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Elastic Scattering of He3 by He~ from 17.8 to 30.0 MeV~
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(Received 12 November 1969)

Differential cross sections for the elastic scattering of Hes by He4 have been measured
from 21.9 to 155.0 (c.m. ) at He3 energies of 17.79, 19.99, 22.00, 23.98, 26.00, 28.00, and
30.00 MeV (lab). The relative standard deviations of the data are typically less than 2.5%,
but become larger at angles where the cross section is very low. In addition tg relative er-
rors, the over-all error includes a standard deviation of 3% in the cross-section scale. The
measurements are compared with theoretical calculations using the resonating-group method
in the one-channel approximation. Differences between theory and experiment can be qualita-
tively understood as being caused mainly by the omission of reaction channels in the theory.

I. INTRODUCTION

Reported here are the results of measurements
with the Williams Laboratory MP Tandem Acceler-
ator of differential cross sections for the elastic
scattering of He' by He' in the energy range 17.79
to 30.00 MeV (lab) and a comparison of these mea-
surements with resonating-group calculations for
the mass-7 system. '&' The present work extends
in energy data on He'+He' scattering taken with
electrostatic accelerators. In the energy regions
of overlap, our differential cross sections are in
very good agreement with those of Spiger and Tom-
brello, 3 but differ significantly from those of Dun-
nill et al.' Some data obtained with cyclotron
beams exist in the energy range investigated here.
We are in definite disagreement with the measure-
ments reported by Bredin et al. ' at 16.6 MeV (c.m. ).
We are in fair but not complete agreement with
Brolley, Stewart, and Rosen, ' who have comment-
ed on the disagreement of their data with those of
Chiba et al. ' We also disagree with the data of
Chiba et al. , especially below a c.m. energy of
about 15 MeV. Upon reasonable extrapolation of
our measurements to 18.0 MeV(c. m. ), we appear
to be in agreement with the measurements of Vin-
cent, Boschitz, and Warner. ' Since the completion
of the measurements reported here, ' other cyclo-
tron data, which overlap ours and extend to high-
er energy, have been reported. "" These groups

have undertaken phase-shift analyses of their data.
No phase-shift analysis will be reported here.

In Sec. II a description of the apparatus is given,
and in Sec. III the experimental procedure is de-
scribed and the differential cross sections are pre-
sented. Section IV is a short discussion of the res-
onating-group calculation with which the present
data are compared. Also presented is a predic-
tion of a backward-peaked exchange resonance,
which wouM not have been expected to be seen in
the present experiment. Indeed, it was not seen.
Finally, the comparison of calculation with experi-
ment is discussed in Sec. V, and an experiment is
proposed which should observe the predicted ex-
change resonance.

II. APPARATUS

A. General Facilities

The doubly charged He' beam used in this experi-
ment was produced by the MP Tandem Van de
Graaff Accelerator at our laboratory. The nega-
tive He' ions necessary for injection into the main
body of the accelerator were made by the passage
through lithium vapor of 17-keV, positive He' ions
extracted from a duoplasmatron source, and the
surplus He' gas was reclaimed at the output of the
source vacuum pump. " Negative-ion currents
somewhat over 1 pA were readily available if need-
ed. After the doubly charged He' beam was pro-
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duced by electron stripping in the high-voltage ter-
minal of the accelerator, it was momentum-ana-
lyzed, steered, and focused onto a gas cell situat-
ed at the center of a 1V-in. -diam scattering cham-
ber." This chamber contains independently rotata-
ble upper and lower turntables to each of which
was attached a detector assembly. The turntables
can be positioned to better than 0.1 . The beam
diameter at the gas cell was about 2.0 mm and its
angular divergence, which was caused principally
by multiple scattering in the cell entrance foil,
was about 3 at the higher energies to about &' at
the lower energies. After passing through the cell,
the beam entered a 178-cm-long 10-cm-diam Fara-
day cup which contains magnetic electron suppres-
sion. Beam- current integration was performed
with a system whose charge-collection calibration
is known" to within 0.5%%uo.

