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ABSTRACT

Differential crass —ctisas far 1l*<a,p)1I* akiatk saaltothsg hav*
measured at II *nargi*sflrsai lt.S to47.i M*V. Th* atsst farwariess*
mas* angl* far th* angular afetrfavtiaa* varias fraaa W.1 to 11.4*, a*
moat backward angle varbs front ltt.2 to 171.4*. Th*
usually MM* than 2%, anal th* seal* errer to 1.1%. Th* p
existing vecter-MwIysiag pawar and total raasH—
being analysed in thto snsrgy rang* using th* Las Alaasas
Labsratory R-natrix oed* EDA.

I. INTRODUCTION

The mass-4 system is very fundamental to the
study of the nuclear interaction and the internal
structure of nuclear systems. The breakthrough by
Faddeev1 in solving the three-body problem has in-
spired efforts to find extensions for treating more
general systems.

The first results of such formulations for four
nucleons have recently appeared in the literature.1'*
Data for elastic scattering of protons by 'He in the
present energy range should contribute to tbaoe
developments. Additionally, such data should be
useful to compare with shell-model work' or
resonating-group calculations.1

In the energy region below 20 MeV, Hal* *t al.'
performed an energy-dependent phase-shift analysis
using an R-matrix parameteritation. On* of the
main purposes of the study of the p+'H* system that
we have undertaken is to extend this typ* of analysis
into the higher energy region. Thus, we first
measured* the p+'He total reaction cross section wm

at 10 energies from 18 to 48 MeV. In the second
phase of this work, we mad* accurate nuasursmints

of the elastic differential cross section at 11 •nergias
from 19.5 to 47.5 MeV over the approximate angular
range 10 to 173° (cm.). While this work was in
progress, Watson et al." were measuring the proton
vector analyzing power A, at 21.44,24.84,27.98, and
30.12 MeV. We felt it would be worthwhile to at-
tempt a preliminary fit to the three data sate just
mentioned using the Los Alamos Scientific
Laboratory (LASL) R-matrix cod* EDA," so such
an effort is under way."

Further experiments are planned to obtain mot*
information on spin-dependent observable*, which
is badly needed to perform a definitive pha**-sbift
analysis in this energy range.

II. EXPERIMENT

The experiment was performed using the Univer-
sity of Manitoba ssctor-focusssd cyclotron. Ths inci-
dent beam energy was known to within 100 k*V,
with a spread of about 160 k*V.

The scattering chamber used has a 116-cm i.d.
and contains a movable array of eight dateeton at



10.00* intervals, thus spanning a range of 70*. Tbt
aogk extremes capable of being reached are 7.5*
forward and 170* backward, and the array can be
positioned to an accuracy of 0.01*. The detector
positions with respect to one another are known to
0.02*. Thus, a contribution to the relative error of
0.03* times the slope of the cross section wae in-
cluded. The detectors used were either silicon sur-
face barrier or sodium iodide (Tl) scintillation
detectors, depending on the energy of the scattered
protons.

The 'He target gas of better than 99.8% purity was
contained in a 8.6-cm-diam cell with a 1.6-cm-high
window, which extends over a 275* angular range
and is covered by a 50-pm-thick Kapton foil. The
'He gas in the cell was kept at a pressure of about 1.5
atm and was flushed regularly to prevent the
buildup of contaminants. A thermistor, calibrated
to 0.1%, was embedded in the lid of the cell and al-
lowed the temperature to be read to a relative ac-
curacy of ±0.5 K. A pressure gauge (Wallace-
Tiernan, model FA 141), calibrated to 0.5%, was
used to read the gas pressure to a relative accuracy
of ±2.5 Torr.

The gas scattering geometry was defined by
means of parallel-sided front slits at a distance of
5.471 ± 0.006 cm from the scattering chamber
center, and rectangular rear apertures at a distance
of 32.768 ± 0.008 cm, whose areas (about 0.58 cm')
are known to better than 0.25%. Antiscattering baf-
fles were mounted between the front and rear
geometry-defining apertures.

