
PHYSICAL REVIEW C VOLUME 18, NUMBER 5 NOVEMBER 1978

Cross-section measnremenh and phase s»&t analysis of p- He elastic scattering in the energy
range 20-55 MeVe

A. Houdayer
Cyclotron Laboratory, Department of Physics, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

arid Foster Radiation Laboratory, McGill University, Montreal, Quebec H3C 3Gl, Canada

N. E. Davison, S. A. Elbakr, ~ A. M. Sourkes, ~ and %. T. H. van Oers
Cyclotron Laboratory, Department of Physics, University of ManitobaWi, nnipeg, Manitoba R3T 2N2. Canada

A. D. Bacher
Department of Physics, Indiana University, B(oomington, Indiana 47401

(Received 23 May 1978)

Measurements have been made of the p + He elastic scattering angular distributions at T = 21.85, 23.90,
25.75, 28.10, 30.35, 32.15, 34.25, 36.90, 39.75, 42.45, 44.05, 44.95, and 47.65 MeV in the angular
range 10'& 6, 5 170. The data obtained have in genera1 relative errors smaller than 2/o, while the
absolute scale of the measurements has an uncertainty of less than 2.5%. These data together with
differential cross sections and analyzing power angular distributioris selected from the literature, as well as
total reaction cross section information have been subjected to a phase shift analysis. Up to 45 MeV a single,
continuous solution could be determined using phase shifts up through G-waves. As in an earlier phase shift
analysis the phase shifts exhibit a smooth variation with energy except for the well-known resonance region
around 23.4 MeU. Above 45 MeV some improvement was obtained with the inclusion of a small H-wave
contribution. New total reaction cross section data were employed as a constraint on the imaginary parts of
the phase shifts. The new analysis corroborates an early finding that the inelasticity is mainly associated with
the even partial waves.

NUCLEAR REACTIONS Measured do/dQ for He(p, p) He at T=21.85, 23.90,
25.75, 28.10, 30.35, 32.15, 34.25, 36.90, 39.75, 42.45, 44.05, 44.95, and 47.65
MeV for 10'6 9, 6 170; phase shift analysis using do /dQ and other selected

do /d 0, A, and 0 R from the literature, 20 MeV & T ~ 55 MeV.

INTRODUCTION

'The elastic scattering of protons from 4He is one
of the simpler systems amenable to a phase shift
analysis aiding in the theoretical interpretation of
the few-nucleon system 'Li. Over. the years there
has been a continual improvement in the quality of
the experimental data, be it differential cross sec-
tions, analyzing powers, or total reaction cross
sections, in the precision with which the phenom-
enological analyses fit the experimental data, and
in the theoretical representations of this five-nu-
cleon system. There is reason to accept that once
the phase shifts obtained in single energy analyses
exhibit a continuous behavior as a function of en-
ergy starting at zero energy a unique solution has
been obtained.

Recently Plattner et al. ' presented a phase shift
analysis of P+48e elastic scattering in the energy
range 20-40 MeV. The data analyzed included
both polarizations and differential cross sections. ~

The errors associated with the differential cross
section data were significantly larger than those

of the polar&ation data mainly as a result of the
method of normalization adopted. In addition,
there was a lack of reaction cross-section inform
atiqn, thus precluding direct constraints on the
inelastic parameters. In order to improve on the
accuracy of the existing data set, the present
measurements of P+4He elastic scattering differ-
ential cross sections angular distributions were
made, where possible, at the same energies as
the polarization angular distributions of Bacher
et al. ' In a separate experiment measurements
were also made of the p+'He total reaction cross
sections from threshold near 23 to 48 MeV. Af-
ter augmenting the data set at the higher energies
with a few selected angular distributions from the
literature, a phase shift analysis was made for the
energy range from 20 to 55 MeV.

Phase shift analyses for the energy region be-
low 20 MeV are numerous (Refs. 4-8, and refer-
ences therein) and provide a reasonably similar
description of the quite precise data that has been
accumulated for that energy region. There is some
evidence that of the earlier analyses the one of
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TABLE I. Gas scattering geometry.

Detector
R

(cm)
h

(cm)
2Q

(cm)
I,
'

(cm)
2b

(cm) (10 4 cm)
&O /G

(%)

Tp &39.75 MeV

0
1
2
3

5
6
7

33.223
33.228
33.228
33 231
33.223
33.231
33.228
33 221

27.747
27.755
27.757
27.755
27.747
27.752
27.750
27.742

0.1554-
0.3213
0.3184
0.3150
0.3171
0.3168
0.3189
0.3169

0.3115
0.6331
1.267
1.263
1.267
1.268
1.264
1.265

0.475
0.475
0.475
0.475
0.475
0.475
0.475
0.475

0.2423
1.0204
2.0496
2.0204
2.0427
2.0412
2.0495
2.0389

1.80
0.70
0.56
0.94
1.00
0.72
1.11
0.66

Tp~ 39.75 MeV

0
1
2
3

5
6
7

33.233
33.226
33.231
33.226
33.223
33.221
33.218
33.213

27.803
27.795
27.800
27.795
27.793
27.790
27.788
27.783

0.3144
0.4805
0.4734
0.4752
0.4786
0.4725
0.4762
0.4834

0.6305
1.276
1.266
1.265
1.271
1.265
1.267
1 273

0.476
0.476
0.476
0.476
0.476
0.476
0.476
0.476

0.9943
3.1343
3.0622
3.0733
3.1103
3.0564
3.0845-
3.1496

0.62
0.59
0.58
0.58
0.58
0.59
0.59
0.58

Note that the solid angle defining apertures had rounded-off corners.

