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An attenuation technique has been used to measure the total reaction cross section cr„ for the systems p+ 'He
and p+'He at 10 and 16 incident proton energies, respectively, between 18 and 48 MeV. The attenuations

were measured to about 2% and the elastic corrections are known to about 2%. This results in the cr„values
being determined to about 8%, with smaller errors than this at the high energies and larger errors than this at
the low energies. The data are compared with results from elastic scattering analyses using phase shifts, the
optical model, and the resonating-group method.

NUCLEAR REACTIONS P+ 3'4He, a'& ——18-48 MeV; measured oz,.
anticoincidence beam-attenuation technique.

I. INTRODUCTION

One of the basic measurements of importance
for the understanding of the interaction between
two nuclei is that of the total reaction cross sec-
tion p„. For example, absorption processes af-
fect the elastic scattering probability by removing
flux from that otherwise available for scattering,
and therefore measured values for g„are nec-
essary to allow the proper restrictions to be
placed on the amount of absorption included in the-
oretical or phenomenological analyses of elastic
scattering data. Phase-shift extraction and op-
tical-model fitting are types of such analyses. The
inclusion of phenomenological imaginary potentials
in resonating-group calculations' for light systems
has also made it important to have g„measure-
ments for these systems. Some such work is in
progress' ' for the light systems 'He +'He (Ref.
2}, d+d (Ref. 8), and 'He+'He (Ref. 4) in which
o„values are determined by summing appropriate
partial reaction cross sections. In the present
work we report measurements of p„ for the sys-
tems p+'He and p+'He over the proton energy
range 18 to 48 MeV (lab). An anticoincidence
beam-attenuation technique' "was used in these
measurements; a brief report of the experimental
results has been given. "

The methods used in performing the experiment
and in reducing the data to total reaction cross
sections are discussed in Secs. II and III. Com-
parisons of the present data with results from

other experimental work, from optical-model cal-
culations, and from phase-shift analyses are pre-
sented in Sec. IV. In Sec. V a discussion is given
of the relevance of the present measurements to
resonating-group calculations, and in Sec. VI con-
cluding remarks are made.

II. EXPERIMENT

A. Apparatus

The University of Manitoba 50-MeV cyclotron
was used to provide proton beams of the desired
energies. The beam was momentum analyzed by
a bending magnet and was tightly collimated before
entering the total-reaction-cross-section appara. —

tus. The magnetic field of the bending magnet was
measured with an NMR probe whose resonant fre-
quency was calibrated in terms of proton energy
by measuring a series of proton energies with a
differential absorption technique. " The technique
consists in degrading the proton energy with ac-
curately lapped Si absorbers and determining the
residual proton energy through comparison with
the known energies of a particles emitted by '~'Am
and ThC. The incident proton energies are then
determined from Si range-energy tables. " By this
method the beam energy was determined to +100
keV. The beam energy spread after momentum
analysis and collimation was about 150 keV full
width at half maximum (FWHM}.

A schematic diagram of the total-reaction-
cross-section apparatus is shown in Fig. 1. De-

13 451

Copyright 1976 by The American Physical Society.



452 SOURKES, HOUDAYER, VAN GERS, CARLSON, AND BROWN

Passing
detector I

Incident
beam

Passing
detector 2

Annular
detector 3

Annular

detector 4

Gas-target
cell

~llll

Disk
detector 5

Cs I
detector

6

p&G. 1. Schematic diagram of the total-reaction-cross-section apparatus. Detectors 1, 2, 3, and 4 determine
whether or not a proton was incident on the entrance foil of the gas-target cell, and detectors 5 and 6 help deter~irie
whether or not that proton underwent a reaction in the ce11.