A calibrated Brookhaven Instruments Current
Integrator (model 1000) was used for charge integra-
tion, with electron suppression on the carbon-lined
1.74-m-long Faraday cup to ensure accurate particle
collection. Because of the possible presence of a sm-
all beam halo to the incident proton beam, the un-
certainty in the beam integration was conservatively
taken to be 0.5% relative and 1.2% absolute. The
direction of the incident beam was periodically
monitored by means of detectors having nearly iden-
tical geometry and viewing particles scattered from
a Ni foil at 15.0* left and right of die incident beam.
The beam cross section at the center of the scatter-
ing chamber wae typically 0.3 cm wide by 0.8 cm
high.

Cross sections were measured successively left and
right of the incident beam direction and then
averaged in order to cancel out any first-order effects
that would have resulted from the beam either being

off-center at the target or being not quite coinciden-
tal with the chamber axis. This averagiag procedure
can also be shown to cancel practically all error that
could result from a systematic deviation in the scat-
tering angles. Pulse height spectra were ac-
cumulated by standard electronic techniques ueing
ADC's and a PDP-15 computer system, aad
recorded on magnetic tape. For further details
regarding the experimental arrangement and
procedure see Ref. 13.

III. DATA REDUCTION

The data were reduced to differential cross sec-
tions in two steps. First, uncorrected differential
cross sections were obtained, and second, the neces-
sary corrections were applied to these cross sections.
The proton elastic-scattering peaks were resolved
from the spectra by subtracting the background us-
ing smooth background functions and, at extreme
forward angles, by subtracting the contributions
that resulted from the small amount of impurities
present in the gas cell. The statistical error in the
yields includes the error in the background subtrac-
tion. The uncertainty in the subtraction of contami-
nant yields was taken to be 20% of the correction.
Similarly the uncertainty in the deadtime correction
was taken to be 20% of the correction. Three further
corrections were applied to the data for: (1) the ef-
fects of multiple scattering in the gas and exit foil of
the target cell, (2) the loss of elastically scattered
protons in the detector material due to nuclear reac-
tions, and (3) the effects of finite geometry. The cor-
rections for multiple scattering were estimated using
the expression given by Chase and Cox" and were
found to be very small. The fraction of elaetically
scattered protons lost from the main peak in the
spectra WAS interpolated from the published results'*
for sodium iodide and silicon. The fraction for
sodium iodide varied between 0.5% at 21 MeV and
2.9% at 50 MeV with an absolute uncertainty of
±0.04%. The finite geometry corrections take into
account that the measurements were done with a
finite solid angle, a beam of finite siae traversing a
gas target, and a beam that in first apptori—tion
converges towards the target. The finite geometry
correction factor of Kan1* was adapted to the par-
ticular conditions of the present experiaseat. The
maximum correction occurred at forward aafhw, but
was always less than 1%. The various contrftatksa



to the relative error in the croas sections ate in*
dkated in Table I, and those to the scale error are
given in Table I I . Except far the 40-MeV angular
distribution, the relative errors are nMstty smallst
than 2%, and the scale error is 1.5%.

IV. EXPERIMENTAL USULTS

Figure 1 shows our measurements at 19JS MeV
along with the resulu of Ref. 17 at 19.48 MeV. It ie
seen that the two data sets agree quite well. Figure 2
shows our measurements at 30.0 MeV along with the
resulu of Ref. 18 at 30.0 MeV and the raaults of Ref.
19 at 30.6 MeV. The latter two data sets show more
scatter than the present set, as is to be expected
because of their larger quoted experimental uncer-
tainties.
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Fig. 2.
Pre$entp+'He ekutic differential crou atetion
at a lab proton energy of 30.0 MeV, OH
mtatunmtntt of Rtf. 18 at 30.0MtV. and the
mtaiirtments of Rtf. 19 at 30.9 MtV.

Tha complete aat of our) maaauramenta ia abown in
Figs. 3 and 4. Tba difftrantial cnaa Mctiona at 11.5,
21.3, 25.0, 27.5, and 30.0 M.V a n Uluatntad in Fig.
3, and those at 32.4, 35.0, 37.5, 40.0, 45.0, and ,47.5
MtV art plottad in Fig. 4. Tht anon an uauaUy aa-
alltr than tht lite of tha plotting qmiboia. Nota that
data wen taktn at 2.5° intarvak at forward angka
and 5° inttrvala at backward anglaa. The occaaioaial
gaps that apptar in tht augular diatributioM wan
cauatd by a dtttrioration in aoma of Iha Nal(Tl)
deUctort during data acquiaition. Tha angular dia-
tributiont show a nnooth bahavior aa a function of
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Fig. 3.
Pttttnt p+*Ht ekutic difftrmXM arm tec-
tictu at the indicated lab proton tmryw.
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V. CONCLUSION