Amdt et a/. ' provides a better description of very
recently measured p-4He observables for the en-
ergy region 2.2 to 8.9 MeV. ' The most elaborate
A-matrix analysis for the energy region 0 to 18
MeV (Ref. 8) included all available differential
cross section and spin-dependent observables that
passed rather strict statistical criteria. Above

20 MeV the phase shift solution of Plattner et a/. '
matches smootMy with the energy-dependent phase
shifts derived by Schwandt et a/. ' The set of phase
shifts obtained by Plattner et a/. showed that the
inelasticity occurs predominantly in the even par-
tial waves. . There was only weak evidence in the
energy dependence of the phase shifts for structure

TABLE II. Contributions to the relative uncertainties in the differential cross sections.

Type of uncertainty

Counting statistics

Deadtime correction

Subtraction of
contaminants yields

Integration of the
beam current
(relative)

Geometry factor

Detector angle
(relative)

Pressure

Temperature

Finite geometry
correction

Tp& 39.75 MeV

&1%

+20% of the correction

+0.5%

See fable I

+0 Q3'

+2.5 Torr

+0 5

Tp~ 39.75 MeV

&1.7%

+20% of the correction

+20 jp of the correction

a0.5%

See Table I

+0 03'

+2.5 Torr

+0 5

+0.1%
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TABLE III. Contributions to the uncertainty in the ab-
solute scale of the differential cross sections.

Type of uncertainty

Detector angle
(absolute)

Reproducibility of the
measurements

Energy of the incident
proton beam

Energy-degraded proton
contamination

Correction for reactions
in the Nal(T1) detectors

+0 1'

+1.3%

+0.4 '
&0.1% .

+15% of the
correction

in 'Li other than the well known. 3/2' second excit-
ed state at 16.7 MeV. With the exception of the
'D, ~, real phase shift and inelastic parameter, all
other phase shifts showed a rather slow variation
with energy. The present analysis was made in
order to give some of these results a more quan-

titative basis and to investigate the behavior of
the phase shifts towards higher incident proton
energies. As a practical application, values of
the analyzing power may be determined from such
an analysis that will be useful for the calibration
of polarimeter s.

- EXPERIMENTAL ARRANGEMENTS

The experiment was performed using the extern-
al proton beam facility of the University of Mani-
toba sector-focused cyclotron. The energy of the
proton beam was determined by a 45' deflection
through a calibrated bending magnet. The cali-
bration of the bending magnet was checked by
crossover measurements' using a CD~ target at
nominal energies of 23.25, 33.70, and 45.00 MeV
and by an observation of the well known J"= 3/2'
resonance in 'Li at an excitation energy of 16.68
MeV (corresponding to an incident proton energy
of 23.39 MeV). '~ ~ From this and previous mea-
surements the calibration of the bending magnet
was found to be accurate to +0.2% in the momen-
tum,

The scattering chamber (115 cm internal diam-
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FIG. 1. Excitation functions for 4He(p, p)4He elastic scattering in the energy range 20 to 55 MeV for laboratory
scattering angles 8&~ =17.5 and 8&~=37.5'.
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FIG. 2. Excitation functions for He(p, p) He elastic scattering in the energy range 20 to 55 MeV for laboratory
scattering angles 8&~=100.0 and 8&=82. 3'.

I

eter) contained an array, of eight NaI(T1) scintilla-
tion detectors coupled to RCA 4523 photomultiplier
tubes which were placed inside a sector shaped
box isolated from the vacuum in the scattering
chamber by 76 p, m thick Kapton-H foil windows.
The NaI(T1) crystals (1.25 cm thick, 3.76 cm di-
ameter) were covered with 25 pm thick aluminum.
The sector shaped box held eight solid angle de-
fining collimators made of 0.40 cm copper with
accurately machined apertures positioned at a ra-
dius of 33.226 cm with respect to the scattering
chamber center. The separation between the ap-
ertures was 10.00'+ 0.01'. The detector box was
placed on a turntable and could be set remotely
with an accuracy of +0.02 . The requirements of
a gas scattering geometry were met by a cylindri-
cal collimator containing eight target thickness
defining slots with a width of 0.475 cm cut at in-
tervals of 10.00 +0.01'. The cylindrical collima-
tor (brass 0.429 cm thick) was positioned at a ra-
dius of 5.476 cm with respect to the scattering
chamber center and was followed by two sets of
antiseatter ing baffles. The scattering chamber
and detection apparatus were aligned optically

using a theodolite. The distances of the various
collimators with respect to the scattering chamber
center were measured with precision calipers
while the apertures of the eollimators were mea-
sured with a travelling microscope. The geometry
used is given in Table I using the notation of
Sil.verstein. '3