tectors 1 to 5 are NE-102 plastic seintillators, and
detector 6 is a Csl(Na) scintillator. A trigger sig-
nal, denoted (1234), is generated whenever detec-
tor 1 produces a signal which is in coincidence
with one produced by detector 2, and at the same
time, no signal is produced by either of the annu-
lar detectors 3 or 4. The presence of such an
event signifies that a proton was incident on the
gas-cell entrance foil. We will refer to protons
producing such (1234) events as "incident protons"
and will denote the number of such events by I,.
Particles emerging from the gas cell in the for-
ward cone enter the detector assembly composed
of the thin small-diameter plastic disk 5 and the
stopping detector 6. The discriminator settings
are such that detector 5 is sensitive to essentially
all the charged particles which enter it, and de-
tector 6 is sensitive only to the elastically scat-
tered protons which enter it. A signal, denoted
(5+6), which is generated by the occurrence of
signals from detector 5, or detector 6, or both,
is recorded as a "nonattenuation" event. The num-
ber I of such nonattenuation events, when combined
with appropriate corrections, helps to determine
how many of the number I, of incident protons
underwent reactions in the gas cell. This manner
of operation of detector 5 allows a great reduction
in the correction which need be applied for reac-
tions which occur in stopping detector 6. A de-
tailed description of the reaction apparatus and
electronic circuitry is given in Ref. 10.

The gas-target cells have walls formed by a
thick brass cylinder and each cell has a beam-en-
trance and a beam-exit foil soldered in place and
composed of Ni. The entrance foils are 0.02-mm
thick and the exit foils, having a larger area than
the entrance foils, are 0.0'7-rnm thick. Two cells
of different lengths were used during the experi-
ments. One cell of length' t =3.10 cm was oper-

ated at a pressure of about 35 atra, and the other
of length t = 5.16 cm was operated at a pressure of
about 20 atm. The helium gas pressure P was
measured with an accurately calibrated Bourdon
gauge, and the temperature 7 was determined with
a precision thermistor in contact with the cell.
The accuracy with which P, T, and the cell length
t were determined results in nt, the number of
helium nuclei ~~er cm' in the target, being known
to better than + 0.5%.

B. Procedure

The experiment was carried out by making two
separate attenuation measurements at every beam
energy, one with the gas cell filled with helium
and the other with the gas cell evacuated. In or-
der to gain some knowledge about the reproduci-
bility of the data, each of these two measurements
was made as a sequence of three, with 10' incident
protons being recorded for each measurement of
the sequence. The measurements made with the
evacuated cell are necessary to correct the mea-
surements made with the filled cell for the reac-
tions and large-angle scatterings which occur in
the cell foils. Therefore, the measurements at
each energy yield directly an uncorrected reac-
tion cross section a„„given by

1 Io -I io i(-
where I, and I are the numbers of incident protons
and nonattenuation events, respectively, for the
filled-cell measurements, i, and i are the corre-
sponding quantities for the evacuated-cell mea-
surements, g is the number of helium" nuclei per
cm' in the filled cell, and t is the length of the gas
cell. To obtain the total reaction cross section
a„, the quantity p„„must be corrected for the fol-
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lowing processes: (i) elastic scattering events
counted as attenuation events, (ii) reaction pro-
ducts detected as nonattenuation events, (iii} elas-
tically recoiling helium nuclei detected as nonat-
tenuation events, (iv) nuclear reactions occurring
in stopping detector 6, and (v) other small correc-
tions, some of which result from the fact that the
energy of protons emerging from the gas cell is
several hundred ke7 higher when the cell is evac-
uated than when it is filled.

III. DATA REDUCTION

A. Corrections

l. Elastic scattering

Some of the incident protons will be elastically
scattered by the helium to angles large enough so
that nonattenuation signals (5+6) will not be pro-
duced. Such processes contribute to the number
I, -I of attenuation events in Eq. (1), and, because
these events are not true reactions, corrections
for them must be subtracted from the O„„values.
These corrections are by far the largest ones ap-
plied to g„„, and therefore uncertainties in them
contribute significantly to the final errors in oR.
The corrections are calculated by integration of
the elastic differential cross sections over the
angular range for which (5+6}signals are not pro-
duced. This angular range depends on the point in
the gas cell at which the scattering occurs, and
therefore an average over the length of the gas
cell must also be calculated. The cross sections
for p+ He scattering were obtained from Ref. 16,
and those for p+4He scattering were obtained from
Refs. 17-21. A polynomial interpolation in energy
of the calculated elastic corrections was carried
out in order to obtain the final corrections listed

in column 3 of Tables I and II. It is estimated
that these corrections are known to ~ 2%.

