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Abstract

Absolute differential cross sections for the alastic scattering
of_ alpha particles from helium have been obtained at 36.8, 38.8, <0.8,
419, 44.4, 46.1, 47.1, and 47.3 Mev. Measurements have been made at
intervals of 2 degrees over an angular range from about 15 degrees to
beyond 90 degroes in the c.m. aysiem. The angular distribution shows a
wvingle minimum at 65 degrees at the two lowest energies, and two minima,

at about 35 and 70 degrees, at the other energies.
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~ ALPHA-ALPHA S8CATTERING IN THE RANGE 36.8 TO 47.3 MEV"
Homer E. Conzett, Georgoe )’.gc.».f Harlan C. Shaw and Radolfo J. &Cﬂmnﬂrtizm§
Lawrence Radiation Laboratory

University of California
Berkeley, California

July 15, 1959

__ Introduction

The elastic scattering of alpha particles from helium has been

1,2,3

investigated in detail in the energy range from 0.4 to 23 Mev, at 30

5,6 The 0.4-to-23-Mev data have been

Mev, ¥ and from 23.1 to 41.2 Mev.
analyzed by the various authors in terms of the method of partial wavss,
and the nuclear phase shifts that were determined have given evidence for
several virtual excited states in the eoméound nucleus, Bee. The alpha-
‘alpha differential cross sections are very strongly energy-dependent, and
consaquently data at several naigﬁboring energies are needed to explore
resonance effects in the phage .ehiiv‘tu‘. siuce it is expected that data at more
closely spaced energy intervals above 23 Mev will become available soon, 6
we have explored the region from 37 to 47 Mev. It should then be possible
- to determine the phase shifts smoothly as functions of the energy up to 47
Mev.

In addition, at energies above 34.7 Mev. there can be other end
7

products of the interaction of two alpha partiélea. namely, Li7 +p, Be'+n,

4 6

He '+ t+p, Ke4+ Ke3+ n, and Li" + d. These reactions may proceed through

the compound nucleus, Béa, or through a direct-interaction mechanism.

* ' o
Work done under auspices of the Atomic Energy Commission.

Y Summer 1957 visitor from Department of Physics, Stanford University,
California,

g Comision Nacional de Energia Atomica, Buenos Aires, Argentina.
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Conseguently, the technique of optical-model analysis méy be very uceful,
The optical-model parameters determined from alpha-alpha scattering
along with those determin‘eé for the elastic scattering éf alpha particles
from other clements ahéulé enable ono to get an estimate of the size of
the alpha-particlie, a qnéxjx.t’:.ity which contributes teo the size‘parameter
determined by the optical«model analysis for other elements.

In addition to the optical-model calculations being carvied out
by one of us (G.L), a pgtltwbwéve analysis of the data hae been started.

The results of both analyses will he reported in subseguent papers.

Experimental Procasdure

The general sxperimental details concerning the scatteriag
ckamber, the bem»mmitpring, and the energy-measuring methode have
been desgcribed earlior. 7 The external 48-Mev alpha-particle beam of the
Crocker Lai;oramry 6C-inch cyclotron was directed down an evacuated
pipe and through sufficient absorber, | placed at the entrance to the
scattering chamber, to degrade it to the desired enexgy. An Al absorber
wag used except for the threo lowest energies, at which Bé was used in
order to reduce the loss from multiple scattering. Following the absorber
was a carbon collimation system consisting of three apertures of 1/8,
1/16, and 3/16 in. diameter, separated by 10-1/2 and 6-1/2., respectively.
Their respective functions wers to {a) stop most of the excess beam,

{b) define the cross-sectional area of the beam, and (c) act ag an
antiscattering baffle. Following the last collimator was a 0.001-in. Al

vacuum foil (for the two 47~-Mev rung, a 0.0005-in. Ni foil was substituted)
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through which the beam passed frem tho evacuated pipe into the helivzn-
filled scattering chamber. The foil was 4-1/4 in. from the center of the
- ckamber. | ' |

After pagsing through the chambe.r; the beam was collected in a
‘Faraday cup aad integrated. The mean energy of the beam was determined
;by measuring the range of ‘thu_alphé particles in Al sbaorbers with the
scattering chamber ovacuated, The absorbers were located immediately in
front of the Faraday cup. A plot of beam inteusity at the Faraday cup vezsus
thicknees of Al absorber wae used to determnine the thickness of Al absorber
 corresponding to one-half maximum beam intensity. Range-energy tableas
based on experimental proton range-energy data’ were used.

These tables use projected ranges, end hence can be used directly
- to dotermine beam energy {rom thickuess of Al absorber at hali-maximum
beatn iatensity. & correction to the energy was made for the length of path
traversed by the alpha-pariicles in helium gas before arviving at the center
of the scattering chamber. An estimate of the energy spread in the beam
_was obtained from the measured integral range-curve. The width of the
differential range-curve derived from if, reducsd by the theoretical width
due to- range straggling alone, gave the range spread in the beam itself.
This corresponds to & 0.75% energy spread in the incident beam.

The elastically scattered alpha-particles were detected with a
Csi (T1) scintillator placed appxo#imaﬁ:eiy 1¢ in. from the centexr of the
chaxﬁber. A collimating sysﬁém. eongisting of 2 0.125-in.~diam. aperture
immediately in front of the ecintillator and a 0.133-in, -wide vertical slit

placed 6.75 in. in frout of the aperture, defined the target volume and the
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solid angle subtended by the counter. The angular resclution achicved with
this geometry wa§ 1.4 deg. The counter collimnation system in the scattering
charcber was aligned radially by oétical methods,

At laboratory angles le_ss than about 12 deg., the counter and its
associated mounting obacured the Faraday cup fromn the direct beam. Under
thése conditions, anothef scintillation counter was used 25 a beam monitor,
It was placed outside the chamber at a fixed laboratory angle near 19 deg.