The ~He target gas (99.999% purity) was contain-
ed in a 8.6 cm diameter gas cell which had a 50
pm thick Kapton-H foil window 1.60 cm high ex-
tending over 360' with the exception of two support
posts 30' wide. The gas cell was connected to a
buffer volume which allowed a constant pressure
to be maintained despite the permeability of Kap-
ton-H foil. Before filling the target volume the
4He gas was cleansed by being passed through a
liquid-nitrogen trap. The gas pressure was deter-
mined at the beginning and at the end of each ex-
perimental run using a precision mechanical ab-
solute pressure gauge calibrated to an accuracy
of +2.5 Torr. Standard data taking conditions were
with a pressure of 1000 Torr. Continuous monitor-
ing of the gas pressure was possible using closed
circuit television. The calibration of the pressure
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FIG. 3. Differential cross sections at 21.85, 23.90, 25.75, and 28.10 MeV measured in the present experiment and
analyzing powers of Bacher et al. The solid curves represent the results of the present phase shift analysis.

gauge was checked against a number of other pre-
cision pressure gauges. The temperature, of the
target gas was monitored continuously by measur-
ing the resistance of a calibrated semiconductor
thermister exposed directly to the gas in the cell.
The temperature could be measured with an accu-
racy of 0.5'.

The proton beam traversing the target cell was
captured in a well-shielded 1.75 m long Faraday
cup lined with 2.5 cm thick graphite. The vacuum
in the Faraday eup was separated from the vacuum
in the scattering chamber by two 75 p, m thick Kap-
ton-H foils and 2.5 cm of air. An electron suppres-
sion ring yrevented electrons including 5 rays
from entering or leaving the charge collecting part

of the Faraday cup. The proton beam charge was
integrated using a standard current indicator-in-
tegrator with an absolute digitizing accuracy of
0.05%.

The electronic instrumentation consisted of
standard slow linear electronic modules (charge
sensitive preamplifiers, linear amplifiers, timing
single channel analyzers, linear gates and stretch-
ers, summing amplifiers, four analog to digital
converters (ADC's), and an online computer). The
detectors were arranged in four pairs. The pulses
from each member of a pair were tagged and then
fed into a common A,DC. The output of each single
channel analyzer was scaled and divided by the
sum of counts in the corresponding spectrum



1990 A. HOUDAYER et ul. 18

100

Vl

O
E
E 10

1OO

L

E

~ 10E

D
b

1 I I I I I I I

1,0 I I I I I I I 1.0 I I I I I I 1 I

0.5— 0.5—

4 o.o A o.o

-0 5- -0.5—

10 50 90 130

Gcrn (degrees)
170

—1.0
10 .50 90 130

6&~ (degrees )

170

100

C

Vl

A
E

E 10

Cg
D
b

100

E

f 10

~D
b

1 I I I I I I I

1.0 I 1 I I I

0.5—

4o0 ——= 4 0.0

-05- -0.5-

-1.0
10 50 90 130

cm &deg rees)
170 10 50 90 130

Gcm (degrees)
170

FIG. 4. Differential cross sections at 30.35, 32.15, 34.25, and 36.90 MeV measured in the present experiment and
analyzing powers of Bacher et al. The solid curves represent the results of the present phase shift analysis.

stored in the computer to give a correction factor
for the ADC deadtime. Attached to the scattering
chamber were two monitor detectors [Nal(T1)
scintillators] positioned at equal angles (15.0') to
the left and right with respect to the zero degree
axis of the scattering chamber. The two monitor
detectors had closely similar solid angles.

EXPERIMENTAL PROCEDURES

Before measurements were initiated at each en-
ergy, a waist of the incident beam was carefully
positioned at the center of the scattering chamber.
After passing through the momentum analysis
slits at the focal plane of the 45 bending magnet,

no further beam defining collimators were em-
ployed. Thus it was necessary to determine that
the direction of the incident beam coincided with
the zero degree axis of the scattering chamber.
This was accomplished using the two monitor
counters viewing a thin nickel foil. It was re-
quired that the ratio of the yields of elastically
scattered protons be equal to 1.00+0.02. Slight
adjustments in the beam transport parameters
were made until this condition was met. The check
was repeated regularly between data taking runs.
Qnly occasionally was it necessary to make adjust-
ments to the beam transport parameters after the
initial alignment had been carried out. A typical
beamspot at the scattering chamber center was
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FIG. 5. Differential cross sections at 39.75, 42.45, 44.05, and 44.95 MeV measured in the present experiment and
analyzing powers of Baeher et al. (39.8 MeV) and Boschitz et al. (44.1 MeV). The solid curves represent the results of
the present phase shift analysis.

0.3 cm wide by 0.8 cm high with a horizontal ang-
ular divergence of less than 22 mrad.

