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A study has been made of the proton and a-particle yields from the 28-MeV (lab) bombardment of He by
'He. From these measurements a total reaction cross sec'tion o.„of433 ~ 10 mb was deduced. A reaction-

model analysis of the a-particle continuum revealed a significant contribution from the sequential reaction

He+'He~ Li(2.18)+p ia+ d + p in which the breakup of the excited Li nucleus is nearly isotropic in

its rest system. A phase-shift study was performed for 'He+'He elastic scattering at this energy using our
o.„value as a constraint. A pronounced odd-even dependence of the real parts of the phase shifts on the

orbital angular momentum was found. The results of this work are compared with other experiments, optical-

model and phase-shift analyses, and resonating-group calculations.

NlJCLEAB REACTIONS 4He(3He, p), (SHe, cy), E=28.00 MeV; measured g(E&, 8),
o.(E,8); deduced z&. n-continuum analysis. phase-shift analysis. Besonating-

group comparison.

I. INTRODUCTION

Attempts to extract information from elastic-
scattering data on. properties of the interaction be-
tween two nuclei often yield ambiguities in the ex-
tracted values of some of the parameters of the
model or theory being used. Because absorption
processes affect the elastic channel and because
the total reaction cross section o„ is an overall
measure of these processes, such ambiguities
sometimes can be reduced by imposing the con-
straint that the model or theory yield o~ values
in agreement with experiment. The principal mo-
tivation for making 0'z measurements generally
has been to use the results in such applications.
For example, in extracting phase shifts from elas-
tic-scattering data one can use the results of o~
measurements to restrict the allowed range of
values of the imaginary parts of the phase shifts.
Also, -in some optical-model analyses it has been
found that measured 0'~ values can be used to im-
pose useful restrictions on the parameters of the
imaginary potential. " In addition, the inclusion
of phenomenological imaginary potentials in res-
onating-group calculations3 for light systems has
made it useful to have az measurements for such
systems. Specifically, for the 'He+'He system of
interest here, previous work includes phase-shift
analyses, ~' optical-model studies, ""and reso-
nating- group calculations. """

In the present experiment we measured the
'He+4He total reaction cross section o~ by sum-
ming appropriate partial reaction cross sections.
Such a method involves measuring angular distri-
butions and generally is more tedious and time
consuming than the anticoincidence beam- attenua-
tion method. """However, at low energies the

beam- attenuation. method usually becomes inaccu-
rate due to large elastic-scattering corrections,
and furthermore the summation technique may be-
come easier to employ at low energies where few-
er reaction channels are open. Thus, the two

methods tend to complement each other. Of
course, the summation method yields information
on partial reaction cross sections as well as on

o~. Recently the beam-attenuation method has
been used" to measure o~ for the light systems
P+'He and P+4He, and some work has been carried
out using this summation method to measure o„
for the systems d+ d (Ref. 24) and 'He+'He (Ref.
25).

Although the primary purpose of the present work
was to measure the total reaction cross section
o„, information was also obtained on the mecha-
nisms involved in the 'He+ 4He reaction by carry-
ing out a least-y' fit of a simple reaction model to
our 'He-continuum data. There were principally
two reasons for performing this model analysis of
the continuum. First, it was desixed to have some
theoretical guide for the data extrapolations nec-
essary to extract o~. Second, in view of the fact
that the work of Ref. 26 at higher energies had
yielded 4He- continuum structure which was inter-
preted as having been produced by sequential de-
cay through 'Li* (2.18 MeV), it was desired to de-
termine whether or not such two-step decay also
occurs with significant probability at our energy.
The fit was good enough to accomplish both ob-
jectives, and is described below in Sec. V.

One use to which we put our measured value of
0~ was as a constraint in a phase-shift analysis
for 'He+'He scattering at 15.95 MeV (c,m. ). This
is described below in Sec. VI, and had as one of
its main purposes the investigation of whether or
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not a phase-shift solution exists for which the
phases have values near those of the resonating-
group results of Ref. 18. Finally, in Sec. VII our
value for o„ is included in a discussion of the gen-
eral trend of o„with energy exhibited by results
from other phase-shift analyses, "optical model
studies io, xi and resonating- group calculations
which included a phenomenological imaginary po-
tential. '8

II. MEASUREMENT SCHEME

The general method of measuring a total reac-
tion cross section o'~ by detecting a sufficient num-
ber of reaction-product species often aBows sev-
eral variations in the measurement scheme, de-
pending on the specific reactions possible at a
particular bombarding energy. For example, for
the 'He+4He system at E„=15.95 MeV one vari-
ant of this method arises from considering two
classes of open reaction channels: those which
produce continuum 4He particles, and those which
do not. Tmo 'He-producing reactions are the si-
multaneous breakup of the incident 'He particle
into tmo particles

'He+'He-'He+P+d,

and into three particles

All. 4He-producing reactions eventually termi-
nate with the final state particles given in Eq. (1)
or (2), and in each case only one 'He particle is
produced. Therefore, the reaction cross section
for this class of reactions, which we shaB desig-
nate by o„, can be measured by counting only 'He
particles (excluding elastically scattered recoil
'He particles). Furthermore, the cross sections
for the reactions of Eqs. (8) and (7) are easily
measured by detecting the nearly monoenergetic
protons. The 'Li ground state is stable, and the
second excited state decays only by y emission.
AB other states of 'Li in our range of excitation
(0-12 MeV) decay with overwhelming probability
by particle emission. " The sum of the cross sec-
tions for the formation of the ground and second
excited states of 'Li, mhich we shall designate by
o~~, then need only be added to the cross section
o for production of continuum 'He particles to
obtain the total reaction cross section."

