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Angular distributions of neutrons scattered by a particles were measured from 16- to 26-MeV neutron 
energy by observing the recoiling a particles in a high-pressure gas scintillator. Above 22 MeV, disintegra
tion particles from the Hei(n,d)T reaction were observed, also. Data were taken in 25-keV steps over the 
He5 state at 16.7-MeV excitation energy (22.15-MeV neutron energy) and over the He4(w,w/>)T, 
He4(^,w')He4*, and He4(w,2w)He3 thresholds. Total cross sections of helium were measured at 26 energies 
from 20- to 29-MeV neutron energy in a good geometry transmission experiment. Angular distributions 
at neutron energies < 24 MeV were fitted with expansions of Legendre polynomials. Polynomials of order 
0 through 4 provided a satisfactory fit. Below 22 MeV the angular distributions agree with calculations 
based on n-a phase shifts suggested by Perkins. Above 22 MeV the agreement is not as good. The total cross 
sections agree only qualitatively with these calculations. The total cross section and angular-distribution 
data are consistent with a § + assignment for the 16.7-MeV level. The measured yield curve for the He4(n,d)T 
reaction agrees with that computed from the cross section for the inverse reaction. 

INTRODUCTION 

THE results of recent measurements1'2 of the asym
metry in the elastic scattering by helium of polar

ized neutrons at energies near 20 MeV have emphasized 
the lack of knowledge of the neutron-alpha phase shifts 
in this energy range. Two sets3 of n-a phase shifts which 
are in use at these energies are a set4 deduced from the 
results of a phase-shift analysis5 of proton-alpha scat
tering (GTP phase shifts) and an extrapolation to 20 
MeV of a set6,7 which is consistent with n-a data for 
neutron energies below about 10 MeV (DGS phase 
shifts). The latter phase shifts are not compatible with 
the asymmetry measurements at 16.4 or 20.7 MeV. 
Although the GTP phase shifts appear to fit the asym
metry measurements at these two energies, they do not 
fit the measurements at 23.7 MeV. 

The variation with energy of the n-a phase shifts 
must of course be consistent with the parameters of the 
resonance levels of the compound nucleus He5. The 
states8 of He5 in the energy range of interest which may 
influence the phase shifts are shown in Table I. The 
state9 at 19.0 MeV refers to the r = § state of He5 which 
may occur at this energy if H5 exists.10,11 However, if 
this analog state has a high degree of isotopic spin 
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purity, it should have only a small effect on the n-a 
phase shifts. This state is shown in parentheses because 
it has not been observed experimentally. 

Of these states the 16.7-MeV level is of special inter
est. The strongest evidence for this level is the resonance 
in the cross section for the T(d,w)He4 reaction just above 
its threshold. Flowers12 and, recently, Bransden13 have 
pointed out that this resonance is not necessarily evi
dence for a level of He5 since it may be possible to 
explain the resonance purely on the basis of barrier 
penetration effects. Conner et al.u have suggested that 
a study of n-a elastic scattering may indicate whether 
the level does in fact exist. Such a study by Bonner 
et al.u revealed an anomaly in the n-a scattering at 
22.15 MeV which they associated with this level. 

The determination of the phase shifts in this energy 
range may have to take into account the inelastic proc
esses which occur. Indeed, there is evidence16 in the 

TABLE I. He5 states and thresholds of inelastic processes 
for n-a scattering from 15 to 30 MeV. 

Neutron energy 
of level 

or threshold 
(MeV) 

22.07 
22.15 
24.87 
25.0 
25.2 
25.81 
26 
29.95 

Excitation energy 
of He5 state 

(MeV) 

16.70 

(19.0) 

20 

Inelastic 
process 

H e 4 ( ^ ) T 

Ile4(n,np)T 

He4(^y)He4* 
H e 4 ( w » H e 3 

U&(n,nd)T> 

12 B. H. Flowers, Proc. Roy. Soc. (London) A204, 503 (1951). 
13 B. H. Bransden, Nuclear Forces and the Few-Nucleon Problem 

(Pergamon Press, Inc., New York, 1960), Vol. II, p. 527. 
14 J. P. Conner, T. W. Bonner, and J. R. Smith, Phys. Rev. 88, 

468 (1952). 
15 T. W. Bonner, F. W. Prosser, Jr., and J. Slattery, Phys. Rev. 

115,398 (1959). 
16 S. Suwa and A. Yokosawa, Phys. Letters 5, 351 (1963). 
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FIG. 1. Pulse-height[.distribution 
from the plastic scintillator used 
as the detector for 25-MeV neu
trons. The arrows indicate the low 
bias and the high bias used at this 
energy. 
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analog p-a problem that imaginary phase shifts are 
necessary in order to fit recent polarization data17,18 near 
40 MeV. 

The thresholds of inelastic processes which take place 
in the energy range of interest are listed in Table I. The 
threshold at 25.2 MeV assumes that He4 has an excited 
state19-20 at an excitation energy of 20.1 MeV. The GTP 
phase shifts do not take into account either the inelastic 
processes or the levels shown in this table. 

At the present the amount of published n-a data for 
neutron energies between 15 and 30 MeV is small. The 
total cross-section measurements reported by the Los 
Alamos group21 extend only up to 20 MeV. Angular 
distributions have been measured at Rice15 and at 
Wisconsin3 to about 23 MeV; however, no background 
corrections were made to the former distributions, and 
the background corrections applied to the latter distri
butions were large and uncertain. The recent asymmetry 
measurements have been mentioned above. 