The beam currents on target were about 20 nA

except during measurements at extreme forward
angles when the beam current was reduced to
keep the ADC deadtime correction less than 5%.
The energy spread of the incident beam was esti-
mated to be 150 keV [full width at haU maximum
(zwHM)].

Data were taken at eight angles simultaneously.
Thus only a limited number of angular settings
were required. At energies equal to or greater
than 39.75 MeV, angular distributions were mea-
sured in steps of 2.5 between 10' and 170' in the
laboratory. The angular distributions were mea-
sured vrith the detector array on one side on the
incident beam direction except for occasional
checks with the detector array on the opposite
side of the incident beam direction to see if the
measured differential cross sections agreed with-
in their respective errors. From these checks

and from the small drifts in the ratio of the yields
of the monitor detectors (within the allowed limits),
it was deduced that at all times the incident beam
direction coincided with the zero degree axis of
the scattering chamber to within 0.05'. To be con-
servative, the error in the angular scale of the
differential cross section angular distributions
was taken to be +0.1'. At energies below 39.V5

MeV the data at forward angles (e„b& 60') and back-
ward angles (e»& I20') were the averages of mea-
surements left and right with respect to the inci-
dent beam direction. The angular distributions at
these energies were measured in steps of 2.5 at
angles forward of 80' and in steps of 5' for the
larger angles.

Since there was no collimation of the incident
beam in front of the scattering chamber, checks
were made on the extent of possible low intensity
wings to the main beamspot. It was found that
more than 99% of the incident beam passed through
a circular area with a diameter of 1.5 cm at the
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FIG. 6. Differential cross sections measured in the present experiment (47.65 MeV) and of Hayakawa et al. (55.0
MeV) analyzing powers of Craddock et al. (47.7 MeV) and of Boschitz et al. (54.8 MeV) and spin rotation parameters P
of Griffith et al. (Ref. 21) (48.0 MeV). The solid curves represent the results of the present phase shift analysis.

scattering chamber center. The maximum error
in the relative beam integration was taken to be
0.5%. At 39.75 MeV, measurements of the differ-
ential cross sections were. repeated a number of
times to check on the reproducibility. From these
measurements a reproducibility uncertainty of
+1.3% was deduced.

Almost inevitably there was some build up of
contaminants (mainly air) inside the gas cell dur-
ing data taking runs. In order to be able to sub-
tract a possible contribution of protons elastically
scattered from nitrogen or oxygen at the extreme
forward angles (where the energy resolution of the
scintillator detectors was not good enough to sep-
arate protons elastically scattered from helium
from those elastically scattered from nitrogen or
oxygen), a series of measurements was made with
the helium in the gas cell replaced by air. Subse-
quent analysis of the data showed that the contrib-

ution from an air contaminant was negligibly small
except at three of the higher energies where cor-
rections to the extreme forward angles (8»& 20')
amounted to at most 2%. Measurements with the
gas cell evacuated verified that the system of an-
tiscattering baffles effectively prevented scattering
from the gas cell foil from reaching any of the
eight detectors in the array.

DATA ANALYSIS AND REDUCTION.

The data were analyzed in two steps. First dif-
ferential cross sections were obtained and then
several corrections were applied to these cross
sections. The extraction of the elastic scattering
yields was straightforward except at very forward
angles (e„b& 20') at some of the higher energies
where there was a small contribution from con-
taminants and at extreme backward angles where
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TABLE IV. Data selection for the phase shift analysis.

da/dQ A

21.85
23.90
25.75
28.10
30.35
32.15
34.25
36.90
39.75

.'42.45
.44.05
44.95
47.65
48.8 '
55.0~

21.90
23.98
25.82
28.13
30.43
32.17'
34.30
36.93
39.80

44.1

47.7

54.8 d

24.00
25.70
28.00
30.20
32.25
34.10
37.00
39'.60
42.30
44.70

Interpolated
47.90

Interpolated
53.0

Present experiment.
Reference 2.

c Reference 3.
Reference 28.
M. K. Craddock, R. C. Hanna, L. P. Robertson, and

B. W. Davies, Phys. Lett. 5, 335 (1963).
Reference 19.

~ Reference 20.
D. J. Cairns, T. C. Griffi:th, G. J. Lush, A. J. Meter-

ingham, and R. H. Thomas, Nucl. Phys. 60, 369 (1964).

the background underlying the elastic peak was
non-negligible. The statistical error in the yields
included an estimate of the possible error in the
background subtr action. The uncertainty in the
subtraction of the contaminant yields was taken to
be 20/~ of the correction. Similarly the uncertain-
ty in the deadtime correction was taken to be 20%
of the correction. The various contributions to
the relative error in the cross sections are given
in Table II, while those to the absolute scale of
the measurements are given in Table III.