B. Gas-Target System

A cylindrical, 2.5-cm-diam gas cell, covered
with 0.0025-mm-thick Havar foil, was used to con-
tain the He' gas at the center of the scattering
chamber. The cell was connected to a gas-trans-
fer system situated externally to the scattering
chamber. Included in the gas-transfer system are
a mercury manometer, whose height differential
can easily be read to 0.5 mm, and a liquid-nitro-
gen-cooled trap filled with molecular sieve through
which helium can be passed for purification. In
the present work, the cell was operated at pres-
sures from 60 to 70 cm Hg.

C. Detector Assemblies

Two detector assemblies were used. One served
as a fixed-angle monitor, and the other was used
to measure differential cross sections. Detectors
were of the solid-state, surface-barrier type with
a maximum depletion depth of about 800 p, , and
the bias voltages were adjusted to allow protons
and deuterons, but not He' or He' particles, to
penetrate through the depletion region. In order
to define a limited volume of beam-gas interaction
whose reaction products are accessible to a detect-
or, two apertures were placed between each de-
tector and the gas cell. In each detector assembly,
the apertures were mounted on the front and back
of a tube of 1.9-cm internal diameter, and the sol-
id-state detector was placed directly behind the
back aperture. The tube also contained three anti-
scattering baffles. All detector collimators and
baffles were of nickel and were 1.3-mm thick in
order to stop energetic protons produced at the
higher He' energies. The front aperture was a
vertical slit and the back aperture was rectangular.
The important collimator dimensions were mea-
sured with a microscope and calibrated stage.

For the data detector, the front aperture width 5
was 0.95 mm, the back aperture width was 0.96
mm, the back aperture height was 5.00 mm, the
distance 6 between front and back apertures was
140.0 mm, and the distance Ro of the back aper-
ture from the scattering-chamber center was
188.V mm. As has been thoroughly discussed by
Silverstein, "the geometry factor G which relates
counts to cross section may be calculated to high
accuracy. To lowest order G is given by

G=Ab/R, k=1.72xl0 ' cm sr,
where A is the back-aperture area, and the numer-
ical value is for the data detector system. The
monitor-system. geometry was such that G was
equal to 4.32x10 ' cm sr. Silverstein" has given
expressions for corrections to Eg. (1) caused by
several effects. For the beam and detector geo-
metries used in the present experiment, all these
corrections were negligible.

D. Electronic Apparatus

The signals from the monitor detector were sent
to two single-channel pulse-height analyzers. The
window of one analyzer was set to encompass the
signals produced by both He' particles which scat-
ter from He4 and He' recoil particles, and the win-
dow of the other analyzer was set to observe any
larger signal, which would be produced by He'
scattering from heavy contaminant nuclei should
any be present in the gas cell. The outputs of both
analyzers were scaled.

The signals from the data detector were sent in-
to an analog-to-digital converter in which a 256-
channel digitization of the signal pulse height was
yerformed. The digital information was then sent
to the laboratory Direct Memory Unit, "an inter-
face which communicates directly with the memo-
ry of a CDC 3100 computer and which was oper-
ated so as to allow a 256-channel pulse-height
spectrum to be accumulated in a data array in the
computer memory. During data accumulation eith-
er the data array or a buffer array containing da-
ta from the previous run could be manipulated
with FORTRAN programs, displayed on an oscil-
loscope, analyzed with a light pen, and graphed
with an automatic plotter.

III. EXPERIMENTAL PROCEDURE
AND RESULTS

Differential cross sections were measured at
seven He' lab energies of 17.V9, 19.99, 22.00,
23.98, 26.00, 28.00, and 30.00 MeV. These ener-
gies are mean He' energies at the center of the
gas cell and are known to +20 keV. The rms ener-
gy spread in the beam at the cell center was about
25 keV and was caused principally by straggling in
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the Havar foil surrounding the cell. The angular
range of the measurements was from 12.5 to about
50' (lab), and at most energies data were taken in
steps of 2 . Both scattered He' particle and recoil
He4 particles were detected, allowing measure-
ments of differential cross sections from 21.9 to
155 in the c.m. system. The angular resolution
of the detection system was about —,