The purpose of the present experiment was to extend 
the total cross-section measurements for n-a scattering 
to higher energies and to provide improved angular dis
tribution measurements for neutron energies near 20 
MeV. Total cross sections and angular distributions 
were measured from 20 to 29 MeV and from 16 to 26 
MeV, respectively. A brief report of the total cross-
section measurements already has been published.22 

17 C. F. Hwang, G. Clausnitzer, D. H. Nordby, S. Suwa, and 
J. H. Williams, Phys. Rev. 131, 2602 (1963). 

18 M. K. Craddock, R. C. Hanna, L. P. Robertson, and B. W. 
Davies, Phys. Letters 5, 335 (1963). 

19 C. H. Poppe, C. H. Holbrow, and R. R. Borchers, Phys. Rev. 
129,733 (1963). 

20 P. G. Young and G. G. Ohlsen, Phys. Letters 8, 124 (1964). 
21 Los Alamos Physics and Cryogenic Groups, Nucl. Phys. 12, 

291 (1959). 
22 R. E. Shamu, G. G. Ohlsen, and P. G. Young, Phys. Letters 

4, 286 (1963). 

TOTAL CROSS-SECTION MEASUREMENTS 

Experimental 

The total cross section was determined by measuring 
in good geometry the transmission through helium of the 
monoenergetic neutrons from the d-T reaction. The 
deuterons were accelerated by the ANU tandem and 
entered a tritium-filled gas target through a 1.2-/z-thick 
nickel foil. The tritium gas pressure was adjusted so that 
the total energy spread of the neutrons was about 40 
keV for the measurements around the 16.70-MeV level 
and ranged between 60 and 130 keV elsewhere. This 
energy spread included contributions from the energy 
straggling of the incident deuterons in the nickel foil, the 
energy loss of the deuterons in the tritium, and the de
pendence of the neutron energy on the angle of emission 
of the neutrons. 

The neutrons were detected in a plastic scintillator 
2.2 cm in diameter and 5 cm long which was placed at 
0° with respect to the incident deuterons and at a dis
tance of 122 cm from the gas target. The helium sample 
was contained at a pressure of about 180 atm in a 70-cm-
long cell positioned half-way between the gas target and 
the detector. The number of helium nuclei in the cell 
was determined from weight measurements. The cell 
wall was made of stainless-steel tubing with an internal 
diameter of about 2.9 cm and a wall thickness of about 
1.6 mm. The end caps of the cell also were composed of 
stainless steel and were hard soldered to the tubing. The 
thickness of the flat region of each end cap was machined 
to 1.588±0.005 mm. An identical cell which was evacu
ated was used for the "sample out" runs. The gas 
target, cell, and detector were aligned to an accuracy of 
about 0.2 mm with the aid of a theodolite. 

The data at each energy were obtained in a series of 
about 20 runs which were taken in the sequence sample 
out, in, in, out, etc., in order to minimize effects caused 
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by slow drifts in the neutron flux and in the electronic 
systems. The relative number of monoenergetic neutrons 
was monitored with a plastic scintillator at an angle of 
60° with respect to the incident deuterons. For both the 
detector and the monitor a low-biased discriminator and 
a high-biased discriminator were used throughout each 
run. The high-bias data served as a check on 
the gain stability of the photomultiplier and amplifier 
systems. The monitor and the detector always were 
biased sufficiently high that a negligible number of 
breakup neutrons from the source reaction were 
detected.23 

A pulse-height distribution obtained from the de
tector for 25-MeV neutrons is shown in Fig. 1. The 
arrows indicate the low bias and the high bias which 
were used at this energy. The total number of low-bias 
counts of about 60 000 shown in this figure was typical 
for a "sample out" run. 

The number of background counts caused by neu
trons and possibly gamma rays not from the source 
reaction was measured at each energy by taking a run 
with the gas target evacuated. This background always 
was found to be less than 0.5% of the number of counts 
with the sample out. The background caused by room-
scattered neutrons was determined with the aid of a 
38-cm-long brass shadow bar. This latter background 
was less than 1% at all energies. 

Corrections were made to the observed transmission 
for the two backgrounds discussed above and for inscat-

TABLE II . The total cross section of helium for neutrons. 

Energy 
(MeV) 

20.00±0.02 
21.00±0.02 
21.85=b0.02 
22.00±0.01 
22.05±0.01 
22.10=1=0.01 
22.13±0.01 
22.15=1=0.01 
22.18zb0.01 
22.20±0.01 
22.23±0.01 
22.25±0.01 
22.28±0.01 
22.30±0.01 
22.35±0.01 
22.60±0.02 
23.00±0.02 
24.00=1=0.02 
24.50i0.02 
24.75±0.02 
25.00=t=0.02 
25.51±0.02 
26.00=1=0.02 
27.00zb0.02 
28.00=fc0.02 
29.00±0.02 

Energy 
spread 
(keV) 

130 
120 
110 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
100 
90 
80 
70 
70 
70 
70 
70 
60 
60 
60 

Cross 
section 
(mb) 

751 
721 
730 
713 
745 
821 
863 
885 
840 
804 
758 
804 
743 
756 
750 
711 
685 
652 
659 
636 
633 
616 
612 
598 
591 
577 

Statistical 
error 
(mb) 

±8 
8 
8 
15 
15 
15 
15 
15 
15 
15 
17 
14 
17 
16 
16 
12 
8 
8 
6 
6 
5 
8 
7 
8 
8 
12 
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FIG. 2. The total cross section of helium for neutrons. The error 
bars of the present work indicate statistical errors only. The solid 
curve is a fit by eye to the data. The dashed curve over the 
resonance is the cross section obtained after a correction was 
applied for the neutron energy spread of about 40 keV. The 
dash-dot curve was computed from the GTP phase shifts (Ref. 4). 

tering by the helium. The last-mentioned correction 
was about 0 . 1 % of the transmission at each energy. 
Measurements of the composition of the gas sample 
with a mass spectrometer indicated a total quantity of 
impurities of less than 60 ppm. 