(8)

This equatio~ represents a way in which the total
reaction cross section may be measured, and, as
mentioned below, represents the method actually.
used here. However, expressions for the total
reaction cross section are also given by

'He+'He -'He+ P+P+ n. (2)

Several tmo- step sequential processes" also ter-
minate with the same final state particles given in
Eqs. (1) and (2). An example of a two-step pro-
cess which terminates in the final state particles
given in Eq. (1) is

'He+ 'He - 'Li*+P

4He+d,

and an example for the final state particles given
in Eq. (2) is

'He+ ~He - 'Be+n

He+P+P . (4)

The reactions which do not produce 'He particles
are as follows:

'He+ He-'Be+ y,
'He+ 'He -P+ 'Li,
'He+ 4He - 'Li*+P

'Li+ y.

(8)

The cross section for the radiative capture reac-
tion in Eq. (5) is expected" to be insignificant com-
pared to the magnitudes of the other processes
listed, and therefore, this contribution to the total
reaction cross section miB be neglected.

or

mhere o„, a~, and o„are the cross sections for
production of neutrons, protons, and deuterons,
respectively. A detailed deviation of Eqs. (9) and
(10) is given in Ref. 29. These equations repre-
sent two other possible ways of measuring o~. In
each of Eqs. (8)-(10) the measurement of og, the
reaction cross section for the production of 'Li in
its ground and second excited states, is required.
Equation (10) requires the additional measure-
ment of the cross sections for production of neu-
trons and deuterons, Eq. (9) requires the addi-
tional measurement of the cross sections for the
production of protons and deuterons, and Eq. (8)
requires only the additional measurement of the
cross section for production of continuum 'He
particles. Because of its greater simplicity, the
scheme represented by Eq. (8) was chosen for the
present measurement of o ~

IH. EXPERIMENT

A. Apparatus

The apparatus used in this experiment has been
described in detail in Refs. 29-31 and only a brief
description mill be given here.



J. A. KOKPKE AND RONALD E. BRO%N

The MP tandem accelerator at the John H.
%illiams Laboratory of Nuclear Physics px'oduced
a 'He beam which was magnetically analyzed and
directed through a 'He-filled gas cell situated at
the center of a 43-cm-diam scattering chamber.
The energy of the incident 'He beam, was such that
its energy at the center of the gas cell was 28.00
MeV, an. energy at which reasonably accurate dif-
ferential- cross- section measurements exist. '~

The beam was collected in a large Faraday cup
having magnetic fields located so as to keep elec-
trons produced in the target from entering the cup
and to keep secondary electrons produced in the
cup from leaving it. The gas cells were enclosed
by 6-pm-thick Kapton foils. 32 The cell used for
the 'He continuum measurements had a 3.5-cm-
long entrance snout, whereas the cell used for the
proton measurements was the unsnouted cell men-
tioned in Ref. 31. The additional shielding of the
beam-entrance foil by the snout helped to reduce
background in. the energy region of the 'He con-
tinuum.

Two detector assemblies were used, each of
which employed silicon, surface-barrier detec-
tors which viewed the target gas through a stan-
dard, gas-target, collimator assembly. One
served as a monitor of t'he elastic yield at a fixed
angle (V0') and had a singie detector; the other
served to measure, in separate experiments, pro-
ton and 'He differential cross sections and had
multidetector stacks —one stack for proton detec-
tion and another for 'He detection.

The electronic instrumentation consisted of
charge-sensitive preamplifiers, linear amplifiers,
linear adders, single- channel pulse-height ana-
lyzers (SCA), coincidence units, computer inter-
faced scalers, analog-to-digital converters (ADC),
and an on-line computer.

2. Neuslrement of ~He-continuum yield

Data on the ~He continuum were obtained by us-
ing a two-detector stack consisting of a 2V- pm-
thick front detector and a 500- pm-thick back de-
tector. If we had employed this stack as a stand-
ard ~E-E particle- indentification system, the
lowest energy 'He particle which could have been
detected would have been about 6.5 MeV. How-

ever, the 'He continuuxn extends nearly to zero
energy, and, because an accurate determination of
the total reaction cross section depends on the
measurement of a large pox tion of this continuum,
a novel mode of operation of the detector stack
was used which allowed the detection of 'He par-
ticles of energies down to 1.8 MeV.

In this mode. of operation, the signals from the
27- and 500- pm detectors were added, with appro-
priate gating, to produce an energy spectrum.

1

2.I8 el' b
=30'

particle identification was not used because there
the pxoton groups of interest did not overlap in
energy with other particle types.

The amplified pulses from the ~E and E de-
tectox swere eachconnected to an SCA and to an

ABC. A 0.5- p, sec coincidence was required be-
tween the two SCA output signals, and the coin-
cidence signal was scaled and served as a gating
signal for the ABC system. In this way we readily
determined the dead time of the ADC system, which
gave the only significant contribution to the total
electronic dead time. Particle-type identification
was accomplished on line via computer software.
A sample proton enexgy spectrum is shown in Fig.
1.

B. Procedure

1. Measurement ofproton yield

lOOO-
g.S.