2. Reaction products

Reaction products which enter the disk detector
5 are recorded as nonattenuation events, and
therefore corrections for these events must be
added to p„„. No such events are recorded by the
stopping detector 6, because its discriminator is
set high enough to reject reaction products from
proton bombardment of helium. The corrections
are calculated by appropriate integrations using the
information from Refs. 22-24 for p+'He and Refs.
17, 19,22, and 25-2S for p+4He. Extrapolations
of differential cross sections to small angles and
interpolations in energy are necessary in obtain-
ing these corrections. They are listed in column
4 of Tables I and II, and their small values are
due to the small solid angle subtended by detector
5. The error associated with these corrections is
taken as ~25%%up or +0.5 mb, whichever is larger.

3. Helium recoils

At the higher beam energies it is possible for
helium nuclei which recoil from backwardly scat-
tered protons to penetrate through the gas cell
and to enter disk detector 5. Such events are re-
corded as nonattenuation events, and one might
think this is proper because they correspond to
elastic scatterings of the incident protons. How-
ever, in the calculation of the elastic corrections
described in Sec. IIIA1, it was assumed that such
events are not detected. Therefore, corrections
for recoil detection must be added to g„„. These
corrections are calculated by appropriate inte-
grations of the elastic differential cross sections

TABLE I. p+ ~He cross sections in mb at proton lab energies E& in MeV. Listed are val-
ues for the uncorrected cross sections 0'„„of Eq. (1), for the corrections to a„„with their
associated signs given in parentheses, and for the resulting total reaction cross sections 0&
with their standard deviations. The standard deviation in 0'„„and in the elastic corrections
is 2/p.

~un

Elastic
(-)

Reaction
Products (+)

Recoils Reactions
(+) in 6 (-)

Light
guide (-)

Exit
foil (-)

18.25 476
19.55 442
22.55 380
25.05 416
27.55 314
30.05 295
35.00 245
40.00 214
45.00 190
47.65 185

444
398
308
321
212
191
142
103

75
66

2.0
2.0
3.0
4.0
5.0
6.0
6.5
7.0
8.0
8.0

0 4
0.4
0.3
0.2
0.2
0.2
0.1

0.8
1.0
1.0
1.0
4.0
4 0
2.5
2.5
3.0
3.0

3.0

1.0
1.0
1.0
1.0
0.9
0.8
0.8
0.7
0.6
0.5

32+ 13
44+ 12
73+10
94+ 11

103+ 8
106+ 8
106+ 6
115+ 5
120+ 5
124+ 5
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TABLE II. p+ He cross sections in mb at proton lab energies E& in MeV. Listed are val-
ues for the uncorrected cross sections O„„of Eq. (1), for the corrections to 0„,with their
associated signs given in parentheses, and for the resulting total reaction cross sections Oz
with their standard deviations. The standard deviation in O„„and in the elastic corrections
is 2%.

Oun

Elastic Reaction
(-) products (+)

Recoils Reactions
(+) in 6 {-)

Light Exit
guide {-) foil (-)

18.20 549
19.90 514
23 35 452
24.00 444
24.45 423
25 ~ 70 399
27.00 376
28.00 368
30.20 345
32.25 315
34.10 294
37.00 272
39.60 253
42.30 233
44.70 218
47.90 207

556
514
400
389
363
341
319
303
272
241
213
179
154
132
115

98

F 9
1.0
1.1
1.3
1.4
1.5
1.7
2.1
2.4
3 ' 3
6.3
6.9
7.6
8.3

2.5
2.4
2.4
2.3
2.1
1.8

0.8
1.0
0.8
0.6
0.6
0.8
1.4
1.3
2.7
1.8
2.2
2.1
1.5
2.0
2.8
3 ' 8

2.0
0.8
0.7
1.2
0.7
0.9
0.6
0.6
0.8
0.6
0.4
0.6
0.6

0.9
0.9
0.9
0,9
0.9
0.8
0.8
0.8
0.7
0.7
0.7
0.6
0.6
0.5
0.5
0.5

-9+ 16
-2+ 15
51+ 12
52+ 12
59+ 11
57+ 11
55+ 10
64+ 10
70+ 9
73~ 8
82+ 7
95+ 7

105+ 6
107+ 6
109+ 6
114+ 5

and are listed in column 5 of Tables I and II. The
error in these corrections is taken to be ~ 25% or
+0.2 mb, whichever is larger.