The possibility of gross errors in the present experi
ment was studied by measuring concurrently the total 
cross sections of helium and hydrogen for 20.00-MeV 
neutrons. A value for the n-p total cross section which 
is accurate to 0.5% has been reported by Day et al.24 

for 19.67-MeV neutrons. The concurrent measurements 
were carried out by taking data with a hydrogen-filled, 
a helium-filled, and an evacuated cell in the sequence 
hydrogen in, sample out, helium in, helium in, sample 
out, hydrogen in, etc. The n-p total cross section which 
was obtained was consistent with an extrapolation of 
that reported by Day et al. to within the statistical 
accuracy of about 1% of the present measurement. 

24 R. B. Day, R. L. Mills, J. E. Perry, Jr., and F. Scherb, Phys. 
Rev. 114, 209 (1959). 

22.18zb0.01
24.50i0.02
27.00zb0.02
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Results 

The measured total cross sections are given in Table 
II and are shown in Fig. 2. Los Alamos data21 are shown 
for comparison. The errors for the present work are 
statistical errors only. The uncertainty in the neutron 
energy is estimated to be about ± 1 0 keV around the 
22.15-MeV resonance and ± 2 0 keV elsewhere. For the 
former data the thickness of the nickel foil was deter
mined by measuring the shift in the threshold of the 
Cu(p,n) reaction caused by inserting the foil in the 
proton beam. The solid curves are a fit by eye to the 
data. The dashed curve over the resonance was ob
tained by correcting the solid curve for the neutron 
energy spread. The energy spread was approximated by 
a rectangular function with a width of 40 keV. The dash-
dot curves represent total cross sections computed from 
the GTP phase shifts. The energy and width of the 
resonance at 22.15 MeV indicate that it corresponds to 
the 16.70-MeV state of He5. 

Since a comprehensive discussion of the sources of 
error which exist in an experiment of this nature already 
has been published,24 the treatment here will be brief. 
In the present experiment each of the measured trans
missions may be in error because of uncertainties in the 
background corrections and the inscattering correction. 
For the worst case these uncertainties cause errors in 
the measured cross sections of about 0.2% and 0 .1%, 
respectively. The sources of error in the determination 
of the number per cm2 of helium nuclei are the uncer
tainties in the weight of the helium, the volume of the 
cell, and the length of the cell. The sum of these last-
mentioned uncertainties is about 0.3%. The arithmetic 
sum of all the above uncertainties suggests that the 
systematic error for each of the measured total cross 
sections is less than 0.6%. 

ANGULAR DISTRIBUTION AND He4(n,d)T 
YIELD MEASUREMENTS 

Experimental 

The angular distributions were measured by observing 
the energy spectrum of the recoiling alpha particles in a 
high-pressure gas scintillator. The energy distribution 
of the recoiling alpha particles in the laboratory system 
is proportional to the angular distribution of the scat
tered neutrons in the center-of-mass system, provided 
that the neutron angular distribution is expressed as a 
function of the cosine of the c m . scattering angle.25 

Neutrons for these measurements were produced in 
the same manner as for the total cross-section measure
ments. The neutron flux was monitored by integrating 
the deuteron beam current. All data were taken with 
the scintillation counter at 0° with respect to the inci
dent deuteron beam, except for data at 16.4 MeV for 
which the counter was at 73°. The distance from the 
center of the target to the center of the counter was 
23 cm for the former and 30 cm for the latter data. 

2* H. H. Barschall and J. L. Powell, Phys. Rev. 96, 713 (1954). 

The scintillation counter used for these measurements 
is similar to the second of two described previously.26 

The gas scintillator consisted of a mixture of helium and 
xenon at a total pressure of about 140 atm. The helium 
served both as a target for the incident neutrons and as 
part of the detection system. The xenon was necessary 
to increase the light output of the gas and to decrease 
the range of charged particles in the gas. The pressures 
of xenon which were used ranged from 24 atm at 16.4 
MeV to 38 atm at 26 MeV. 

The scintillations were viewed through the glass 
window of the counter with an EMI 9536B photomulti-
plier. The voltage pulses from the photomultiplier were 
amplified by a Tennelec preamplifier and a Franklin 
amplifier and recorded by an RIDL pulse-height ana
lyzer. The linearity of the amplifying and analyzing 
system was checked periodically with the aid of a 
Franklin precision pulse generator. The system always 
was found to be linear to about 1% for the range of 
pulse heights of interest. 

The light output27 of the gas scintillator as a function 
of alpha-particle energy was studied using the technique 
described in Ref. 26. The earlier work26 was carried out 
with a mixture of 8-atm xenon and 42-atm helium. I t 
indicated that the pulse height produced by an alpha 
particle was directly proportional to its energy up to 
about 6 MeV. In the present work the response of a 
mixture of about 30-atm xenon and 100-atm helium was 
studied for alpha-particle energies from 0.6 to 16 MeV. 
Contrary to the low-pressure results, the pulse height of 
the recoiling alpha particles was observed to be a linear 
function of energy only above about 2.5 MeV. Therefore, 
in the present experiment, only the portion of the dis
tribution above the pulse height for 2.5-MeV alpha 
particles could be used. The effect of the nonlinear re
sponse on this portion of the pulse-height distribution 
was simply to change the channel which corresponded 
to a pulse height of zero. This adjustment to the channel 
scale of the pulse-height distribution was determined 
experimentally and was found to be about 4±0.5 chan
nels for the conditions of the present experiment. 

Several corrections must be applied to the pulse-
height distributions. The source neutrons produce dis
integrations and recoils in the xenon and in the walls of 
the counter. This counter background can be measured 
by taking a run with the counter filled only with xenon. 
However, the light output for the same particle energy 
is different for pure xenon from that for the xenon-
helium mixture.3 To compensate for this difference the 
gain of the electronic system must be adjusted. 