Wt raport tht accurate anaiunanat of p+t to
tlaatkdi(fiMrtntialcroMMCtk)matll*H«raiotiath*
proton lab taany raaft 194 to 47.5 MtV. Thapt
data, along with proton wctor-aaalyafaMi powai V *
and t o t a l - f ctioM croH Mctiont #„ a n bahHj aah-
j*ct«d to an —rgy-dtpwia'iit phaw aWr aaatyak
wing tht LASL cod* EDA." Tat uiaHa of this
analyut and a compariaon of our data with a afcaoti
naoAating-group1 calculation will b* pwhUahad in
tht ntar futurt."
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TABLE in TABU IV
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<**)
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0032
104.74
10031
110.40
194.00
130.54
17236
137.03
141.00
146.01
14033
1*234
100.17
100.72
163.21
1003)
17031
17330

003
M03
1073
1073
1043
108.6
003
003
703
003
M.7
46.1
403
30.7
273
23.6
173
16.1
123
10.1
030
732
6.40
5.96
3.72
233
136
2.21
230
337
431
030
0.75
11.0
13.2
16.8
103
90.4
22.4
243
203

Man
mm
m
13
13
13
1.4
1.4
1.4
1.4
1.4
1.4
13
13
13
13
1.4
1.7
1.1
13
to
4.0
1.4
23
1.7
23
2.4
23
13
23
2.7
13
4.7
23
6.2
t l
t 7
to
23
2.4
23
t 2
23
2.3
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TANJEIX TABUX

r o * « ( » ) * njumc KAmMNCi AT
M.«J*tV<LAB)

WKT1QN
ILAITIC fCATniWG AT

10.00
12.50
15.00
17.60
30.00
22.50
26.00
27.50
30.00
32.50
35.00
37.50
40.00
42.50
45.00
47.50
50.00
52.50
56.00
57.50
60.00
62.50
66.00
67.60
70.00
75.00
77.60
80.00
86.00
90.00
96.00

100.00
106.00
110.00
115.00
125.00
130.00
136.00
140.00
150.00
155.00
H0.00

137.0
163.5
160.2
157.0
149.9
138.1
125.4
110.5
97.2
84.1
72.2
61.2
52.1
43.7
36.9
30.5
25.7
21.7
1S.1
15.1
12.6
10.8
9.06
7.62
6.32
4.62
3.82
3.27
2.41
1.80
1.38
1.17
1.11
1.17
1.34
2.12
2.59
3.10
3.73
4.82
5.22
5.73

13.42
16.76
30.10
23.42
36.74
30.04
33.33
36.61
39.87
43.11
46.33
49.54
52.72
56.87
59.01
62.11
66.19
68.24
7il26
74.2S
77.21
80.13
83.02
86.86
88.69
94.22
96.93
99.60

104.82
109.89
114.80
119.56
124.16
128.61
132.92
141.13
146.06
148.87
152.58
159.75
163.23
166.66

76.6
•6.2
90.6
•9.4
•6.0
80.0
73.4
•6.4
58.3
61.1
44.5
38.4
33.2
28.4
24.4
30.6
17.7
15.3
13.0
11.1
9.51
8.36
7.21
6.22
5.30
4.10
3.49
3.06
2.41
1.92

. 1.57
1.42
1.43
1.61
1.9B
3.47
4.48
5.64
7.10
9.K

11.1
12.5

1.3
1.1
1.0
1.1
1.1
1.1
1.1
1.1
1.2
1.1
1.1
1.1
1.3
1.2
1.2
1.3
1.2
1.5
1.2
1.6
1.1
2.0
1.3
2.2
1.2
1.5
3.1
1.4
1.4
1.6
1.9
2.0
1.9
1.9
1.7
1.8
1.4
1.4
1.2
1.1
1.1
1.0

8.50
10.00
16.00
17.50
16.50
20.00
22.60
25.00
27.50
28.50
30.00
32.50
36.00
37.50
38.50
47.50
50.00
55.00
57.50
58.50
60.00
66.00
70.00
75.00
80.00
86.00
90.00
96.00

100.00
106.00
110.00
116.00
120.00
130.00
135.00
140.00
145.00
150.00
156.00
160.00