"(lab) or. &'

(c.m. ). In order largely to cancel angular asym-
metry effects due to possible beam and detector-
collimator misalignment, successive measure-
ments were always made at nominally equal angles
on both sides of the incident beam, and the results
were averaged. Typically, asymmetries of the
order of a few tenths of a degree were observed.
The fixed-angle monitor detector was used to keep
track of the constancy of important quantities such
as target-gas density and beam-current-integrator
efficiency. At our typical beam intensities of less
than 100 nA, electronic dead-time corrections
were of the order of a few tenths of one percent.
These corrections were determined by connecting
a pulse generator at the preamplifier input and
comparing the number of generator pulses record-
ed in the pulse-height spectrum with the number
entering the preamplifier input.

Many tests for accuracy and consistency were
performed on the system. Three of the most im-
portant of these were: (1) investigation of the ef-
fect of beam heating on the gas-cell temperature,
(2) investigation of multiple-scattering effects pro-
duced when detected particles pass through the Ha-
var foil surrounding the cell, and (3) an over-all
check of the system geometry and efficiency by
measuring the H(P, P)H differential cross section
near 10 MeV. These will now be discussed.

Before data taking was initiated, the helium in
the cell was allowed to come to room temperature,
and subsequently the gas temperature was taken to
be equal to the recorded room temperature. It
was therefore important to check that beam densi-
ties used in the present experiment would not
cause significant heating of the helium gas. A test
in which the beam current was varied over a range
wider than that used in the present experiment
showed no heating effect.

The effect of multiple scattering in the cell on
the number of detected particles has been investi-
gated" experimentally. This effect is angle depen-
dent both because the scattered He' and recoil He'
energies change with angle and because the influ-
ence of the angular shape of the differential cross
section depends on lab angle. For example, at
some angles, multiple scattering will cause an in-
crease in the number of particles detected; and at
other angles it will cause a decrease. Fortunately,
in the present experimental situation, the effect is

not very large and has been accounted for by suit-
ably increasing the relative errors at low bombard-
ing energies and large lab angles (which corre-
spond to intermediate c.m. angles).

It was decided to test the system by attempting
to reproduce the 9.69-MeV (lab), proton-proton
scattering data of Johnston and Young. " Our dif-
ferential cross sections were systematically a few

percent smaller than theirs. It appears from
more recent measurements, "~"however, that the
cross sections of Johnston and Young may indeed
be somewhat too large.

The data were converted to lab differential cross
section oI (8z) by means of the formula

og(8g) =0.165 84TzNd sin 8g/(bPQG) mb jsr, (2)
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FIG. 1. Pulse-height spectrum at 36 gab) from the
bombardment of He by 30-MeV He particles, The pulse-
generator peak is not shown. Evident are peaks due to
scattered He3 particles, recoil He partic1es, and fea-
tures due to protons and deuterons which pass through
the detector depletion region.

where T =target gas temperature in 'K, z = charge
number per beam particle, N =number of detected
particles, d =dead-time correction, Oz =lab scat-
tering angle, b =number of target nuclei per mole-
cule in the gas cell, P =target gas pressure (cm Hg),
Q =beam charge collected (pC), and G = geometry
factor (10 ' cm sr) as given by Eq. (1). The trans-
formation to c.m. quantities was carried out with
fully relativistic formulas.

In Fig. 1 is shown a pulse-height spectrum ob-
tained at 30.00 MeV (lab) and 36' (lab). The pulse-
generator peak is not shown. In Fig. 2, graphs of
the measured differential cross sections are given.
The solid curves are theoretical and will be dis-
cussed below. Table I lists the experimental data
with relative standard deviations, which include,
in addition to statistical errors, relative uncertain-
ties in background subtraction. To obtain the over-
all absolute error, an additional error in the cross-
section sca,le of 3% should be added in quadrature
to the relative error. The major contribution to
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TABLE l. The c.m. differential cross sections and their relative standard deviations, both in mb/sr, for He +He
elastic scattering. Both the energy in the lab system, in which He is at rest, and in the c.m. system are given. In
addition to the relative errors, there is a 3% standard deviation in the absolute cross-section scale.