The results of the Wisconsin work3 at high neutron 
energies indicated that difficulties might arise in the 
present experiment in the measurement of this back
ground. In particular, it was not clear how the magni
tude of the above-mentioned gain adjustment should be 

26 R. E. Shamu, Nucl. Instr. Methods 14, 297 (1962). 
27 R. E. Shamu and J. G. Jenkin (to be published). 
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determined. Therefore, in the present work, attempts 
were made to identify the background particles and to 
study their pulse heights as a function of gas composi
tion. These auxiliary experiments were carried out at 
22.6-MeV neutron energy. Although the energies of the 
particles which comprise this background can be very 
high, e.g., about 29 MeV for 22.6-MeV neutrons, only 
the range from about 3 to 15 MeV which is spanned by 
the helium recoils is of interest here. 

In one auxiliary experiment the magnitude of the 
background was measured as a function of xenon pres
sure. This experiment indicated that the background 
was caused mostly by xenon disintegrations. In another 
experiment the contribution of the counter wall was 
reduced by covering the inside of the steel cell with 0.2 
mm of lead and by decreasing by over a factor of 2 the 
amount of reflecting material and wavelength shifter 
inside the cell. No significant decrease in the number of 
background pulses was observed, which also suggested 
that most of these pulses corresponded to xenon disinte
grations. Of the several kinds of charged disintegration 
particles which can be emitted from xenon with energies 
in the range of interest, only the singly-charged parti
cles, i.e., protons, deuterons, and tritons, have a high 
probability for penetrating the Coulomb barrier of this 
nucleus. Therefore, it is believed that most of the counter 
background in this energy range can be attributed to 
these singly-charged disintegration particles. 

The pulse heights for some of these background parti
cles were studied as a function of gas composition by 
adding helium to 35 atm of xenon.27 It is clear that only 
those background pulses above the pulses caused by the 
alpha-particle recoils could be investigated in this man
ner. For partial pressures of helium from 0 to about 
100 atm, an appreciable number of counter background 
pulses could be observed as a "knee" just above the 
14.5-MeV alpha-particle recoils. The pulse heights for 
this knee and for the 5.3-MeV alpha particles from a 
Po source were studied as a function of the amount of 
helium which was added. The pulses of the knee were 
observed to increase in magnitude by about 50% rela
tive to the alpha-particle pulses for the total change of 
the helium partial pressure of about 100 atm. This in
crease was a measure of the gain adjustment required 
for the counter background measurement. 

It should be pointed out that tfre gain adjustment 
determined in the above manner will be correct for most 
of the background particles only if the pulses of the ob
served knee also are due to singly-charged particles. 
Evidence was obtained that these particles are indeed 
singly-charged in experiments similar to the above ex
periment which were carried out with 0.51-MeV elec
trons, 5.3-MeV alpha particles, and 29-MeV alpha 
particles.27 

Corrections also must be applied to the pulse-height 
distributions for the neutron background and for the 
wall effect. The neutron background is that caused by 
neutrons not from the source reaction which produce 
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FIG. 3. Pulse-height distribution resulting from the interaction 
of 22.6-MeV neutrons with alpha particles. Corrections for the 
neutron background, the counter background, and the wall effect 
have been applied. The peak at channel 43 is caused by disintegra
tion particles from the H.e4(n,d)T reaction. The remaining pulses 
are due to a-particle recoils produced by elastic scattering. Also 
shown are the neutron background (gas target evacuated) and the 
counter background (xenon only in the counter) at this energy. 

pulses in the scintillation counter. This background was 
measured by taking a run with the gas target evacuated. 
The wall effect refers to the distortion of the pulse-
height distribution caused by alpha-particle recoils 
which collide with the wall and window of the scintil
lation counter. The correction for this effect is discussed 
in detail in Ref. 3. 

Effects which were observed to be negligible in the 
present work were the background caused by room-
scattered neutrons and the effect of neutrons scattered 
by the steel cell of the scintillation counter. An estimate 
of the neutrons scattered backward into the counter by 
the window indicated that this background also was not 
important. 

The procedure generally used for taking data was as 
follows. First the scintillation counter, filled with the 
helium-xenon mixture, was bombarded with neutrons. 
Second, the effect of the neutron background was meas
ured by taking a run with the gas target evacuated. 
Third, after the above data had been taken at several 
energies, the counter background was measured at the 
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same energies by bombarding the counter with neutrons 
when it was filled only with xenon at the same pressure 
as in step one. 

For the above procedure an error in the counter back
ground measurement is introduced because the ranges 
in the gas of the particles which comprise this back
ground are not the same for steps one and three. This 
error was about 10% or less for the pressures of xenon 
and helium which were used in the present experiment. 

An error in the counter background measurement is 
introduced, also, if the xenon or tirtium pressures are 
not the same for steps one and three. Therefore, at 
several energies data also were taken in the sequence 
three-one-two, a procedure which eliminated these two 
possible sources of error. There was very good agreement 
between the two sets of data. 

In Fig. 3 are shown the background corrections and 
the corrected pulse-height distribution for 22.6-MeV 
neutrons. The dashed curve and the solid curve represent 
the neutron background and the counter background, 

respectively. For the smallest recoil energies, where it is 
seen to be largest, the former background varied from 
4 % for 16.4-MeV neutrons to 13% for 26-MeV neutrons. 
The counter background is seen to be relatively the 
largest near the minimum in the corrected distribution, 
i.e., near channel 70 in this figure. Near the minimum 
this background ranged from 20% at 16.4 MeV to 6 5 % 
at 26 MeV. The correction for the wall effect, which is 
not shown in the figure, was less than 5 % for all the 
data of the present experiment. 