War)

133.7
131.0
149.6
149.4
149.8
144.3
132.5
115.8
103.5
98.2
88.8
76.0
64.5

* 54.5
50.2
23.7
20.2
14.7
12.3
11.9
10.5
7.44
5.26
3.76
2.56
1.95
1.41
1.09
0.981
0.911
0.970
1.11
1.24
1.84
2.27
2.68
3.46
3.89
4.30
4.79

•toil

11.41
13.42
30.11
23.43
34.76
36.75
30.06
33.36
36.63
37.93
39.89
43.13
46.36
49.56
80.83
63.14
66.21
71.39
74.38
76.46
77.23
83.06
88.72
94.25
99.63

104.86
109.92
114.83
119.58
124.18
128.63
132.94
137.11
145.07
148.86
152.60
156.22
159.76
163.24
166.66

^ »
*****

•6.9
73.2
•4.5
K.0
M.5
•2.8
76.7
67.7
61.3
H.4
63.2
46.2
39.8
34.1
31.7
16.0
13.9
10.6
9.06
8.86
7.93
6.91
4.41
3.34
2.40
1.96
1.50
1.24
1.19
1.18
1.33
1.62
1.92
3.18
4.13
5.11
6.86
8.01
9.14

10.5

3.3
2.8
2.6
2.6
3.6
2.6
3 *
2.5
2.5
1.5
1.6
1.6
1.6
1.7
1.7
3.2
3.0
1.7
3.2
3.2
2.6
2.7
1.5
1.5
1.6
1.7
1.8
2.1
2.1
2.0
1.9
1.9
2.0
1.8
1.6
1.6
1.5
1.4
3.7
3.7

to



TABLE XI TABLE XII

DIFFERENTIAL CRO88 8ECTJON
FOR *H*<»,P)>H* ELASTIC SCATTERING AT

M.« M»V (LAB)

RaUtiv*

(ah/ir)

DIFFERENTIAL CROSS SECTION
FOR «H«(Mrt!H« ELASTIC SCATTERING AT

tt.t MaV (LAB)

7.50
10.00
12.50
15.00
17.50
20.00
22.50
25.00
27.50
30.00
32.50
35.00
37.50
40.00
42.50
45.00
47.50
52.50
55.00
57.50
60.00
62.50
65.00
67.50
70.00
72.50
75.00
77.50
80.00
82.50
85.00
90.00
95.00

100.00
105.00
110.00
120.00
125.00
130.00
135.00
140.00
145.00
150.00
155.00
160.00
165.00
170.00

151.4
126.2
142.6
143.4
135.5
129.7
118.3
105.5
92.1
78.3
66.5
55.9
47.4
38.5
32.3
26.8
22.1
14.8
12.3
10.3
8.49
7.03
6.04
5.16
4.34
3.64
3.14
2.80
2.34
2.20
1.76
1.36
1.06
0.902
0.813
0.847
1.16
1.33
1.67
2.06
2.41
3.00
3.23
3.55
3.91
4.11
4.29

10.06
13.43
16.78
20.12
23.45
26.77
30.07
33.37
36.64
39.91
43.15
46.38
49.58
52.76
55.92
59.05
62.16
68.29
71.31
74.30
77.26
80.19
83.08
85.93
88.75
91.53
94.28
96.99
99.66

102.29
104.88
109.94
114.85
119.60
124.20
128.65
137.13
141.17
145.09
148.90
152.61
156.23
159.77
163.25
166.67
170.04
173.38

84.1
70.4
80.0
80.9
77.0
74.3
68.4
61.7
54.5
46.9
40.4
34.4
29.7
24.5
20.9
17.7
14.9
10.4
8.85
7.58
6.41
5.44
4.80
4.21
3.64
3.14
2.79
2.56
2.21
2.14
1.76
1.45
1.20
1.09
1.05
1.16
1.80
2.18
2.89
3.75
4.60
6.96
6.66
7.56
8.54
9.17
9.71

7.0
6.9
6.8
6.8
4.4
3.2
3.2
3.2
3.2
3.0
3.0
3.0
3.3
3.3
3.1
3.1
3.7
3.2
4.1
4.1
3.5
3.3
3.2
4.3
3.7
3.8
3.3
5.0
3.8
7.7
4.2
3.3
4.3
4.2
3.4
3.4
4.1
4.2
3.2
3.2
3.2
3.8
3.0
3.4
3.1
6.8
6.8

flat Of,

(feg) imk/mt) imkfm) (*)