4. Reactions in the stopping detector

Protons elastically scattered into stopping de-
tector 6 can initiate nuclear reactions with the
detector material, and this can result in insuf-
ficient energy being deposited in the crystal to al-
low the recording of an elastic event. Corrections
for such reactions must be subtracted from o„„.
These corrections are obtained by multiplying a
reaction probability, calculated from the informa-
tion in Ref. 29, by the number of protons which
enter detector 6 but miss detector 5. The number
of such protons was either measured directly dur-
ing data accumulation or was calculated from elas-
tic differential cross sections. The corrections so
deduced are listed in column 6 of Tables I and II.
The error in these corrections is + 20% or + 0.4
mb, whichever is larger. As was mentioned in
Sec. IIA, these corrections are small because of
the use of disk detector 5. The probability of not
detecting a proton because of a nuclear reaction
occurring in detector 5 is negligible, and there-
fore, only the few percent of the total number of
incident protons which both enter detector 6 and
miss detector 5 contribute to this correction.

5. Other corrections
As discussed in Ref. 10, of the two methods used

to collect the light from disk scintillator 5, the

method which employs a Lucite light guide re-
quires that corrections be subtracted from g
These calculated corrections account for scatter-
ings and reactions of protons in the light guide
which cause them not to be recorded by detector
6. Column 7 of Tables I and II lists these correc-
tions for the energies at which the Lucite guide
was used. The error in these corrections is taken
as + 5(P/p

Corrections are subtracted from 0„„to account
for the fact that the attenuation i, —i measured
with the gas cell evacuated is slightly smaller than
that due to the cell foils when the gas cell is filled.
This is because the proton energy at the cell exit
foil is several hundred keV higher when the cell is
evacuated than when it is filled. The small cor-
rections for this effect are listed in column 8 of
Tables I and II, and the associated error is + 5(Pjp.

Each energy E~ listed in Tables I and II is the
average beam energy at the center of the filled gas
cell. No corrections have been applied to the
cross sections for either beam energy spread (150
keV FWHM) or energy loss (250 keV at 30 MeV
bombarding energy) in traversing the gas cell.
Such corrections should be negligible, except pos-
sibly in the p+ He resonance region just above the
first reaction threshold at 23.02 MeV (see Sec.
IV B). In addition, finite-beam-size and multiple-
scattering corrections were estimated and found to
be negligible over the ranges of incident energy
and target thickness used.
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8. Results

The uncorrected cross sections o„„ofTables I
and II have a 2% standard deviation associated with
them. This 2)( includes contributions from the er-
ror in the target thickness Nt, from the statistical
errors in the measured attenuations both with and
without the cell filled with helium, and from the
results of the tests for reproducibility. The cor-
rections to 0 „,and their uncertainties have been
discussed in Sec. III A. The final corrected values
for the total reaction cross sections g„are listed
in Tables I and II and are plotted in Figs. 2 and 3.
The standard deviations in the g„values were ob-
tained by adding in quadrature the standard devia-
tions in g and in all the corrections.

IV. DISCUSSION

A. p+3He

In Fig. 2 our measured values of 0„ for the p
+'He interaction are compared with the results of
two other experiments. The crosses show the 0„
values of Ref. 30 for the n+'H system, which is
the charge-conjugate system to p+'He. These val-
ues are in reasonable agreement with our mea-
surements; however, the large uncertainties in
the n+'H results preclude a very meaningful com-
parison. The triangles show estimates based on
the measurements of the reactions p+'He- d+2p
and p+'He- n+3p reported in Ref. 22. These
measurements yielded cross sections integrated
over the center of mass (c.m. ) angular range 0" to
90, and therefore, an extrapolation of these re-
sults is necessary to account for the additional
yieM in the c.m. angular range 90' to 180'. This
was accomplished as follows. The 'He(p, d) dif-
ferential cross sections were extrapolated into the
backward hemisphere by using as a guide the shape
of the 'He(p, d} differential cross section measured
in Ref. 28. This procedure is made plausible by
the similarity of the forward-hemisphere shapes
of these two cross sections as seen in Ref. 22.
Approximate symmetry" about 90' was assumed
for the differential cross section of the reaction
p+'He- n+3p, and therefore the cross sections
of Ref. 22 for this reaction were doubled. These
extrapolations yield 0„=134+43 mb at E~ =50 MeV
and g„=112~23 mb at E~= 30 MeV in agreement
with our measurements, but again the errors are
large.