The pulse-height distribution obtained after the two 
background corrections and the wall-effect correction 
were applied is shown by the closed circles. The peak in 
this distribution at channel 43 was caused by disinte
gration particles from the He4(w,d)T reaction. The tail 
above channel 108 is a result of the resolution of the 
scintillation counter. The techniques employed to attain 
the observed spread of about 5 % in the pulse heights 
of the recoil alpha particles are described elsewhere.27 

In this pulse-height distribution and for all the others 
which were obtained, no data are shown for the lowest 
channels because large backgrounds in this region make 
the data unreliable. 
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FIG. 5. Differential cross sections in the cm. system for the 
scattering of 21.85-, 22.6-, and 23.7-MeV neutrons by alpha 
particles. Note the shift in the cross-section scale at 21.85 and 
22.6 MeV. The error bars indicate possible systematic errors and 
are explained in the text. At 22.6 and 23.7 MeV no data were 
obtained near cos0= +0.2 because of the presence of disintegration 
particles from the He4(n}d)T reaction. The solid curves were 
computed from the GTP phase shifts; the dashed curve from 
phase shifts suggested by May et al. (Refs. 4 and 2). 
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In the present experiment the pulse-height distri
butions of the recoil alpha particles which were obtained 
correspond only to relative angular distributions. For 
several of the measurements a cross-section scale was 
determined by normalizing the angular distribution, 
expressed in terms of a Legendre polynomial expan
sion,28 to the total elastic-scattering cross section. 

Results 

Angular Distributions 

Angular distributions which were obtained below and 
above the 22.15-MeV resonance are shown in Figs. 4 
and 5. The differential elastic-scattering cross sections 
are plotted as functions of the cosine of the scattering 
angle in the cm. system. The statistical uncertainties 
are greatest for the 16.4-MeV data where they range 
from 1% at the smallest angle to 3.5% at the minimum 
of the distribution. For the measurements at 22.6 and 
23.7 MeV, no angular distribution data were obtained 
near cos#=+0.2 because of the presence of disintegra
tion particles from the He4(^,d)T reaction. The neutron 
energy spread was less than 170 keV for each of these 
measurements, except at 16.4 MeV where the spread 
was about 700 keV. 
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FIG. 6. Relative angular distributions for n-a elastic scattering 

measured just below, on, and just above the 22.15-MeV resonance. 
The neutron energy spread for these data was about 70 keV. The 
dashed curve at 22.15 MeV was computed from GTP phase shifts 
which were modified to take into account the 16.7-MeV level of 
He5. For the solid curve, both the 16.7-MeV level and the 
He4(w,df)T reaction were taken into account. The symbols hC and 
72~ refer to the J3/2 phase shift and the J3/2 inelastic parameter, 
respectively. 

28 M. E. Rose, Phys. Rev. 91, 610 (1953) and L. G. Lawrence, 
Australian National University Report ANU-P/287 (un
published) . 
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FIG. 7. At the top is shown the measured yield from the 
He4(n,d)T reaction over the 22.15-MeV resonance. The dashed 
curve was computed from the cross section for the inverse reaction. 
For the crosses, open circle, and closed triangle, the published 
cross sections for the inverse reaction were used (Refs. 14, 32, 
and 33). The solid curve was obtained by adjusting the dashed 
curve for the neutron energy spread of about 70 keV. The present 
data were normalized to the solid curve at its maximum. The 
remainder of the figure shows part of the n-a angular distribution 
data obtained over this resonance plotted as 8 excitation functions. 
Each data point is the sum of two channels of a pulse-height 
distribution. The smooth curves are fits by eye to the data. The 
yield and angular-distribution data shown at each energy were 
obtained at the same time. 

The solid curves in these figures are differential 
elastic-scattering cross sections which were computed 
from the GTP phase shifts. The dashed curve at 16.4 
MeV is the cross section computed from phase shifts 
for p-a scattering which were suggested by Brockman.29 

At 23.7 MeV, the dashed curve corresponds to phase 
shifts published by May et al.2 which are consistent with 
total cross section22 and asymmetry measurements.2 

Relative angular distributions which were measured 
just below, on, and just above the 22.15-MeV resonance 

29 K. W. Brockman, Jr., Phys. Rev. 110, 163 (1958); W. T. H, 
van Oers (private communication). 
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FIG. 8. Excitation functions for 
n-a elastic scattering measured over 
the H.e4(n,np) and He4(w,2w) thresh
olds and over the He5 state (Ref. 9) 
at 19.0-MeV excitation energy (25.0-
MeV neutron energy). If a He4 state 
exists at 20.1-MeV excitation energy, 
the He4(w,w')He4* threshold occurs at 
25.2-MeV neutron energy (Refs. 19 
and 20). Each data point is the sum 
of two channels of a pulse-height 
distribution. The error bars indicate 
statistical errors, only. The curves are 
straight lines drawn through the data 
points. The neutron energy spread was 
about 70 keV. 

are shown in Fig. 6. These distributions have been cor
rected for backgrounds and for wall effect. The neutron 
energy spread for the data in this figure and in Fig. 7 
was about 70 keV. 

The dashed curve at 22.15 MeV shown in Fig. 6 is an 
angular distribution computed from GTP phase shifts 
which were modified to take into account the 16.7-MeV 
level. Since it is believed to have a spin and parity of 
§+, this level should affect only the dz/2 phase shift. The 
estimated value for this phase shift of 80° (instead of 
the GTP value of 12.5°) assumes that the resonance 
energy is just above 22.15 MeV. Using a value of 90° 
for this phase shift made the fit slightly poorer. 

For the solid curve in this figure the GTP phase shifts 
were modified to take into account both the 16.7-MeV 
level and the He*(n,d)T reaction. This reaction can in
fluence only the dz/2 inelastic parameter30 if it is assumed 
that at this energy the deuteron and triton which are 
emitted can have a relative orbital angular momentum 
only of zero and a total spin only of f. The value for this 
inelastic parameter of 0.2 (instead of 1.0) was computed 
from the HeA(n,d)T cross section of 85 mb at this energy. 
The HeA(n,d)T cross section was estimated from the 
measured cross section for the inverse reaction.31 

Both the dashed and the solid curve are normalized 
to a cross-section scale (not shown) which was deter-

30 See, for example, J. H. Foote, O. Chamberlain, E. H. Rogers, 
and H. M. Steiner, Phys. Rev. 122, 959 (1961). 

31 J. E. Brolley, Jr., and J. L. Fowler, Fast Neutron Physics 
(Interscience Publishers, Inc., New York, 1960), part I, p. 73. 

mined from the zero-order Legendre coefficient for the 
measured angular distribution at 22.15 MeV. The fit of 
the solid curve to the 22.15-MeV data can be improved 
by adjusting the resonance energy within its experi
mental uncertainty and by taking into account the neu
tron energy spread of about 70 keV. The large difference 
between the solid and dashed curves shows that the 
effect of the J3/2 inelastic parameter is very large at this 
energy, as one might expect. 