Three additional corrections were applied to the
data in order to account for effects due to (i) mul-
tiple scattering in the target gas and the foil cov-
ering the gas cell window, (ii) loss of elastically
scattered protons in the scintillation crystals due
to nuclear reactions, (iii) finite geometry. Cor-
rections for multiple Coulomb-scattering effects
were estimated using the expression given by
Chase and Cox'~ and were found to be negligibly
small. The fraction of elastically scattered pro-
tons lost from the main peak in the 'spectra was
interpolated using various published results of
this quantity. ." This fraction varied between 1.2%
at 30 MeV and 3.1% at 50 MeV. Finally the finite
geometry correction took into account the fact
that the measurements were done with finite solid
angles, a beam of finite size traversing the gas
target, and a beam which, in first approximation,

converges towards the target. The finite geometry
correction factor of Kan" was adapted to the par-
ticular conditions of the present experiment. The
maximum correction occurred at forward angles
and was always less than 1%%A. The laboratory cross
sections were converted into center-of-mass dif-
ferential cross sections using relativistic kinemat-
ic's.

RESULTS AND COMPARISON KITH PREVIOUS
MEASUREMENTS

In the energy range covered by the present ex-
periment there exists, in addition to the data of
Bacher et al. ,2 differential cross-section angular
distributions at 20.62, 23.34, 26.08, and 27.68
MeV by Allison and Smythe, "at 25.0, 26.1, 27.1,
28.2, and 29.2 MeV by Plummer et al. ,",.and ex-
citation functions at e»=82.3', 92.3', 102.3,
and 112.3 for the energy range 22.5-45.9 MeV
plus a complete angular distribution at 46 MeV by
Bunker et a/. " It should be noted that the angular
distributions of Baeher et al. were normalized
using the data of Bunker et a/. A comparison of
the data mentioned is given in terms of excitation
functions at 8»=17.5', 37.5', 82.3, and 100
(Figs. 1 and 2). The data of the present experi-
ment exhibit a rather smooth variation as function
of energy. Note that the excitation function at
17.5' passes through the region of Coulomb-nu-.
clear interference. It is apparent that there are
small but significant discrepancies with the data
of Bacher et al. at 17.5. There may also be some
slight discrepancies at 37.5' and 82.3' especially
in the energy range between 25 and 35 MeV. The
agreement at 100' is excellent. The data of
Plummer et al. show a somewhat irregular ener-
gy variation that is inconsistent with the results
of the present experiment. There is -reasonable
agreement with the data of Allison and-Smythe.
There is also good agreement with-the 82.3' exci-
tation function of Bunker et al. , except around 30
MeV where their: excitation function appears to be
slightly lower. Also shown in the two figures are
cross sections deduced from previously measured
angular distributions at 48.8 (Ref. 19) and 55.0
MeV. '0 The latter data points aypear to extrapo-
late reasonably from the results of.the present
experiment.

The differential cross-section angular distribu-
tions obtained in the present experiment at inci-
dent proton energies of 21.85, 23.90, 25.75, 28.10,
30.35, 32.15, 34.25, 36.90, 39.75, 42.45, 44.05',
44.95, and 47.65 MeV are shown in Figs. 3-6.
Note that the relative errors of the individual data
points are in general less than 2%. Larger errors
are connected with the extreme forward data
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TAQI, E V. Single-energy phase shift solutions and related quantities for p+ He elastic scattering between 20 and 55
Me V.
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0.37

0.34

0.72

0.67

0.69

87.98

87.46

50.47

8.14

5.06

3.31

2.68

0.39

0.69

39.7

0.61

1.05

0.77

O. 993

0.987

0.998

0.999

0.757

1.000

0.999

1.000

1.000

86.00

82.82

47.61

8.50

5.29

4 ~ 05

3.21

0.71

1 ~ 19

41.5

0.89

0.88

1.49

1.08

O. 988

0.986

0.999

0.977

0.781

1.000

1.000

0.999

Q. 992

84 4Q

80.80

46.72

11.21

6.62

4.81

4.02

0.83

1.12

61..3

0.54

0.65

0.07

0.42

O. 970

'0.965

0.981

0.968

0.723

0.994

1.000

1.000

0.965

83.23

79.36

44.87

12.54

6.70

6.32

5.22

1.31

0.99

80.9

0.75

0.81

1.48

1.01

0.933

0.956

O. 948

0.887

0.693

0.982

1.000

1.000

0.974

32.15 MeV

(deg)

34.25 MeV
6

(deg)

36.90 MeV
6

(deg)

39.75 MeV
6 q

(deg)

42.45 MeV
6

(deg)

2
Sg] g

2
Pygmy

2
Pg] g

2
D5]p

2
Dg] g

2

2

2
Gqyq

Gyp'

81.01

77.75

42.83

14.03

6.56

7.57

6.06

1.62

0.92

0.908

0.960

0.955

0.844

0.692

0.967

0 ~ 989

1.000

0.975

79.12

74.60

41.46

14.81

8.53

9.21

7.18

1.54

0.91

0.895

0.960

0.971

0.823

0.668

0.963

0.987

0.998

0.971

75.98

71.79

38.55

16.44

9 49

10.93

8.08

1.97

0.77

0.845

0.953

0.985

0,795

0.668

0.945

0.973

0.996

0.965

74.12

69.01

36.62

17.53

10.77

12.14

8.64

2.11

0.62

0.804

0.932

0.992

0.769

0.652

Q. 927

0.957

0.994

0.963

70.88

66.76

35.24

18.43

11.61

13.27

8.31

1.98

0.42

0.785

0.914

0.996

0.741

0.648

0.912

0.941

0.992

0.957

0'~(rnb)