Energy (MeV)

Oc. m.
(deg)

17.79 (lab)
10.14 (c.m.)

19.99 (lab)
11.39 (c.m.)

22.00 (lab) 23.98 (lab) 26.00 (lab) 28.00 (lab) 30.00 Oab)
12.53 (c.m.) 13.66 (c.m.) 14.81 (c.m. ) 15.95 (c.m.) 17.09 {'c.m.)

21.9
24.5
24.6
26.3
28.0
28.1
31.5
35.0
38.5
40.2
41.9
42.0
43.6
45.4
48.8
52.2
55.6
55.7
59.0
62.4
65.7
65.8
69.1
70.7
72.4
74.0
/5. 6
75.7
77.3
78.9
79.0
80.5
82.1
82.2
83.9
85.9
87.9
89.9
91.9
93.9
95.9
97.9
99.9

103.9
107.9
111.9
115.9
119.9
123.9
127.9
129.9
131.9
133.9
135.9
139.9
143.9
147.9
149.9
151.9
152.0
155.0

424 ~13
332 +7

272+4
241 ~3

190+2
146 +2
108 +2

92.3 *1.0
84.0 + 1.2

72.7 ~ 0.8
62.3 +1.0
51.1 + 0.6
45.0 ~1.5
40.0 + 1.0

40.8 + 0.5
38.6 + 0.5
39.2 + 0.5

37.5 ~ 0.9
36.4 + 0.9
33.9 + 0.8
31.7 + 0.8
28.3 + 0.9

25.6 +0.7
22.7 + 0.6

20.2 + 0.5
17.1 + 0,5

13.2 +0,6
11.1 + 0.5
8.17 + 0.33
5.65 + 0.26
4.04+ 0.20
2.68 + 0.16
1.9V + 0, 13
1.96 + 0.10
2.37 + 0.12
4.06 + 0.13
6.28 + 0.19
7.76 + 0.31
8.27 + 0.16
7.44+ 0.26
5.52+ 0.12
4.04 + 0.19
3.60 + 0.08
2.88 + 0.17
4.18 +0 ~ 18
5.37 + 0.14
9.72 + 0.29
3,6.5+ 0.4
26.5 + 0.4
31.8 ~ 0.5
40.3 + 0.9

51.9 + 1.6

330 *10
261 ~6

208 +3

146 ~2
112 +2

78.4 *0.9

57.9 + 1.2

40.2 ~ 0.5
33.2 + 0.4
28.8 +0,3
28.5 + 0.4

~ ~ ~

30.5 + 0.4
33.1 +0.4
36.1 + 0.4

36.4 + 0.5

35.6 + 0.5

31.6 + 0.4

26.4 + 0.6

21.1 +0.5
16.9 ~ 0.6

9.54 + 0.35

4.65 + 0.15

1.80 + 0.10

1.58 + 0.09
3.72 + 0.12
6.28 + 0.12
8.67 +0 ~ 15
9.02 + 0.18
8.68 + 0.12
6.74 + 0.13
4.34 + 0.10

3.56 + 0.33

4.67 *0.10
7.36 + 0.13
12.7 +0.2
20.0 + 0.3

29.5 + 0.8
39.6 +1.3

311+10
238 ~5

175 ~3

124+ 2
83.8 ~0.9
55.0 + 0.7

35.0 + 0.4
~ ~ ~

22.7. + 0.3
16.6 + 0.3
16.3 + 0.2
18.4 + 0.3

24.2 + 0.4
29.1 '+ 0.4
33.9 + 0.6

36.6 + 0.5

37.1 4 0.5

33.9 + 0.4

29.7 + 0.4

23.5 + 0.3
17.8 + 0.6

11.3 + 0.3

4.90 + 0.17

1.82 + 0.16

1.50 + 0.10
3.77 + 0.16
6.64 + 0.15
9.53 + 0.22
10.3 + 0.2
10.1 + 0.1
7.66 + 0.14
4.97 + 0.10