For this measurement a three-detector, ~E-E,
particle-identification system was used to sepa-
rate proton events fx om other charged particle
events. The thicknesses of these detectors were,
from front to back, 100, 250, and 3000 p,m. This
arrangement allowed the choice of either a 100-
pm bE detector with a 3250- pm E detector (mid-
dle and back detector signals summed) or a 350-
pm bE detector (front and middle detector signals
summed) with a 3000- pm E detector. The thick
(350 p. m) bE detector arrangement was used for
measurements at forward laboratory angles
from 15' to 80' and the thin (100 pm) bE de-
tector arrangement was used at the more backward
laboratory angles from 80' to 130 . Beyond 130'

O
C3

lOO-
C)I-
O
CL

0 lo l5

DETECTED PROTON ENERGY (MeV)

20

FIG. 1. Proton spectrum at 30 gab} produced by 28-
MeV 3He bombardment of 4He. Prominent peaks corre-
spond to the residual nucleus 6Li being left with the indi-
cated excitation energies PteV}. The spectrum suggests
that the broad state at 4.31 MeV is probably foxmed also.
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One of the gating requirements was that no parti-
cle event would be accepted unless the particle de-
posited in at least one of the detectors an energy
greater than. the deuteron stopping energy in that
detector. This corresponds to an energy loss of
either 1.7 MeV in the 27- pm detector or 11 MeV
in the 500- p,m detdetor. Such an arrangement
allowed the rejection of proton and deuteron events
of all energies and the acceptance of 'He-continuum
events of energies from 1.8 to 23.6 MeV. In ad-
dition, 'Li events with energies between 5.6 and
17.5 MeV were eliminated by the further gating
requirement that no particle event would be ac-
cepted if the particle deposited more energy in
the front detector than the 'He stopping energy of
5.5 MeV for that detector. There was no need to
arrange the system to reject either tritons or 'He
particles because reaction channels which produce
tritone are not open at 15.95 MeV (c.m. ) and the
energy of the elastically scattered 'He particles
is always higher than the maximum energy possible
for a continuum 'He particle. This system does
have an acceptance range of 1.8 to 5.6 MeV for 'Li
particles; however, the kinematics and gas-cell
energy-loss characteristics of the 'Li particles

produced in the reaction of Eq. (6) were such that
at only one laboratory angle (22') was it necessary
to subtract the events in a 'Li group from the 'He
continuum events. A schematic diagram of the
method by which the above gating requirements
were imposed is given in Fig. 2. This electronic
arrangement allows the data to be corrected for
ADC dead time.

The energy scale for the continuum measurement~
was established by measuring peak positions of the
elastically scattered 'He particles and recoil 'He
particles and by calculating the energies of these
detected particles from kinematic relations and
energy loss formulas.

Spectra were obtained at several lab angles by
bombarding an evacuated gas cell. These mea-
surements showed that there was no significant
contribution from foil scattering to the energy re-
gion of the 'He continuum. There was, however, a
contribution to this region from those elastically
scattered 'He and 'He particles whose energy had
been degraded appropriately in the detector colli-
mators. Corrections for this "slit scattering"
were made by the extrapolation to low energy of the
slit-scattering background appearing in the
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FIG. 2. Electronic arrangement for the measurement of the He continuum as described in Sec. IIIB2. The units Sl,
S2, and S3 are scalers. The OR unit produces an output pulse to enable the ADC whenever it receives one or more in-
put pulses.
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spectrum at energies above the continuum region.
These corrections ranged from 2 to 10/o of the mea-
sured continuum yield. Several background- sub-
tracted and energy- loss corrected continuum spec-
tra are shown as histograms in Fig. 3.

3. Other procedures

The absolute normalization of the entire data-
taking system was checked by comparing differen-
tial cross sections extracted from the 'He and

He elastic yields obtained in this experiment with

the elastic scattering data at 15.95 MeV (c.m. ) of

Ref. 14. There was agreement to within 3/o, which

is quite satisfactory.
The monitor detector was set at an angle of 70'

where the 'He differential cross section has a rela-
tive maximum. Thus its counting rate was not

very sensitive to minor changes in beam direction,
and its main purpose was to allow observation of
possible drifts in the apparatus for measuring
target-gas pressure, target-gas temperature, and

integrated beam current.
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C. Errors

We assign an error of +1Vo to the absolute scale
of our measured differential cross sections.
Somewhat less than half of this error arises from
uncertainties in detection geometry, beam- cur-
rent integration, and target-gas temperature and

pressure. The remainder of the error is assigned
to account for a variety of small effects for which

corrections were not made to the data. These
effects include nuclear reactions of the detected
particles with the Si detector material, multiple
scattering of the detected particles in the gas-
cell foil, and deviations of the true reaction angle
from the nominal angle (data were not taken both
left and right of the incident-beam direction). Cor-
rections, had they been made, for many of these
additional effects would have been angle dependent,
and their associated errors then would have been
included in the relative error. This more correct
procedure would have resulted in only very small
changes in the relative errors, and therefore the
procedure actually adopted is quite sufficient. The
assigned relative errors include effects from
counting statistics and uncertainties in background
subtraction.
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IV. EXPERIMENTAL RESULTS

A. Proton yield

A 30 (lab) proton energy spectrum is shown in

Fig. 1. As was mentioned in Sec. II, the pro-
duction of protons leading to 'Li(g. s. , T=O) and