2
XQ

2

2
X (7

Xtot

89.0

1.13

4.3Q

2.17

91.6

1.06

0.77

2.7Q

1.51

99.0

1.63

1.25

0.75

1.20

106.4

1.34

1.50

0.06

0.96

111.2

Q. 91

1.51

1.20
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TABLE V. (Continued)

44.05 MeV
6 g

(deg)

44.95 MeV
q

(deg)

47.65 MeV

(deg)

48.8 MeV

(deg)

55 MeV
6

(deg)

2
S(y2 .

2
- +3/3
2

2Dsj2
2
D3)2

2Fz)2
2

2
Gsg2

2
Gzj2

2H)((2
2
Hsg2

71.64

65.28

34.03

19.49

12.00

13.82

7.81

1.77

0.32

0.770

0.908

0.998

0.731

0.643

0.903

0.934

0.898

0.955

69.96

65.37

34.61

19.91

12.40

13.91

8.07

1.70

0.25

0.772

0.904

0.998

0.720-

0.646

0.898

0.925

0.987

0.954

68.88

63.42

33.23

21.00

12.78

14.29

7.78

1.45

0.21

0.012

0.15

0.761

0.895

0.997

0.704

0.650

0.876

0.914

0.980

0.953

0.998

0.997

70.83

63.07

33.31

22.45

13.82

15.10

6.98

1.32

0.05

0.761

0.892

64.61

61.39

0.763

0.882

0.998 32.86 0.997

0.700 24.44 0.693

0.636

0.875

0.905

0.978

0.948

11.92 0.657

14.85 0.871

0.879

0.959

0.934

1.23

-0.59

0.003 1.000 0.079 0.995

0.00 0.995 -0.132 0.994

0~(mb)
2

X(y

XA

2
X

2
~tot

113.0

1.07

1.61

114.5

0.92

2.21

1.56

117.6

1.03

1.29

1.23

1.18

117.3

1.66

1.13

3,14.8

1.99

0.001

0.93

points 10'& e, & 20'. The error in the absolute
scale of the measurements is less than 2.5% (see
Table Ill). The angular distributions show a
smooth variation with energy as is also indicated
by the excitation functions of Figs. 1 and 2. The
data points of the present experiment in these
figures were extracted by interpolation from the
measured angul, ar distributions. Numerical val-
ues of the differential cross section data can be
obtained as an addendum to this paper from the
authors.

DISCUSSION

200

150—

JD
E 100-
-b

I

50-

10
I . I ~ I

20 50 40
Tp (MeV)

I

50 60

The phase shift searches were performed with.
a modified version of the program PEGGY." The
modifications made it possible to fit differential
cross section and analyzing power data at differ-
ent sets of angles and to enter the total reaction
cross section as an additional datum. The modi-
fied program also calculated the spin rotation
parameter P. The searches were performed by

FIG. 7. The p+ He total reaction cross section from
threshold {23.02 MeV) to 55 MeV. The open circles
represent the results of the present single energy phase
shift solutions. The filled triangles give values de-
duced by applying detailed balance to the results of mea-
surements {Refs. 23 and 24) on the reaction d+3He
-p+4He. The other experimental data are from Sourkes
et al. , Hayakawa et al. , and Cairns et al. The solid
line is the total reaction cross section calculated using
the resonating-group method {Ref.3).
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FIG. 8. Real parts of the S-, P-, D-, I'-, t"-, and H-wave phase shifts for p+4He elastic scattering. The crosses'
give the results of the present analysis. The solid lines below 18 MeV represent the energy-dependent phase shift
solution of Schwandt et al. The solid dots indicate the results of. the phase shift analysis of I'lattner et al. while the
symbol 0 at 48.8 MeV is taken from the phase shift analysis of Davies et al. and the symbol 4 at 55.0 MeV from the
phase shift analysis of Horikawa et al.

minimizing the quantity y' defined as

A ~ (g'"(8,)-g'"v(8, )&
'

Z g(8, )

(Ath(8 ) A .P(8 ) I 2 gth g *gl'I 2

Na y= It b.A(8q) j ag„j
where g'"(8,) and g'"'(8, ) are calculated and ex-
perimental differential cross sections at the N
center-of-mass scattering angles 8„' A'"(8,.) and

A'"~(8,.) are the calculated and experiment'al ana-
lyzing powers at the N„center-of-mass scattering
angles e~; v'~h and O'R~ are the calculated and ex-
perimental total reaction cross sections; and
b g(8;), EA(8,}, and kg~ are the corresponding
experimental errors. The quantities A, J3, and
C are weighting factors which were usually set
equal to 9, 5, and 1 to enhance the sensitivity
with respect to the analyzing power data and the
reaction cross-section datum. Other combinations
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FIG. 10. The S~g2 wave phase shifts as function of
incident proton energy. The present single energy phase
shift solutions between 20 and 55 MeV are given by the
crosses. The dots indicate the S&g2 wave phase shifts
obtained by Sch+andt et al. The solid curve represents
an effective range expansion fit to the S-wave shift as
mentioned in the text.
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of weighting factors were also tried, leading to
essentially the same final result.