An optical-model analysis with exchange terms
of p+'He elastic scattering over an energy range
encompassing that of the present experiment has
recently been carried out." The total reaction
cross sections (not shown in Fig. 2) resulting from
the imaginary potentials of this analysis are not
smooth functions of energy and generally are in

marked disagreement with the present measure-
ments. An 85-MeV analysis" with an exchange
term in the real central part of the optical poten-
tial gave g„=140 mb, a value which would seem to
agree with a reasonable extrapolation of the pres-
ent results.

Q. p+ He
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p+'He
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JD
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Ioo-
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0 I

lO
I

20

En (MeV)

I

40
I
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FIG. 2. Total reaction cross sections o& for the

p +3He interaction at proton lab energies E&. The
arrow indicates the position of the first reaction
threshold. The circles represent the present mea-
surements listed in Table I, the crosses show the
measurements of Ref. 30 for the n +3H system, and
the triangles indicate values obtained from Ref. 22 by
the method described in Sec. IV A.

The two lowest-energy measurements of the p
+'He total reaction cross section listed in Table II
were made below the first reaction threshold at 23.02
MeV (the first reaction possible is p+'He- d
+'He}. The fact that these two measurements are
consistent with zero serves as a useful check of
the experimental method. In Fig. 3 the 14 remain-
ing o„measurements are compared with other ex-
perimental results. The square shows the result
of Ref. 17 at E~=55 MeV, which was based on a
measurement of 40 mb for the ~He (p, d}'He reac-
tion cross section and an estimate of 50 to 80 mb
for the total continuum yield. The triangle repre-
sents the result of Ref. 26 at 8~ =53 MeV, which
was obtained by analyzing p+4He reaction events
in a helium-filled cloud chamber. Both results
are in agreement with the present measurements.
The crosses indicate values deduced by applying
detailed balance to measurements" ~" on the re-
action d+ He-p+ He. In order to avoid confusion
in the figure, no errors are shown for these val-
ues, and inaddition, the rapid rise, then fall, of
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the cross section just above threshold, which is
caused by a resonance through the 16.66-MeV
state" in 'Li, is not shown. Instead, the two low-

est-energy crosses show only the maximum and

minimum values of the cross section across the
resonance. Because the width of the 'Li resonant
state is less than the combined beam energy
spread and target thickness, the true shape of this
resonance was not observed in the present experi-
ment. It is clear, however, that the effect of the
resonance is seen in the present data through the
relatively large values found for p„ immediately
above threshold. This is in contrast to the be-
havior of the p+'He cross section shown in Fig. 2.
Above 24.86 MeV additional reaction channels be-
come open, and the crosses in Fig. 3 show in-
creasing deviation from the present data points as
the energy increases.

We also compare our measured g„values with

those from a recent phase-shift analysis" of p
+4He elastic scattering data. In the analysis of
Ref. 36, the values of O„given by detailed balance
were used as constraints on the imaginary phases
near 24 MeV. At higher energies a rough interpo-
lation using information then available was made
to obtain o„estimates for input to the analysis.
The results for g „given by the final phase shifts
are in excellent agreement with the present mea-
surements. An extension" of the analysis to high-

er energies employed the present measurements
of g„as constraints in the fitting.

In Ref. 37 an optical-model analysis was per-
formed on p+~He elastic scattering data in the en-

ergy range 30 to 55 MeV. The best-fit parameters
yielded total reaction cross sections of about 150
mb, which are much too large. When g„was re-
stricted to values around 95 mb, which is more
reasonable in view of our measurements, the fits
to the elastic data were significantly worsened.
The optical-model analysis of Ref. 33, which was
mentioned in Sec. IVA as having been applied to
p+'He scattering at 85 MeV, was also applied to
p+4He scattering at the same energy. In contrast
to the apparent consistency between our measure-
ments and the o„value obtained from the p +'He
analysis, the value of about 190 mb obtained from
the p+~He analysis seems to be too large to be re-
produced by a reasonable extrapolation of the
present data.

V. RESONATING-GROUP CALCULATIONS

Comparisons between results of resonating-
group" calculations aqd elastic scattering data
taken at energies where reaction channels are open
have been facilitated by the incorporation of phe-
nomenological imaginary potentials into the calcu-

I50-
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p+4He

~/i ~
4I

xI
'ii'. .