0 5 IO I5 20 25

He CELL CENTER ENERGY (MeV)

FIG. 3. Selected background-subtracted and energy-
loss-corrected 4He-continuum spectra (histograms) at
the indicated lab angles e&~ from 28-MeV 3He bombard-
ment of 4He. The energy axis indicates the 4He energy
at the center of the gas target.
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to 'Li*(3.58 MeV, T = 1) are of importance in de-
termining the total reaction cross section o„,
and therefore these differential cross sections
were measured. In addition, we measured
the differential cross section for production
of protons leading to 'Li*(2.18 MeV, T =0).
It will be seen in Sec. V that these latter data were
quite useful in helping to understand the results of
the 4He continuum measurements. These three
sets of differential cross sections are plotted in
Fig. 4. The points in this figure correspond to the

'He ('He, p) 'L
i (g.s.)

measured data, and the solid curves represent
the results of Legendre-polynomial, least-y' fits
to the data. Integrated cross sections were ex-
tracted from these fits, and the results are 32
+1 mb for the ground- state reaction and 81 + 2
mb for the reaction leading to the 'Li first excited
state at 2.18 MeV. The proton peak corresponding
to the 'Li second excited state at 3.56 MeV blended
into the background beyond 100, and because of
the resulting lack of data, a reasonable Legendre-
polynomial fit was not achieved. A graphical esti-
mate yields an integrated cross section of 3 + 1
mb, which gives only a small contribution to 0~.

Qur measured differential cross sections for
proton production are listed in Table I.
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FIG. 4. c.m. differential cross section for 4He(3He, p)-

Li reactions from 28-MeT He bombardment of He.
The data (solid circles) are from Table I. The solid
curves show the results of Legendre-polynomial fits.

B. 4 He continuum yield

4He continuum data were taken at 14 laboratory
angles from 13' to 45 . A portion of this data is
shown as histograms in Fig. 3. All of the spectra
shown have been corrected for gas-cell energy
losses and for counts produced by the low-energy
tails of the elastic 'He and 4He peaks. It will be
noticed that the data in a 1-MeV interval about 6
MeV have been deleted. This was done because
a dead layer near the front surface of the 500- pm
detector caused a distortion of the spectrum in this
region. The total number of continuum events in
this region was not affected, however, and there-
fore the contribution of this region to the differen-
tial cross section is known.

At each laboratory angle the energy-integrated
cross section for production of 'He continuum parti-
cles was calculated. To do this it was necessary
to include an estimate of the contribution from the
low-energy region of the spectrum where no data
were available. These estimates were obtained by
assuming that the shape of the low-energy part of
the spectrum was given by a straight line segment
drawn between the origin and the lowest energy data
point. The uncertainty in each estimate was taken
to be 3 of that estimate. We note here that the con-
tinuum-fitting method described below in Sec. V
gave a low-energy contribution close to that ob-
tained from our simple linear extrapolation. The
energy- integrated differential cross sections ob-
tained with this procedure were multiplied by the
sine of the lab angle and then graphed as points with
error bars in Fig. 5.

Integration over angle of the data in Fig. 5 yields
a value of 318+6 mb for the contribution from the
4He continuum in the angular region between 13'
and 45'. An estimate of 70+5 mb for the integra-
ted cross section from the 0 to 13' region was
obtained by assuming that the angular dependence
in this region is given by a straight line segment
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TABLE I. c.m. differential cross sections Oc m. vs lab angle 8& at a lab energy of 28.00
MeV for the He( He, p) reactions leading to the ground, 2.18-, and 3,56-MeV states in ~Li.
The relative standard deviations 6 are given in %, and there is an additional scale error of
iso.

state Ground

&c.m.
(mb/sr)

+c.m.
(mb/sr)

3.56 MeV

~c.m.
(mb/sr)

15
20
25
30
35
40
45
50
60
70
80
90

100
110
120
130
140
150
160
165

4.40
3.12
2.36
2.20
2.09
2.28
2.27
2.18
2.48
2.48
2.85
2.85
2.40
1.82
1.79
1.73
2.32
3.02
3.50
4.15

3.0
2.4
5.5
7.7
3 ' 3
3.2
3.3
3.0
3.3
3.5
3.5
4.6
4.6
5.5
5.0
5.2
5.2
5.0
4.9
3.4

20.9
16.6
12.6
9.23
7.30
6.05
5.73
5.76
5.79
4.49
3.65
3.14
3.08
3.64
3.91
4.26
4.36
4.25
4.50
4.37

1.4
3.6
4.0
3.1
1.9
2.1

2.3
2.3
2.4
2.7
3.3
3.8
4.2

5.5
4.1

4.0
4.4
5.2
4.7
4.1

0.40
0.32
0.38
0.46
0.66
0.61
0 ~ 75
0.58
0.32
0.14

0.29
0.24

&0.20
&0.20
&0.20
&0.20
&0.20
&0.20
&0.20

10
16
21
13

8
10

8
12
16
29

21
29

l60-
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I0 20 30 40
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FIG. 5. Energy-integrated, He-continuum differen-
tial cross section from the 28-Me7 3He bombardment
of 4He. The figure shows the quantity, lab differential
cross section times the sine of the lab angle, plotted
vs lab angle. The solid circles show the data, and the
solid curves are from the fit described in Sec. V.

drawn between the origin and the 13' data point.
An uncertainty in this estimate was obtained by
drawing straight lines between the origin and the
error-bar tips of the 13' point. In a similar man-
ner, an estimate of 10+2 mb was obtained for the
region between 45' and 54.1'. This latter angle
is the largest laboratory angle at which ~He con-
tinuum particles ean be produced at 15.95 MeV

(c.m. ). Again, these extrapolations were in agree-
ment with the fitting procedure discussed below
in Sec. V. Addition of these two estimates to the
integrated cross section obtained from the data
yields an energy- and angle-integrated cross sec-
tion of 398+ 9 mb for the 'He continuum.