The experimental information on differential
cross sections, analyzing powers, and total reac-
tion cross sections selected for the phase shift
analysis is indicated in Table IV. The decision
not to use other experimental information, i.e. ,
other differential cross-section data, was based
upon the comparisons of existing data presented
above. Unfortunately, some-of the higher energy

Tp(MeV)

FIG. 9. Absorption parameters of the S-, P-, D-,
I'-, 6-, and 0-wave phase shifts for p+4He elastic
scattering. The crosses give the results of the present
analysis. The solid dots indicate the results of the
phase shift analysis of Plattner et al. while the symbol
0 at 48.8 MeV is taken from the phase shift analysis
of Davies et al. and the symbol 4 at 55.0 MeV from the
phase shift analysis of Horikawa et al.

experimental data from the literature, included
in the phase shift analysis, have uncertainties con-
siderab]. y larger than the experimental errors of
the present experiment or those of Bacher et al. '
and Sourkes et al. '

Since in the energy range of interest, that is
above 20 MeV, the phase shifts should behave as
rather smooth functions of energy (with the excep-
tion of the 'Ds~2 phase shift}, the search at a par-
ticular energy was initiated with guess values set
equal to the solution at the next lower energy. In
addition, searches were also started with guess
values obtained by interpolation or extrapolation
from the solutions of Plattner et al. ' At a number
of energies much larger variations in the. starting
values for the phase shift searches were also
tried, but in all cases the searches converged to
nearly the same solution. The procedure followed
yielded satisfactory fits with 1S parameters (com-
plex S-, P-, D-, F , and G-wa-ve phase shifts)
at energies between 23 and 45 MeV and 22 param-
eters (complex S-, P-, D-, F-, G-, and H-
wave phase shifts} at energies above 45 Mev. At
21.85 MeV the fit was obtained with nine param-
eters (real S-, P-, D , F-, and -G-wave phase
shifts). Inclusion of the ~H, ~2 and ~H~~~~ waves at
47.65, 48.8, and 55.0 MeV significantly improved
the fits to the experimental data reducing for in-
stance the value of Xt,tat 47.65 MeV from 1.50 to
1.18. The final. results of the phase shift analysis
are presented in Table V. Also given in Table V
are the y~ values per data point for the differential
cross sections, the ana]yzing powers, and the total
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FIG. ll. Anal ziny
'

g power contour diagram for p+4He elastic
shift analysis of Plattner et al. (R f

e e astic scattering between 20 and 65 MeV b
a . e . 1), on the present phase shift ana

e ased on the phase
e s ~ analysis and on the data of Boschitz et al

re ' aey, as well asreaction cross sections separ t 1

X„, which (to facilitate comparisons) is defined as
the average of the three individual y~ values

y,.', is the value of y' defined above divided by the
quantity A+B+C). Also entered ' T bin a le V are the

o a reaction cross sec-calculated values for the total
tion.

The sensitivity of the fits with regard to var ia-
tions of the in

'e individual phase shifts was tested at
25.75 and 39.75 MeV. The ' vari '
s udied for each individual phase shift ke
va ues of all other phase shifts equal to those cor-
respondin to thp ing o the accepted solution given in Table
V. For instance, at 39.75 MeV a change in X„',
from a value of 0.96 to a value of 1.96
o PS,g, ) ~+0.86', -1.13' A5('P ) =+0 81',

; A5( P, g~) =+0.79', -0.69' A5('D, g, )
=+0.37', -0.50'; 66( D, g~) =+0.66', -0 71' and
b, rl(~S, (,) =+0.018, -0.014; b, q(~P ) =+0 016,3/2 0

; hq( P, g~) =-0.019; b,q(~D ) =+0.019,
aq( D,),)=+0.022, —0.021. Similar

results were obtained at 25.75 MeV.
The fits to the experimental data are h
'g . — as solid lines. It is apparent that the

quality of the fits is excellent at all energies. A

comparison between the total reaction cross sec-
ions, calculated from the inelastic t

an e experimental data is shown in Fig. 7.
Again the oog good agreement is apparent. It hh 1

marked that in general the sensitivity of oR

with regard to variations of the individual inelastic
parameters is less than the sensitivit of

g r o variations in either the real parts or the
imaginary parts of the phase shifts.

