

—— Gammel

30 —— Hopkins -
Breit (LRL)
——~ Hopkins - Breit
28~ (Yale) 7
1 1 1 1 1 J - — 1

¢} 20 40 60 80 100 120 140 160 180
c.m. SCATTERING ANGLE

FIG. 6. Wisconsin n-p differential cross-section mea-
surements. Only the present results are absolute deter-
minations.

calculate from the Yale phase shifts is 31.0 mb/sr.
The cross section measured at 25.1° (1ab) or

50.5° (c.m.) is 30.7+0.6 mb/sr. The cross sec-

tion calculated from the LRL phase shifts by Hop-

kins and Breit is 31.0 mb/sr. The value they cal-
culate from the Yale phase shifts is 30.7 mb/sr.

Figure 6 is a plot of all the available 24-MeV
data.* ® All measurements were carried out at
Wisconsin using two different experimental tech-
niques. Also plotted on the graph for comparison
are a symmetric Gammel curve, and both the LRL
and Yale phase-shift calculations from Hopkins
and Breit. No attempt has been made here to
make an additional fit to the data. The data con-
firm the expected fore-aft asymmetry and indi-
cate that the Hopkins and Breit predictions are
impressively good.
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