C. Total reaction cross section

The total reaction cross section o'~ is obtained
by use of Eci. (8}. Addition of the cross sections
for the production of 6I i nuclei in the ground and
second excited states to the cross section for 'He
continuum particles yields

0'+=433+ 10 mb.

V. FIT TO THE 4 He CONTINUUM

The purpose of this section is to describe the
fit of a simple model to the 'He-continuum data.
This phase of the analysis was prompted first by
the occurrence of certain distinct features of the
4He energy spectra which gave indications that at
least two different reaction mechanisms were im-
portant, and second by the desire to have avai1.able
a means having some physical content for checking
the extrapolation methods described above in Sec.
IV B.

A striking feature of the He energy spectra is
the occurrence of an abrupt step in all spectra mea-
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sured at lab angles less than 32'. These steps are
observable in Fig. 3. There the steps occur at 15
MeV in the 13' spectrum and at 10 MeV inthe 27'
spectrum. The energy positions of these steps
agree with the calculated maximum energy a 'He
could have were it to be produced in the two step
reaction of Eq. (3) proceeding through the first
excited state of 'Li. These kinematic calculations
also show that this two- step reaction couM not
produce 4He particles at lab angles greater than
34'. This is in agreement with the observed ab-
sence of the step at these larger lab angles, and
it also explains the abrupt change in the slope at
34' of the energy- integrated angular distribution
shown in Fig. 5. An additional characteristic of
interest was that the energy position of the high-
energy cutoff of the 'He spectra agreed with the
calculated maximum 'He energy which the reaction
of Eq. (1) could produce.

With this information in hand, it seemed rea-
sonable that the detailed shape of the 'He continuum
might be explained by a model in which it was as-
sumed that only the reactions of Eqs. (1) and (3)
were important. When an attempt was made to fit
the data under this assumption, however, the fits
were poor. Therefore, the reaction of Eq. (2) was
incorporated into the model to improve the fit.
The final model contained the following four ele-
ments: (i) Only those reactions given in Eqs. (1),
(2), and (3) are important. These reactions are,
respectively, the nonsequential three-body final
state reaction, the nonsequential four-body final
state reaction, and the two-step sequential decay
reaction which proceeds through the first excited
state of 'Li. (ii) For the reactions of Eqs. (1) and
(2), three-and four-body phase-space functions de-
scribe the c.m. energy distribution of the 'He parti-
cles. The 4He continuum c.m. angular distribution for
each of these reactions is described by a finite series
of Legendre polynomials whose coefficients are de-
termined by the best fit to the data. (iii) The angu-
lar distribution of the Li~ particle produced in its
first excited state is obtained from our measure-
ments of the differential cross section for the re-
action 4He('He, P)'Li*(2.18 MeV). Therefore, in
the model this angular distribution is represented
by a finite series of Legendre polynomials whose
coefficients are known. The angular distribution. of
the ~He particles which come from the breakup of
the excited 'Li nucleus is described by a finite
series of Legendre polynomials whose coefficients
are determined by the best fit to the data. (iv) The
model does not take into account the effects of ex-
perimental energy and angular resolution present
in the He continuum data. Further discussion of
the model is given in, the Appendix.

All of the ~He-continuum data (approximately

1600 points) were fitted simultaneously, and the
best over-all y' per degree of freedom was 5.5.
This fit required terms through P,(cos8) in the
description of the angular distribution of both the
three- and four-body final state reactions and re-
quired terms only through P, (cose) in the descrip-
tion of the angular distribution of the 4He from
the 'Li* in the two-step reaction. Results of this
fit showed that, in the c.m. system, the angular
distributions of the He- continuum particles pro-
duced by the nonsequential decay reactions are
both somewhat peaked at 180' and that the angular
distribution of the ~He particles produced by the
decay of the 'Li* is nearly uniform about the ori-
ginal velocity vector of the unstable 'Li~.

Results of the fit at some lab angles are shown
as solid curves in Fig. 3. In this figure the curves
labeled "3 BODY" give the predicted energy dis-
tribution of 'He particles which are produced by the
reaction of Eq. (1), the curves labeled "3+4
BODY" give the predicted sum of the contributions
from the reactions of Eqs. (1) and (2), and the
curves labeled "3+4 BODY+ 2 STEP*' give the
complete result, which is the sum of the contribu-
tions from the reactions of Eqs. (1)-(3). The en-
ergy-integrated angular distributions of these same
curves are shown as solid curves in Fig. 5.

In Fig. 3 it is seen that the abrupt steps in the
He spectra at lab angles of 13' and 27' are closely

matched by the fit, and in Fig. 5 it is seen that the
abrupt change in the slope of the ~He angular dis-
tribution at 34' is closely matched by the fit. It is
thus clear that the cause of these abrupt changes is
the onset of the two-step reaction.