4The p- He phase shifts are shown in Figs. 8 and
9 as a function of energy between 0 and 55 MeV.
The solid lines below 18 MeV repre t th
su s of the energy-dependent phase shift solution
of Schwandt et al. ' +iso indicated th
o e phase shift analysis of Plattner et al. ' o
Davies et a

re a. , of

that the h

et a . , and of Horikawa et al." It
e p ase shifts show a rather continuous be-

a . is clear

avior from 0 to 55 MeV supportin th
that the resua e results shown form a good approximation
to the correct set of phase shift Ths. e following
observations can be made:

'$',
&, phase shifts are systematically somewhat

smaller than those of Plattner et al. ' at the cor-
responding energies. Figure 10 shows the 'S, ~,
phase shifts as a function of incident proton ener-
gy. The present single energy phase shift solu-
tions between 20 and 55 MeV are given by the
crosses while the dots indicate the '$

h s
,y, wave

p ase shifts obtained by Schwandt e a . The solid
curve represents an effective range expansion

with
yp to the- S,~, -wave phase shifts 5 = b

para, meters a=106 a,nd b =-0.776 Mev
=a+ T

showing excellent continuity.
bsorption takes place prim 1 th2 A ari y in the even
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FIG. 12. Excitation function for 4He(p, p) elastic
scattering at 8 ~m = 180 in the energy range 1 MeV to
1 GeV. Below 20 MeV the data points were obtained by
extrapolating the angular distributions of Barnard et al.
(Bef. 29), Hutson et al. (Bef. 30), and Garreta et al.
(Ref. 31). Above 55 MeV the data points were obtained

by extrapolating the angular distributions of Votta et al.
(Ref. 32), Goldstein et al. (Bef. 33), Cormack et al.
(Ref. 34), Comparat et al. (Bef. 35), Berger et al.
(Ref. 36), and Cameron et al. (Ref. 37). Between 20 and
55 MeV the data points were obtained from the phase
shift fits to angular distributions listed in Table IV.

partial waves, in particular in the 'D, ~, and'D, ~,
partial waves. However, just above threshold in
the region of the 'D, ~, resonance the inelasticity
is practically confined to that particular partial
wave as shown in the phase shift analysis of
Plattner et al. '

(3) Both the 'P, ~, and 'P, ~, inelastic parameters
exhibit a somewhat anomalous behavior around an
incident proton energy of 30 MeV. The absorption
first increases and then decreases to stay rather
constant at energies above 40 MeV. Evidence for
broad and overlapping resonant states with J'

and —,
' have come from analyses of,the reac-

tions 3He(d, p)4He, 'He(d, d)'He, 'H(d, d)'H, and
~He(d, 2P)3H and ~H(d, pn)~H. ~' It should be noted
that there is very little splitting. of ihe real parts
of the F-wave phase shifts up to 40 MeV.

(4) The G waves are important over the whole
energy range 20-55 MeV and are necessary to fit
the detaiIed shape of the differential cross section
angular distributions.

(5) There is some indication (from the G, I,
phase shifts) of a&' level around 29 MeV also
deduced by Seiler ' from an analysis of the
'He(d, P)~He reaction and furthermore appearing
in the extension of the 8-matrix analysis of the
mass-5 system by Dodder and Hale. ~v

(5) Above 40 MeV the phase shifts continue a
smooth behavior as function of energy. There is
good agreement between the real parts of the
phase shifts obtained in the analysis of Davies
et al."and those of the present work but less so
between the two sets of inelastic parameters. The
agreement between the phase shifts deduced by
Horikawa et al. at 55 MeV and those of the pres-
ent work is poor.

As shown in Fig. 11, He is an excellent polari-
zation analyzer. The contour diagram shown is
constructed from the phase shift solutions of
Plattner et al. ' up io and including the resonance
region, from the phase shift solutions of the pres-
ent work at higher energies, and from an additional
analyzing power angular distribution at 63.3 MeV
from Boschitz et a/." Except fox the strong anom-
aly around 23.4 MeV, corresponding io the 'D, ~,
resonance in 'Li, the contour lines show little
angular variation from 25 MeV onward up to 60
MeV especially in the backward hemisphere al-
though one may remark a slight change around 30
MeV. In the forward hemisphere there are some
pronounced changes which occur at energies above
60 MeV. In the energy region 30-60 MeV, the po-
larizations between 125' and 140' cm are larger
than 0.8, although the maximum decreases slowly
with energy.

The p+4He differential cross section angular
distributions are backward peaked for incident
proton energies up to 150 MeV. At energies above
150 MeV the simple three-nucleon exhange mech-
anism, important at low energies, appears to be
overshadowed by other exchange processes and
the differential cross section angular distributions
become flat for extreme backward angles. At still
higher energies backward peaking of the angular
distributions reappears. Based upon a linear ex-
tropolation of the logarithmic value of the differen-
tial cross sections versus the cosine of the scat-
tering angle, a 180' excitation function was con-
structed and exhibited in Fig. 12. Three marked
shoulders appear to exist in the excitation function.
The second one near 40 MeV is due to the particu-
lar interplay of the. I'- and D-wave phase shifts.
The third one between approximately 200 and 600
MeV is probably related to more complicated ex-
change processes although it should be remarked
that the momentum transfers involved at these en-
ergies correspond to the region of the second
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