In Fig. 7 a part of the angular distribution data taken 
over the resonance is presented as 8 excitation functions. 
Each of the data points is the sum of two channels of a 
pulse-height distribution. Smooth curves have been 
drawn through these data points to guide the eye. These 
results appear to be consistent with those of Bonner 
et al.15 

The data of the present experiment shown in Fig. 7 
were corrected for backgrounds, wall effect, and a total 
variation in neutron flux with energy of about 2%. This 
variation was caused by the change in the cross section 
of the neutron-producing reaction and by the loss of 
tritium through the nickel foil. 

Part of the data obtained over the 19.0-MeV level 
and the He4(^,w^), ~H.e4(n,n'), and ~H.e4(n,2n) thresholds 
is shown in Fig. 8. The neutron energy spread for these 
data was about 70 keV. Each data point of these excita
tion functions also corresponds to the sum of two chan
nels of a pulse-height distribution. These data were cor
rected for backgrounds, wall effect, and a total variation 
in neutron flux with energy of about 6%. The errors 
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TABLE III . Values for A\/A0 obtained by fitting the n-a 
angular distributions with Legendre polynomial expansions. Also 
given are values for A0 which were computed as described in the 
text. 

EN 
(MeV) 

16.4 
20.0 
20.0 
21.0 
21.85 
21.85 
21.97 
21.99 
22.02 
22.05 
22.07 
22.10 
22.13 
22.15 
22.18 
22.20 
22.23 
22.25 
22.32 
22.37 
22.42 
22.6 
23.7 

Ao 
(mb/sr) 

72.2 ±2.0 
60.1 ±0.6 
60.1 ±0.6 
58.0 ±0.6 
56.9 ±0.6 
56.9 ±0.6 
56.9±1.1 
56.9±1.1 
57.3±1.1 
58.1 ±1.2 
59.3±1.2 
61.1 ±1.2 
62.8±1.3 
64.0±1.3 
62.4±1.2 
60.5 ±1.2 
58.9±1.2 
58.1 ±1.2 
56.2±1.1 
55.3±1.1 
54.7±1.1 
53.3 ±0.8 
50.1 ±0.7 

Ai/Ao 

1.53 ±0.05 
1.64 ±0.08 
1.58 ±0.07 
1.63 ±0.05 
1.66 ±0.04 
1.60 ±0.11 
1.64 ±0.10 
1.62 ±0.14 
1.66 ±0.13 
1.70 ±0.08 
1.67 ±0.08 
1.76 ±0.18 
1.80 ±0.10 
1.89 ±0.07 
1.88 ±0.11 
1.87 ±0.07 
1.81 ±0.06 
1.83 ±0.13 
1.73±0.10 
1.76 ±0.06 
1.75 ±0.11 
1.68 ±0.06 
1.63 ±0.13 

A2/A0 

1.27 ±0.05 
1.46 ±0.09 
1.38 ±0.08 
1.41 ±0.05 
1.44 ±0.04 
1.36 ±0.11 
1.40 ±0.10 
1.36 ±0.15 
1.40 ±0.14 
1.47 ±0.09 
1.43 ±0.08 
1.63 ±0.19 
1.74±0.11 
1.90 ±0.07 
1.89 ±0.12 
1.86 ±0.07 
1.76 ±0.06 
1.79 ±0.14 
1.63 ±0.11 
1.66 ±0.07 
1.65 ±0.12 
1.53 ±0.07 
1.42 ±0.14 

A3/A0 

0.10 ±0.03 
0.31 ±0.05 
0.21 ±0.04 
0.26 ±0.03 
0.30 ±0.03 
0.20 ±0.06 
0.28 ±0.06 
0.23 ±0.09 
0.30 ±0.09 
0.39 ±0.05 
0.38 ±0.05 
0.69 ±0.12 
0.90 ±0.07 
1.11 ±0.05 
1.07 ±0.08 
1.02 ±0.05 
0.89 ±0.04 
0.89 ±0.09 
0.67 ±0.07 
0.69 ±0.04 
0.66 ±0.07 
0.52 ±0.04 
0.37 ±0.08 

AtfAo 

-0.03 ±0.02 
0.08 ±0.03 
0.04 ±0.02 
0.05 ±0.02 
0.06 ±0.01 
0.03 ±0.03 
0.04 ±0.03 
0.01 ±0.04 
0.02 ±0.04 
0.06 ±0.02 
0.03 ±0.02 
0.13 ±0.06 
0.14 ±0.03 
0.21 ±0.02 
0.19 ±0.04 
0.19 ±0.02 
0.15 ±0.02 
0.18 ±0.04 
0.09 ±0.03 
0.13 ±0.02 
0.14 ±0.03 
0.07 ±0.02 

-0.01 ±0.04 

shown are statistical errors only. The curves are straight 
lines drawn through the data points. 

Systematic errors may be present in each of the angu
lar distributions because of a number of uncertainties. 
The largest errors are caused by uncertainties in the 
neutron background correction and the counter back
ground correction. The difficulties involved in determin
ing the latter correction have been discussed in the pre
vious section. For each of the angular distributions 
shown in Figs. 4 and 5 an error bar is given at a small 
angle and at the minimum of the distribution to indicate 
the magnitude of the error caused by these background 
uncertainties. At the largest angle this error is about 
equal to or less than the size of the data point except at 
23.7 MeV. The size of each of these error bars corre
sponds to an estimated uncertainty of only ± 1 0 % in 
the background corrections. Although it is possible that 
this uncertainty may be as large as 20%, a value much 
larger than 20% seems unlikely. The smallest correction 
to the data, the wall-effect correction, is believed to 
cause an error of less than 1 % in the angular distributions. 