8.50
10.00
12.50
15.00
17.50
18.50
20.00
22.50
25.00
27.50
38.50
40.00
42.50
45.00
47.50
50.00
52.50
55.00
60.00
65.00
70.00
75.00
80.00
85.00
90.00
95.00

100.00
105.00
110.00
115.00
120.00
125.00
130.00
140.00
160.00
170.00

109.7
120.9
129.7
130.7
124.3
122.8
116.2
103.6
90.1
77.6
34.8
30.2
24.4
19.8
15.9
12.9
10.6
8.56
5.83
4.14
2.98
2.27
1.70
1.32
1.02
0.876
0.715
0.626
0.614
0.659
0.754
0.959
1.11
1.60
2.73
3.00

11.43
13.44
16.79
20.14
23.47
24.80
26.79
30.10
33.40
36.68
50.90
52.81
55.97
59.10
62.21
65.29
68.34
71.37
77.32
83113
88.81
94.34
99.71

104.93
110.00
114.90
119.65
124.25
128.70
133.00
137.17
141.20
145.12
152.64
166.68
173.38

60.9
67.3
72.6
73.6
70.5
89.9
66.5
59.8
52.6
45.8
21.9
19.2
15.8
13.1
10.7
8.87
7.45
6.15
4.40
3.29
2.50
2.02
1.60
1.32
1.09
0.996
0.867
0.809
0.845
0.964
1.17
1.58
1.93
3.06
5.98
6.81

1.7
1.5
1.7
1.4
1.4
1.8
1.5
1.5
1.5
1.4
2.5
1.5
1.5
1.5
1.6
1.6
1.9
1.6
1.6
1.6
1.4
1.5
1.5
1.6
1.6
1.9
2.1
1.9
1.8
1.9
1.8
1.8
1.5
1.4
1.3
1.3

11



'TABU:

P M WLAtflK •CATnMNO AT

i+m)

»M
10J0
12.10
15.00
17.50
18.50
20.00
22.50
25.00
27.50
38.50
40.00
42.50
45.00
47.50
50.00
52.50
66.00
57.60
60.00
62.60
66.00
67.60
70.00
76.00
80.00
86.00
90.00
96.00

100.00
106.00
110.00
115.00
110.00
126.00
130.00
136.00
140.00
145.00
150.00
166.00
160.00
166.00
170.00

<••/*>

108.8
llt .0
114.5
121.9
118.1
114.7
108.2
•7.1
84.3
71.1
30.3
28.4
21.3
17.1
13.8
11.0
8.78
7.29
6.06
5.06
3.96
3.48
2.96
2.52
1.89
1.49
1.18
0.931
0.764
0.829
0.560
0.543
0.573
0.629
0.761
0.926
1.12
1.36
1.57
1.81
2.06
2.30
2.44
2.52

(*»>

11.44
13.46
MJO
20.16
23.48
24.81
20.80
30.11
33.41
36.69
60.92
52.83
•6.99
•8.13
62.24
66.32
08.37
71.39
74.38
77.34
80.27
83.16
88.02
88.84
•4.36
99.74

104J6
110.02
114.93
119.68
124.27
128.72
133.02
137.18
141.22
146.14
146.94
152.66
188.26
180.80
163.27
166.68
170.06
173.39

(•Mr)

87J
644

m*88.6
OSJ
66.2
62.4
M.O
49.2
41J
19.1
16J
13.8
11.3
9.29
7.56
6.17
5.J4
4.46
3J2
3.06
2.76
2.43
2.11
1.68
1.40
1.18
0J84
0J89
0.763
0.724
0.748
0.839
0.978
1J5
1.61
2.04
2.68
3.13
3.74
4.44
5.04
5.46
5.72

•m
<%)
2.4
1.7
1J
1.4
1.4
1J
1.6
1.6
1.6
1.6
2.$
1.7
1.7
1.7
1.7
1.7
2.0
1.6
1J
1.4
2.6
1.7
2.3
1.5
1.5
1.6
1.6
1.7
1.9
1.9
1J
U
U
U
1J
1.5
1.6
1.4
1.4
1.3
1.3
1.3
1.4
1.7

12