Integration of the results of the fit for the indivi-
dual contributions to the 4He continuum gives 'He
production cross sections of 1&8 mb for the re-
action of Eq. (1), 125 mb for the reaction of Eq. (2)
and 81 mb for the reaction of Eq. (3). The fact that
the result for the reaction of Eq. (3) agrees with
the measured cross section of 81+2 mb simply
serves as a check on the calculation. The sum of
these three contributions from the fit is 394 mb
which is to be compared with the measured 'He
production cross section of 398+ 9 mb.

It has been described previously how the low-
energy extrapolations of the He spectra were ac-
complished. The results of these extrapolations
usually agreed within their estimated uncertainties
with the extrapolations provided by the fit.

VI. PHASE-SHIFT STUDY

We have carried out a phase-shift study of 'He
+'He elastic-scattering data" at 15.95 MeV (c.m. )
using the value of o~ from the present experiment
as an additional input datum to constrain the im-
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aginary parts of the phase shifts. This study had

two main purposes: (i) to ascertain whether or not

least-y' phase-shift solutions exist for which the

real parts of the phases have values close to those
of resonating-group calculations, "and (ii) to in-

vestigate the nature of the imaginary parts of the

phases, particularly to determine to what degree
they exhibit an odd-even effect, which might be
correlated with a space-exchange component in

the imaginary potential. ""
In the phase-shift search, '4 we employed two dif-

ferent procedures, both of which took as starting
values the resonating-group phases of Ref. 18. J
splitting at this energy is expected to be small, ""
and none was included in the analysis. The first
procedure (I) was to hoM fixed initially the real
parts 5R, of the phase shifts and to vary their im-

aginary parts 5, until the changes in y' became
small. Then this new set of 5, was held fixed, and

the 5, were varied until the changes in y' again,

became small. This alternate variation of 6R, and

51, was continued until a y' minimum was reached.
The second procedure (II) was the same as the
first except that the roles of 5, and 5, were inter-
changed, with 5, being varied initially. The rea-
soning behind the use of procedure I is that the
5R, of Ref. 18 are related, through the resonating-
group method, to the nucleon-nucleon force,
whereas the 6~ values of Ref. 18 arephenomenolog-
ical. Therefore we attribute more physical sig-

nificancee

to the 5R, than to the 6, of Ref. 18, and pro-
cedure I was adopted to aid in finding solutions for
which the values of 6, wou1d be close to the res-
onatlDg-gl oup values.

The present results and those of Ref. 18 are
given in Table II, which lists the X' and aR values,
and in Table III, which lists the phase shifts. The
fitting errors, as defined in Ref. 34, were 3 or 4

mb for o R and a few tenths of a degree for the
phase shifts. We comment here only that Table II
shows that both search procedures gave good fits,

and we reserve further discussion, for the next
section.

VII. DISCUSSION

The fit to the 'He continuum described in Sec. V
verified the occurrence of the two-step reaction
of Eq. (3) and the three-body breakup reaction of

Eg. (I). The additional inclusion of the four-body
breakup reaction of Eq. (2) was necessary in order
to obtain a reasonably good fit to the data: how-

ever, in contrast to the other two react;ions, no

readily noticeable features were present in the
continuum spectra which could be directly attribu-
ted to four-body breakup. The fit indicated that the
4He yieM from both the three- and four-body re-.

actions was backward peaked with respect to the
incident He direction in the c.m. system (periph-
eral 'He breakup) and that. the total three-body yield
was about 1.5 times the total four-body yield. How-

ever, considering the simplicity of the reaction
model and the fact that the fit probably is not very
sensitive to the detailed nature of the three- and

four-body reaction modes, we feel that the con-
clusions concerning these modes should be taken
onl.y as rough indications. Qn the other hand, our
fit yields the more definite result that the 'He
nuclei from the two-step reaction are emitted
nearly isotropically in the rest system of the ex-
cited 'Li nucleus. This is in contrast to the work
of Ref. 26 at higher energies, where it was de-
duced that the 4He nuclei from the two step re-
action are emitted preferentially forward with

respect to the 'Li direction.
In Fig. 6 our measurement (solid circle) of oz

=433 mb for the 'He+'He system at 15.95 MeV is

TABLE III. Phase shifts i5& —- 6&++i5~& in degrees for
3He+ He scattering at 15.95 MeV (c.m. ). Results are
shown from the resonating-group calculation of Ref. 18
and from the present fit to the data of Ref. 14 along with

the measured OR value. The two phase-shift-search pro-
cedures I and II are described in Sec. VI.

Procedure per datum crR (mb)

Calculation ~

I
II

Experiment

355
0.62
0.49

285+40
446
432
433+ 10

TABLE II. Results for y and OR from fitting both the
3He+ He elastic-scattering data at 15.95 MeV (c,m. ) of
Ref. 14 and the listed ~R value of the present experiment.
Phase-shift-search procedures I and II are described in

Sec. VI.

Calculation ~

gR gI

249.9 8.0
245.8 10.3
178.1 7.4
160.1 11.8

f 0.0 1.9
16.3 4.1
-0.4 0.1

1.3 0.1
-0.2 0

Procedure I
gR gr

248.0 10.1
248.3 3.2
173.2 11.2
154.5 20.0

9.7 13.3
17.6 4.0
—0.9 0.7

1.0 0.4
-0.4 0.4

Procedure II
gR

218.3 11.3
245.5 14.9
155.9 7.8
f49.7 11.6

1.5 7.7
13.6 4.1
—3.0 3.5

0.1 0.3
—0.6 0

Resonating-group method with phenomenological imag-
inary potential. No attempt was made to fit the experi-
mental value of crR. See Ref. 18.