The excitation functions include all the above errors 
and, in addition, errors caused by small changes in gain 
and in the neutron flux. 

An estimate of the error in normalization of those 
angular distributions with cross-section scales can be ob
tained from the value of the residual error28 of the zero-
order Legendre coefficients. This error was about 4 % or 
less for each of the angular distributions shown in Figs. 
4 and 5. If the uncertainty in the total elastic-scattering 
cross section is taken into account, a total error in 
normalization of about 5 % may be assigned. 

The cos0 scale may be in error because extrapolations 
are necessary to determine the pulse heights which cor
respond to the extremes of +1 .0 and —1.0. The un
certainties at these extremes are believed to be about 
0.5% and 1%, respectively. 

21.8 21.9 22.0 22.1 22.2 22.3 22.4 22.5 22.6 
NEUTRON ENERGY IN MeV 

FIG. 9. Ratios of Legendre coefficients obtained by fitting the 
data of Figs. 4, 5, and 7 with expansions of Legendre polynomials 
(Ref. 28). Note the shifted ordinate scale for the ratio A2/A0. At 
20 and 21.85 MeV, the data (not shown) represented by the open 
symbols was taken using a xenon pressure of 38 atm, as compared 
with 31 atm for the closed symbol data at these two energies. The 
error bars include the residual error of A\ and of A0 (Ref. 28). 

Effects which may distort the angular distributions 
and for which no corrections have been applied are 
multiple scattering in the gas and a nonlinearity of the 
system. The former effect is estimated to be less than 
2 % for the present experiment. For each of the distri
butions the response of the gas scintillator and elec
tronics system is believed to be linear to 2 % over the 
recoil energy range which is given. 

Only the angular distributions at neutron energies less 
than 24 MeV were fitted with expansions of Legendre 
polynomials.28 All the distributions which were analyzed 
were fitted satisfactorily by expansions containing poly
nomials of order zero through four. The ratio of each of 
the Legendre coefficients to the zero-order coefficient is 
shown in Fig. 9 and listed in Table I I I . In Fig. 9 the 
coefficients represented by the solid symbols were ob
tained from the data displayed in Figs. 4, 5, and 7. 
Coefficients for two sets of data are shown at 20.0 and 
at 21.85 MeV. The open symbols at these energies cor
respond to data taken with the same xenon pressure as 
at 23.7 MeV. 

The error which is given for each of the ratios includes 
the residual error of the coefficient A\ and of A0. The 
smooth curves in Fig. 9 are fits by eye to the data points. 
In the vicinity of the 22.15-MeV resonance no correction 
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for the neutron energy spread has been applied to the 
ratios. However, the magnitude of this correction is 
believed to be much less than the size of the error bars. 

Also listed in Table I I I are values for the coefficient 
AQ which were determined from the measured total cross 
sections and computed HeA(n,d)T cross sections. In the 
vicinity of the 22.15-MeV resonance, total cross sections 
were used which were corrected for the experimental 
energy spread. The errors shown are rms uncertainties 
and are approximate, only. For each of these errors the 
total cross section and the reaction cross-section un
certainties were assumed to be the statistical error and 
5%, respectively. Additional errors may be present, 
particularly over the resonance, because of uncertainties 
in the energy scales of the two cross sections. 

He4(n,d)T Yield 

The observed yield from the He4(n,d)T reaction is 
shown at the top of Fig. 7. The errors are believed to be 
less than the size of the data points. The dashed curve 
represents the Ht*(n,d)T cross section computed from 
the cross section for the inverse reaction by using the 
principle of reciprocity. This curve corresponds to a 
smooth curve drawn through a plot31 of published meas
urements for the inverse reaction. For the open circle,32 

crosses,14 and closed triangle,33 the individual published 
cross sections were used for the computation. The solid 
curve in this plot was obtained by adjusting the dashed 
curve for the neutron energy spread. For this adjustment 
the energy spread was approximated by a rectangular 
function with a width of 70 keV. The relative cross-
section data of the present experiment was assigned a 
cross-section scale by normalizing the data to the solid 
curve near its peak. 

DISCUSSION 

The measurements of the present experiment agree 
only qualitatively with angular distributions obtained 
at 17.8 and 20.9 MeV by Austin et al.,z which appeared 
to favor the DGS phase shifts. However, their results 
were inconclusive at these energies because of the large 
and uncertain correction for the counter background. 

Calculations based on the GTP phase shifts agree 
very well with the angular distributions measured below 
the 22.15-MeV resonance, in particular for cos0<+O.2. 
Above the resonance the agreement is not as good. 
These results are consistent with those of the asymmetry 
measurements1,2 and are not unexpected since the GTP 
phase shifts take into account neither the 16.7-MeV 
level of He5 nor the He4(n,d)T reaction. Furthermore, 
since the GTP phase shifts have been derived from the 
p-a phase shifts of Gammel and Thaler,5 the results of 
the present measurements and the asymmetry measure-

32 H. V. Argo, R. F. Taschek, H. M. Agnew, A. Hemmendinger, 
and W. T. Leland, Phys. Rev. 87, 612 (1952). 

33 S. J. Bame, Jr., and J. E. Perry, Jr., Phys. Rev. 107, 1616 
(1957). 

ments imply that the Gammel-Thaler phase shifts do 
not describe p-a scattering above the analog level of 
Li5 at 16.8-MeV excitation energy (23.4-MeV proton 
energy). I t is known that these p-a phase shifts are in 
error above 29-MeV proton energy from the recent p-a 
polarization experiments.17'18 

Systematic differences between the curves calculated 
from the GTP phase shifts and the total cross section 
and angular distribution data indicate that even below 
the 22.15-MeV resonance an adjustment of the GTP 
phase shifts may be required. An adjustment just above 
the resonance is particularly desirable because of recent 
n-p polarization measurements at 23.1 MeV34 and 23.7 
MeV.35 In both of the n-p experiments helium was used 
to analyze the polarized neutrons. 