'

i . .Iixx x x

0
0

I
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I I

20 30

Ep (MeV}

I

40
I

50

FIG. 3. Total reaction cross sections a& for the
P +4He interaction at proton lab energies E&. The
arrow indicates the position of the first reaction
threshold. The circles represent the present mea-
surements listed in Table II, the square and triangle
show results from Refs. 17 and 26, respectively, and
the crosses represent values deduced by applying de-
tailed balance to measurements (Refs. 25 and 34) on
the reaction d+3He p +4He.

lations. This procedure was first carried out suc-
cessfully in a study" of the z+o|. system, for
which complex phase shifts over a wide energy
range are available, ' and was subsequently ap-
plied to other systems. ' '~ The existence of ex-
perimental values of the total reaction cross sec-
tion o~ is important in such analyses because,
when there is a requirement that g„be fitted,
there is less freedom for adjustments in the imag-
inary potential and therefore less chance that these
adjustments can compensate for defects in the real
cluster-cluster interaction obtained from the nu-
cleon-nucleon potential through the resonating-
group procedure.

Resonating-group calculations have been per-
formed for the p+'He system~ without the inclu-
sion of an imaginary potential. The present ex-
perimental results should prove quite useful in ex-
tending the calculations of Ref. 43 to include such
a potential. In fact, the present O„measurements
for the p +'He interaction have been used to help
define the imaginary potential employed in a reso-
nating -group calculation for the n +'H system. 4'

The introduction of an imaginary potential into
the resonating-group treatment of the p+~He sys-
tem~ proved particularly interesting because there
were indications of the need for a space-exchange
component in the imaginary potential. The back-
angle differential cross sections and polarizations
could be fitted better when such a component was
included. In addition, the p+ He imaginary po-
tential used in Ref. 42 had a pure surface form
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(IVoods-Saxon derivative) with a rather small dif-
fuseness and a rather large radius. Such a form
was also inferred from an optical-model analy-
sis"; however, it is in contrast to the form which
has equal contributions from a volume component
and a surface component and which was used in
resonating-group studies of other systems. ""~ ~'

On comparing our measured o~ values with those
resulting from this resonating-group calculation,
we find that the calculated values are generally 30
to 40%%u& smaller than the experimental values. We
have therefore redone the analysis of Ref. 42 to
learn whether or not reasonable fits to the elastic
scattering data" """can be obtained when the
imaginary potential is required to produce o ~ val-
ues consistent with the present measurements.
Although it was found possible to obtain such fits
with pure surface absorption, it nevertheless was
decided to perform calculations with the form
originally used" for the imaginary potential. This
was done, because, a priori, there seems to be no
reason why the form of the imaginary potential for
the p+~He system should be so different from that
for other systems, and therefore, it is possible
that the pure surface form arises only from a
compensation by the imaginary potential for de-
fects present in the real interaction.

The formulation of the calculation follows that
of Ref. 42 in which an imaginary potential i S' is
introduced into the integrodifferential equation
derived for p+'He scattering with the resonating-
group method. The quantity W is given the form

W = (1+C,P")U(r), (2)
where

4&( ~-& )/o

v(.)=-U,). „„,.„, „.„,I. (s)
i. +e ~ +e

In Eq. (2) P" is a space-exchange operator, and
the parameter C~ determines the strength of the
exchange part of Q' relative to the nonexchange
part. The term CzP" introduces a (-1)' depend-
ence into the absorptive potential. In Eq. (3) we
have replaced the two strength parameters U„and
U~ of Ref. 42 by a common strength U,. The anal-
ysis is performed by solving Eq. (1) of Ref. 42 at
six energies in the c.m. energy range 23 to 44
MeV." The radius R and diffuseness s of Eq. (3)
are set at R =2.25 fm and g =0.5 fm, and visual
fitting to the data, including the present g„values,
is carried out by varying the two parameters U,
and CI. In Table III are listed the resultant values
of Uo and Cz along with the calculated total reaction
cross sections o~, which were restricted in the
fitting to agree with the present measurements.
The C~ values of Table III are the same as those
of Ref. 42, and here also these values result in
improved fits to the elastic data at large angles.

TABLE III. Parameters Uo and &I of the imaginary
potential and calculated total reaction cross sections &z
from a resonating-group analysis of the p+4He system
at c.m. energies E. The imaginary potential is given by
Eqs. (2) and (3) with e=2.25 fm and a=0.5 fm.