~Resonating-group method with phenomenological imag-
inary potential. See Ref. 18.
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FIG. 6. Total reaction cross section vs c.m. energy
for the 3He+4He system. The solid circle shows the
result of the present experiment; the low-energy and
high-energy triangles are from the phase-shift analyses
of Refs. 4 and 9, respectively; and the vertical bars are
from Ref. 18, which used the resonating-group method
and a phenomenological imaginary potential.

compared with other results. The low-energy
triangle (os= 135 mb at 10.2 MeV) shows the high-
est-energy value deduced from Ref. 4, in which
complex phase-shift analyses were performed on
elastic differential cross sections. It is not cer-
tain how accurate that deduced value of o„ is; how-
ever, even in the unlikely event that it were low by
as much as a factor of 2, a comparison with our
value leads to the conclusion that o„rises rather
rapidly with increasing energy in the range 10-16
MeV. The vertical bars in Fig. 6 show the oz re-
sults of Ref; 18, in which elastic-scattering data
were fitted using the resonating-group method and
a phenomenological imaginary potential. It is in-
teresting to note that these results do show a rapid
rise in o ~ over a rather narrow energy range;
however, this energy region is somewhat higher
than the 10-16 MeV just mentioned. It can also be
seen that our measurement suggests that at 16
MeV o~ has already attained a value near its maxi-
mum, whereas the results of Ref. 18 do not yield
a leveling off of o ~ vs energy until about 21 MeV.
The high-energy triangle (o„=380 mb at 44 MeV)
is deduced from the phase-shift analysis of Ref.

9, and that az value is only about 15/o below that
yielded by the resonating-group analysis. We con-
clude from Fig. 6 that the general shape of the o„
energy dependence yielded by the analysis of Ref.
18 is reasonable; however, that analysis predicts
an energy region of rapid rise in a„about 5 MeV
too high. We have not shown any of the optical-
model results'"" in Fig. 6. The fits of Ref. 10
give" cr~&700 mb in the c.m. energy range 8.6-
10.9 MeV; such high values clearly are unrealistic.
In Ref. 11 measurements of elastic-scattering and
reaction cross sections at 18 MeV (c.m. ) and
optical-model studies of that data pre described. In
that work the optical-model fits generally were re-
quired to produce large values for &xz (&1000 mb).
That requirement resulted from an unfortunate
error in extracting a lower limit to o„ from the
reaction data. It has been commented elsewhere"
that a reasonable interpretation of the data of
Ref. 11 is that there is a lower limit to cr„of 300
mb at 18 MeV, which is consistent with Fig. 6.

The phase-shift study described in Sec. VI used
resonating-group phase shifts" as starting values
and had as one of its objects to see how close the
fitted phases would be to the resonating-group val-
ues. There is some previous work on the study of
the 'He+ 'He system in which this procedure was
also adopted. For example, in Ref. 5 such an
analysis was carried out on measurements of e]as-
tic differential cross sections in the c.m. energy
range 15.5-24.4 MeV, and the phase-shift results
were compared with the resonating-group calcu-
lations of Ref. 13. There the conclusion was re-
reached that the agreement of the empirical phases
with the calculated ones was rather qualitative,
but that the calculated phases do provide a useful
starting point for such analyses. In Ref. 9 a sim-
ilar study was carried out on measurements in
the c.m. energy range 28.0-44.0 MeV, and when
the fitted phases were compared with the results
of the resonating-group calculations described in
Ref. 17, systematic differences similar to those
in Ref. 5 were found to persist at these higher en-
ergies. However, a detailed comparison at 44 MeV
with the resonating-group calculation of Ref. 16,
which included a phenomenological imaginary po-
tential, showed a striking similarity between the
two sets of phases, particularly in the pronounced
odd-even dependence on orbital angular momentum
exhibited by both the zeal and imaginary parts of
the phase shifts.

One difference between our fitting and that of
Refs. 5 and 9 is that we have imposed a o~ con-
straint. In addition, we have used the results of
the resonating-group study of Ref. 18. This study
incorporated several improvements over the cal-
culations of Refs. 13 and 17, whose results were
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used in the two investigations" just described.
The main areas of improvement were the use of a
nucleon-nucleon potential. which fits better the low-

energy two-nucleon data, the inclusion of the
Coulomb-exchange terms, and the use of a pheno-
menological imaginary potential to account for the
effects of reactions on the elastic channel. The
resonating-group results at 15.95 Me& from Ref.
18 are shown in Fig. 7 as dots connected by solid
lines. Also shown are the results of our fitting
procedure I (dots connected by dashed lines) and

fitting procedure II (dots connected by dotted lines).
It can be seen in Fig. 7 that both fitting procedures
yielded real phases 5~ which are in reasonably
good agreement with the resonating-group results
and that, as expected, procedure I gave 5~ values
closer to the resonating-group values than did
procedure II. It is significant that both fitting pro-
cedures yielded real phases which exhibit a marked
odd-even structure in their dependence on orbital

I I I I

250-

200-

ISO-

Ioo-

50-

angular momentum, this dependence being quite
similar to that exhibited by the resonating-group
phases. This odd-even effect" arises in the eal-
eulations" from the exact treatment of the Pauli
exclusion principle, and we feel that such a fea-
ture should be present in any proposed phase-shift
set for this system if the set is to be considered
physically realistic.