The smooth variation with energy of the Legendre 
coefficient ratios suggests that the present data may be 
worthy of a phase-shift analysis. Qualitative informa
tion can be obtained from the coefficients by inspection. 
For example, the nonzero value for A% at 16.4 MeV is 
evidence that at this energy a partial wave (or waves) 
higher than p wave is important in the n-a interaction.36 

Also, the nonzero value for A± at about 20 MeV indi
cates that at this energy a phase shift (or phase shifts) 
for which / > § must be included in the analysis.37 This 
information is in accord with the results of analyses of 
p-a scattering for the comparable energy range.5,29 

Values for the n-a phase shifts can be obtained directly 
from the Legendre coefficients by means of the method 
described recently by Pisent.38 However, his method is 
applicable to single-channel reactions only and therefore 
cannot be used above the 22.07-MeV threshold for the 
present data. A phase-shift analysis using a search pro
gram39 which can take into account inelastic processes 
is in progress at this laboratory. 

At 16.4 MeV, the angular distribution calculated from 
Brockman's phase shifts29 appears to fit the data reason
ably well. Since these are p-a phase shifts a perfect fit 
is not expected. At 23.7 MeV, it is seen that the phase 
shifts suggested by May et al.2 are not compatible with 
the angular distributions of the present experiment. 

Evidence for the 16.70-MeV level was obtained in 
both the total cross section and the angular distribution 
measurements. Furthermore, the change in the total 
cross section caused by this level is consistent with the 
parameters / = § &nd Tn^Td which have been obtained 
from studies of the T(J,^)He4 reaction.8 The solid curve 
shown in Fig. 6 suggests that the measured angular 
distribution at 22.15 MeV also agrees with a f+ assign
ment for this level. Therefore it must be concluded that 

34 R. B. Perkins and J. E. Simmons, Phys. Rev. 130, 272 (1963). 
35 W. Benerison, R. L. Walter, and T. H. May, Phys. Rev. 

Letters 8, 66 (1962). 
36 J. A. Wheeler and H. H. Barschall, Phys. Rev. 58, 682 (1940). 
37 F. C. Barker (private communication). 
38 G. Pisent, Helv. Phys. Acta 36, 248 (1963). 
89 S. M. Moss, Ph.D. thesis, University of Wisconsin, 1961 

(unpublished). 
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the interpretation of the resonance in the T(d,n) reaction 
as a barrier penetration effect is not correct. 

It is seen from Fig. 9 that the effect of the 16.7-MeV 
level on the n-a scattering may be appreciable even at 
neutron energies about an MeV above the resonance. 
Since this level has a spin and parity of §+, it can affect 
only the d3/2 phase shift for n-a scattering. Its contribu
tion to this phase shift at energies above the He4(#,d)T 
threshold can be determined from the partial widths of 
this level by means of the graphical method described 
by Moss.39 For the partial widths8 consistent with a 
radius of 7 F, the contribution was estimated to be about 
5° even as high as 23.7 MeV. 

No evidence was obtained for the 19.0-MeV level in 
either the total cross section or the angular distribution 
measurements. If the 19.0-MeV state exists and has a 
width of about 100 keV or greater, then the data in 
Figs. 2 and 8 indicate that this level causes changes of 
less than a few percent in the measured total cross 
sections and of less than about 4% in the measured 
angular distributions. However, if the width of this 
state is much less than 100 keV, its effect on the present 
measurements would be small because of the relatively 
large neutron energy spreads which were used. 

Neither the total cross section nor the angular distri
bution measurements gave evidence for the broad 20-
MeV level. However, the latter measurements are in
conclusive because they do not extend to high enough 
energies. If this level is instead at 22-MeV excitation 
energy as Rosen40 has suggested, then the total cross-
section measurements also are inconclusive for the same 
reason. 

Of the thresholds listed in Table I the He4(#X) and 
HeA(n,2n) thresholds are noteworthy since under certain 
conditions a threshold in a given channel may cause an 
observable anomaly, i.e., a cusp41 or a rounded step,42 

40 L. Rosen, Nuclear Forces and the Few Nucleoli Problem 
(Pergamon Press, Inc., New York, 1960), Vol. II, p. 481. 

41 E. P. Wigner, Phys. Rev. 73, 1002 (1948). 
42 G. Breit, Phys. Rev. 107, 1612 (1957). 

in the cross section of another channel. The conditions 
which must be satisfied are: (1) there are only two out
going particles in the threshold channel,43,44 (2) the 
outgoing particles have no Coulomb interaction between 
them,42 and (3) the outgoing particles have zero relative 
orbital angular momentum.42 Furthermore, a study of 
the cross section in the vicinity of the anomaly can give 
information about spins and relative parities.45 

Baz45 has pointed out that if other inelastic processes 
are present, these other processes decrease the size of 
the anomaly in any one channel. Also, if one of the 
outgoing particles in the threshold channel is not a sharp 
state, i.e., if it has a short lifetime, then the anomaly 
will be smeared out and may not be observable.45 

The He4(#X) threshold fulfils the three above-
mentioned conditions, and the He4(n,2^) threshold will, 
also, provided that the two outgoing neutrons are 
emitted as one particle, i.e., that the di-neutron exists.46 

The excitation functions shown in Fig. 8 indicate that 
if the 20.1-MeV excited state of He4 exists, and if the 
di-neutron exists, then they cause threshold anomalies 
in the He4(^,^) cross section of less than about 4% for 
the conditions of the present experiment. 
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