3.39 + 0.08
~ ~ ~

3.34 + 0.08
5.33 + 0.10
9.77 + 0.15
17.0 + 0.3

25.1 + 0.6
34.0 + 1.1

285+9

224 +5

151+2

100 *2
64.0 + 0.7
37.0 + 0.5

~ ~ ~

19.3 + 0.4

10.6 *0.1
7.23 + 0.24
9.17 + 0.15
13.7 + 0.4

22.8 + 0.3
29.3 + 0.8
36.9 ~ 0.5

~ ~ ~

41.9 +1.0

43.6 + 0.5

39.7 + 1.4

35.9 ~0.5

28.2 + 0.5
21.6+ 0.7

13.4+ 0.4

6.08 + 0.19

2.09 a 0.08

1.62 + 0.07
4.23 + 0.12
7.87 + 0.21
11.V a 0.2
12.5 + 0.4
10.9 + 0.2
8.61 + 0.24
5.69 + 0.09

3.30 + 0.13

2.07 + 0.06
3 ~ 51+0.07
6.60 ~ 0.11
11.8 + 0.3

18.8 + 0.4
24.4 + 0.8

262 +8
~ ~ ~

190 ~4
~ ~ ~

125 +2

75.2 + 0.9
41.2 + 0.5
21.2 + 0.3

8.18 + 0.15

3.09 + 0.08
2.75 + 0.10
6.38 + 0.17
12.5 *0.2

20.7+ 0.3
29.0 + 0.4
37.7 + 0.5

42.4 + 0.5

44.5 + 0.5

42.4 + 0.5

37.4 + 0.5

29.6 + 0.4
25.1 + 0.6

14.7 + 0.4
~ ~ ~

6.55 + 0.15

2.10 + 0.10

1.50 + 0.09
4.24 + 0.12
8.70 +0,16
12.6 + 0.2
13.9 + 0.2
13.0 ~ 0.4
9.76 + 0.18
6.09 + 0.11

3.01 + 0.07

1.76 + 0.05
2.24+ 0.06
4.72 ~ O.PS

9.32 + 0.21

14.9 + 0.4
21.2 + 0.7

261 +8

188 +4

112 +2

60.4 + O.V

29.0 + 0.4
11.5 + 0.2

3.42 + 0.08

1.11 + 0.05
2.54 + 0.08
6.57 + 0.11
13.3 + 0.2

21.4 + 0.3
30.6 + 0.4
38.8 ~ 0.5

45.2 + 0.5

48.4 + 0.6

46.1 + 0.6

41.3 + 0.5

33.1 + 0.4
29.4 + 0.7

16.7 + 0.3

7.58 + 0.15

2.18 + 0.08

1.47 ~ 0.06
4.67+ 0.10
9.86 + 0.15
13.8 s 0.2
16.3 + 0.2
15.2 + 0.2
11.7 + 0.2
7.37 + 0.13

3.62+ 0.08

1.43 + 0.05
1.40 *0.04
2.83 + 0.06
5.58 + 0.12

10.0+ 0.3

14.1 *0.5

240 +8

164+4

89.7 +1.4
43.5 + 0.5
17.8 ~0.2
6.46 + 0.10

2.86 + 0.06

2.77 + 0.07
4.80 + 0.09
8.22 + 0.11

13.3 ~ 0.2
20.4 + 0.3
28.3 +0.4

36.3 +0.5
42.0 + 0.5

45.0+ 0.5

44.3 + 0.6

40.8 *0.5

32.5+ 0.4
27.7 + 0.4

17.1 + 0.3

7.45 + 0.16

2.01 ~ 0.10

1.26 + 0.07
4.34 ~ 0.10
9.00 + 0.16
13.7 + 0.2
15.5+ 0.2
15.0 ~ 0.2
11.9 + 0.2
7.65 + 0.12

4.24 + 0.07

1.72 + 0.04
1.23 + 0.04
1.84+ 0.05
3.98 + 0.11

8.07 + 0.21

12.4 + 0.4
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TABLE II. Phase shifts (deg) up to l =9 and 180' c.m. differential cross sections (mb/sr) for He +He elastic scatter-
ing calculated with the resonating-group method as described in Sec. IV. The last column is the 180' cross section ob-
tained when only phase shifts through l =6 are employed. The c.m. energy E is in MeV.