(MeV)
U()

(MeV)
c ~R

(mb)

23.04
24.8
32.0
36.8
38.2
44.0

0.75
0.95
1.75
2.0
2.1
2.2

+0.20
—0.25
-0.70
-0.70
-0.70
-0.55

60.7
70.3

102.8
110~ 8
114.1
117.5

No uncertainties in CI are indicated in Table III;
however, they are very similar to those shown in
Fig. I of Ref. 42 (+0.1, at best). The predomi-
nence in Table III of negative values for Cl indi-
cates that the p+'He imaginary potential is gen-
erally stronger in odd orbital angular momentum
states than in even. The only positive value in the
table has a large uncertainty of ~ 0.4.

In Fig. 4 some of the results of the calculation
are compared with experimental data. In general
the fits are similar to those of Ref. 42, although
they are sometimes slightly worse. The most
striking feature of Fig. 4 is the indication of a
worsening of the fit to the polarization as the en-
ergy increases. This was also observed in Ref.
42, and is probably caused by the use of a nucleon-
nucleon spin-orbit interaction rather than a tensor
interaction in the resonating -group calculation.
The range and depth of this spin-orbit potential
were chosen to reproduce noncentral features
(splitting of the p-wave phase shifts) in the p+'He
system at low energies. Such noncentral features
are actually caused principally by the tensor inter-
action, and therefore, it is not surprising that a
spin-orbit potential selected to reproduce such
features over a restricted energy range may not
be correct over a broad energy range.

The real parts of the phase shifts from the pres-
ent calculation have values very close to those
listed in Table II of Ref. 42. The differences are
at most 0.4' and are usually much less. The most
significant difference between the real parts of the
phase shifts obtained from the resonating-group
calculation and those obtained from the phase-
shift analysis of Ref. 36 is that the calculated
splitting of the d-wave phases is about twice as
large as found from the phase-shift analysis. Of
course, the discussion in the preceding paragraph
concerning the method of including noncentral
forces in the calculation is relevant to the under-
standing of this difference. The imaginary parts
of the phase shifts from the present calculation
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differ from those listed in Table II of Ref. 42 prin-
cipally for l = 0 and l =1. The present s-wave
imaginary parts are 2' to 2' larger than those of
Ref. 42, and the present p-wave imaginary parts
are up to 7' larger than those of Ref. 42. The
most striking difference between the imaginary
parts of the phase shifts obtained from the present
calculation and those obtained from the phase-
shift analysis of Ref. 36 is that the calculated
imaginary parts are largest for / =2, whereas the
phase-shift analysis yielded the largest imaginary
parts for i=2.

VI. CONCLUSION

%'e have here reported on measurements of p
+'He and p+4He total reaction cross sections o„
over the proton lab energy range 18 to 48 MeV.
These are the first such measurements carried
out on these systems in which an anticoincidence
beam-attenuation technique' "was used. In the
energy range 23.02 to 24.86 MeV, where the only
possible reaction is p+4He- d+'He, our p+4He
o„measurements agree with values deduced by

applying detailed balance to measurements" ~ ' on
the reaction d +'He- p+4He. In addition, values
of g„extracted from other experiments' '

agree with ours, but the uncertainties in these
other values are large. On the other hand, total
reaction cross sections given by previous optical-
model analyses" "'"generally disagree with the
measured va'ues.

The present o~ results for the p+ 'He interaction
agree with those obtained from a phase-shift anal-
ysis" in the energy range 20 to 40 MeV and have
been used" as constraints on the phase shifts in an
extension of the analysis to higher energies. The
present g„results for the p+'He interaction should
prove to be useful input to either phase-shift anal-
yses or resonating-group calculations for that sys-
tem.

Finally, the present values of p„ for the p+ He
system were found to be larger than those which
had resulted from the inclusion of a phenomen-
ological imaginary potential in a previous~ reso-
nating group study of that system. New resona-
ting-group calculations were carried out using an
imaginary potential whose form is more similar
to that used for other systems. '" 4' Fits to the
elastic data were obtained which are nearly as
good as those of Ref. 42 and which generate g~
values in agreement with the present work. The
most significant differences between the present
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calculated phase shifts and those from the phase-
shift analysis" are found in comparisons of the
amount of d-wave splitting of the real parts of the
phases and in the amount of absorption present in
the p waves relative to the d waves.
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