In contrast to the real phases, the imaginary
phases 5, display considerable variation depending
on the method by which they were obtained. The
odd-even nature of the dependence of 5', on l shown

by the resonating-group results comes from the
particular form of the phenomenological imaginary
potential used in Ref. 18. There, a Majorana com-
ponent was included in the absorptive potential, as
had been suggested from previous work, "'"and it
was found that the experimental elastic differential
cross sections mere reproduced better when the
absorptive strength was made larger in the odd-l
than in the even-/ states. Neither procedure I or
II yields a structure in the E dependence of 6, quite
like that from Ref. 18, although, as might be ex-
pected, procedure II comes much closer to doing
so than does procedure I. It appears we can con-
clude from this only that the present study does
not establish the need for the specific type of I
dependence used in the imaginary potential of Ref.
18, but rather tends to suggest that a simple odd-
even dependence of the absorption may not be ade-
quate.

Finally, we m'ention that we have initiated a SHe

+4He phase-shift study over a broad energy range
using the results of Ref. 18 as starting values and

have obtained some preliminary results" from 12
to 44 MeV (c.m. ) using procedure L The most
significant result is that an odd-even effect in 5,
was found to exist over this full energy range.
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APPENDIX: CONTINUUM REACTION MODEL

I

0 I 2 3 4 5 6 7 8

FIQ. 7. Heal parts 6+ and imaginary parts 6I& of the
phase shifts for 3He+4He elastic scattering at 15.95 MeV
(c.m.). The solid lines connect the results of the reso-
nating-group study of Hef. 18, and the dashed and dotted
lines connect the results of the present procedures I and
II, respectively. These procedures are described in
Sec. VI.

Given here are the formulas used in and a brief
discussion. of the continuum model referred to in
Sec. V. A detailed derivation of the formulas is
presented in Ref. 29. Sequential decay also has
been considered in Ref. 40.

If o(B,E) is the lab differential cross section
for production of an n particle of lab energy E
in the continuum at lab angle 8 with respect to the
incident 3He direction, we calculate

(E'/E)'~'o(e, E) = o', (O', E') + &r,(e', E')

+&(P~ O' E')ll'(e")
~
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where (O', E') are the o.'-particle angle and energy
in the c.m. system corresponding to the lab quan-
tities (O, E), and 8" is the angle the n particle
from 'Li*- a+ d makes in the 'Li* rest system
wi:th the 'Li* direction in the c.m. system. The
factor (E'/E)'~' in Eq. (A1) is the Jacobian func-
tion for transforming the n-particle differential
cross sections between the c.m. and lab systems,
and the function H, which is discussed further
below, transforms the 'Li~ breakup probability per
unit solid angle W(8 ) from the 'Li* rest system
to the c.m. system. The cross sections a, and o,
in Eq. (Al) describe the three- and four-body
breakup processes, respectively, and are taken to
be products of a phase- space energy distribution
with an angular function represented by a sum of
Legendre polynomials:

H = Na Q p„A„( O', E'),
r=O

(AS)

where Ã, depends on masses, Q values, and the
incident 'He energy, and can be written most sim-
ply as

M6

M E'E"
6 C

(A7)

AD= w, Az=

where M, and M are the 'Li and n-particle
masses, respectively, E,' is the 'Li* energy in the
c.m. system, and E" is the n-particle energy from
'Li*- a+d in the 'Li~ rest system. The functions
A,(8', E') in Eq. (AS) can be found from the follow-
ing recursion relation

L

o3(8', E') ='(E3 —E') v'E' Q X, P, (cos8'),
l=o

(A2)
2r —1 r-1

A„= PA, + qA, ,2r ' r (AS)

and

o(8', E') =(E,' E')'v'E' Q p P (cosO'), (A3)

where P and q are functions which can be expressed
in the form

m=0

where E,' and E~ are the maximum possible c.m.
energies for the a particle from the appropriate
decay mode. The 'Li*- n+ d breakup probability
is written as

P = 2 cos8' — cos8" +

and

q = —,sin'8 —cos'8',

(A9)

(Al0)

W(8") = —+ g v„P„(cos8").1
47t. (A4)

(A5)

and the argument P in H(P, O', E') is meant to rep-
resent the dependence of H on o, through the set
of coefficients p„. We find that II can be written
in the form

The derivation of the transformation function
H(P, O', E') in Eq. (Al) is complicated. " It depends
on the c.m. differential cross section a,(8',) for
the production of 'Li~ at c.m. angle 8,' as well as
on geometrical considerations. We write 0, as

B R

&,(8,') = p, P„(cosO,') = g p„cos'8,',
r r=o

which allow P and q ultimately to be expressed in
terms of masses, Q values, the incident 'He en-
ergy, 8' and E'.

The coefficients p, of Eq. (A5) describing the
reaction 'He('He, 'Li")'H were obtained by fitting
the data described in Sec. IVA. An upper limit
of- R = 5 to the summation was found sufficient to
obtain a good fit. The coefficients X„p, , and
v„of Eqs. (A2), (A3), and (A4) were varied to ob-
tain a good fit to the 'He continuum data. The upper
limits to the summations found necessary in these
equations were L =3,M=3, N=1, and the coef-
ficient v, of Eq. (A4) yielded by the fit was rather
small.
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