L=O o (180 ) Truncated

10.14
11.39
12.53
13.66
14.81
15.95
17.09

-96.1
-102.3
-107.6
—112.5
-117.2
-121.6
-125.7

-82.4
-88.5
-93.7
—98.4
-103.0
-107.3
-111.3

12 02

-12.9
-13.6
—14.4
—15.2
-16.2
-17.2

160.7
161.1
161.3
161.3
161.3
161.2
161.0

-1.90 3.22
-1.67 4.80
-1.13 6.55
-0.28 8.58
0.92 10.9
2.43 13.6
4.26 16.5

-0.34
-0.50
-0.66
-0.81
-0.94
-1.03
-1.07

0.12
0.23
0.36
0.54
0.77
1.04
1.36

0.01
-0.03
-0.05
-0.08
-0.12
-0.16
-0.22

0
0.01
0.01
0.02
0.04
0.06
0.10

97.2
93.5
97.8
107
121
137
154

96.4
91.4
93.4
99.7
109
119
129

In concluding this section we wish to point out an
interesting feature of He'+ He4 scattering predict-
ed by the resonating-group calculation. " With the
inclusion of partial waves through l =9, the differ-
ential cross section may be calculated up to about
40 MeV (c.m. ). Figure 3 illustrates the calculated
differential cross section at 180, 170, and 160
from about 10 to 40 MeV (c.m.). Appa, rent is a
back-angle resonance which is broad in energy but
narrow in angular range. It is thought that this is
a neutron-exchange resonance, which emerges nat-
urally from the calculation because of the inclu-
sion of exchange forces in the nucleon-nucleon po-
tential and use of a completely antisymmetrized
wave function. Unfortunately, the present data ex-
tend back to only 155' and up to only 17 MeV (c.m. ),
and, therefore, we can make no statement as to
whether or not such a resonance actually occurs.

V. DISCUSSION AND CONCLUSIONS

Initially, we should stress that no adjustable pa-
rameters are used here to obtain fits to the scat-
tering data. Both shape and magnitude of the cal-
culated differential cross sections come from the
basic nucleon-nucleon potential and the resonating-
group method.

One significant approximation in the calcula-
tion'" is the omission of all reaction effects. Fig-
ure 2 shows that the calculation gives, in general,
too large a cross section, presumably, because
of this one-channel approximation. Another fea-
ture apparent in Fig. 2 is that the agreement be-
tween calculation and experiment of the shape of
the differential cross section becomes better as
the energy increases. At present it is felt that the
poorer agreement in shape at the lower energies
is due to the influence of the 9.3-MeV level in Be'.
This level has significant widths for both proton
and o.-particle emission, ' and, as Wildermuth and
McClure ' have pointed out, resonances in individ-
ual reaction channels can significantly influence
the elastic-scattering differential cross section.

Excitation functions plotted (not shown) from the
data of Table I do not indicate any clear structure
due to possible broad states in Be'. Indeed, the
calculated phase-shift values in Table II indicate
that no resonant states having He'+ He' structure
exist in this energy range. However, to investi-
gate in more detail the level structure of Be', a
phase-shift analysis using complex phases would
be desirable.

Finally, it is suggested that the backward He'
+ He' scattering cross section be measured up to
c.m. energies of 30 to 40 MeV in order to test the
resonance prediction illustrated in Fig. 3. When

a He' particle beam is incident on a He' target,
the energy of the He' particles scattered near 180'
(lab) is about,—', of the beam energy. It therefore
is somewhat difficult to directly observe the back-
ward-scattered He' particles. However, one
should be able to observe the He4 recoil nuclei in
the forward direction by allowing both them and
the beam to enter a magnetic field, which would
then separate the beam from the recoil particles.
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