It viewed the chambe.v.; through a window port with defining apertures attached,
so that it detected alpha particles scattered only from the central region of
‘the scattering chamber, Calibration was done directly by recording its

iatal counts and the corresponding charge collected in the Faraday cup while
running at large aagles wherelthere was no possibility of the counter cbscuring
the Faraday cup.

Pulzes from the scintillation coﬁnter were smplified and fed into
a 10-channel pulse-height analyzer. Figur.e ! shows a typical apecirum
cbtained from this counter. At the higher ene:.gi'as, the background was
quite low @kcept at angles near the @inima in the cross gection. At the
lewer energies, héwever, the correction for backgrouad became quite
appreciable. |

In order to provide a check on the consistency of the results,
the data were taken at alternate angles in clueh a way that each angular
distribution was taken at least twice. In addition, several points on each
curve were remeasured one or more times to cnsure that no electrical or
mechanical drift was pregent in the apparatus. Since the scattering of

identical particlee impoees angular-distribution symmetry with respect to
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90 deg. c.m., some check-pciéts were taken at c.m. angles larger than
96 deg.

Second-order geometry cetractﬁna to the cross sections were
made, based on the calculation of lﬁr-ttchﬂeld and Dodder. 10 These
corrections became as ia,,rge as 35% at the narrow minima of the #ngular
distributions, At other angles they were of the order of 1% or lesas.

The preaanﬁ of the heﬁium gas in the chamber was measured
with a mercufy manometer, m;xd the temperature was measured with a

thermometer in tharmﬁl contact with the chamber.,

Errors

The charge-~collecting system was calibrated againgt voltage
and capacitive ntandarda and was e'stiﬁiated to have an over-all accuracy
of & 0,507 relative, and & 0.75% absolute, for each cross section.

The helium gas used in the écattering chamber was supplied by
Liquid Carbonic Co. from the U. 8. Bureau of Mines bottling service at
Amarmo. Texaé. and was gpecified to have less than 0.005% of impurity,
méinly air and hydrogen. This amount was negligible. The measurement
of tempe rature and pre#yare of the heiimﬁ gas in the chamber was estimated
to introduce an absolute ;rror in the determination of the density of ithe
~helium gas varying from # 0.3% to * 1.0%. This depended mainly on the
helium gas éreuuu for each run, and the percentage a'ccuracy with which

it could be determined.
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The angular position of the counter with reaspect to the beam
direction was reproducible to * 0.1 deg. in the laboratory system
{or £ 0.2 deg. in the c.m. system). This affects the calculation of the cross
- mection through a tan 61 ab factor, causing a relative error varying from
% 0.54% at a laboratory angle of 20 deg. to 2 0.36% at 45 deg.

| The calculation of the sclid angle subtended by the counter tele-
scope was affected mainly by the accuracy of measurements of the 0.125-in, -
dﬁm., collimation aperture directly in front of the crystal. The resulting
absoluteverror in the solid angle was estimated taA be *+ 3%. The calculation
of the effective length of the target volume of helium gas also depends mainly
on the acéuracy of measurement of the crystal collimation aperture. Since
‘thie is a linear quantity, the réaultin:g absolute error is only + 2%.

At each ai;gle. the energy spectrum was obtained with sufficient
points above and below the peak corres;;ou&ing to elasticﬂly scattered alpha
parsticles to enable the background curve to be well determined. This curve
wag then extrapolated into the elastic peak, and those counts arising from
| background were subtracted from the total counts in the peak. The back-
ground cortéction was quite small, and generally negligible at the higher
energies, except at angles near minima in the cross section. Below 41.5
Mev, however, the sive of this baekgiou,nd correction became censiderably
lérgez, and, conseguently, at the lower energics the error associated with
thia background correction accounts for most of the tabulated relative error
ou each cross section.

| At the low pressures of helium ga§ in the chamber, the possibility
of the loss of some beam from the Faraday cup by multiple scattering in the

gas was negligible. and was calculated to be less than 0.1%.
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The errors listed in Table 1 are relative errors. The abegolute
errors were compounded separately and result in a ¢ 3.8% error which

should be appliced to the ordinates of eaéh bombarding energy.

Resulte

The measured differential cross sections are tabulated with their
relative errors in Table 1 and plotte&.in Figs. 2 and 3. Angles and cross
sections are in the c.m. system. The single prominent minimum seen at
136.85 and 38.83 Mev, gives way to t;wo n';inima at the higher energies. This
transgition from one to two minima with increasing energy is also present in
the 12~-to-23-Mev alpha-alpha data, where resonance scattering from a

virtual excited state (4+) around 11 Mev in Bes is observed. 1
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Table ]

- N . AL W ORGSR

Differential cross sections for alpha-alpha scattaring

labz 36.85 2 0,21 Mev By = 3883&007 Mev
(147.64 £ 1,5 mg/cm Al) (161,73 & 0,50 mg/cm Al)

8., (do /&%) cm 8 m {do /é\tz)cm
(deg.) (mb/sterad) : (deg.) (mb/sterad)

o 11.7 9% & 42

13.7 1391 4 11 13.7 9210 & 28
15.7 1116 w 12
17.7 971 £ 9 S 17.7 717 + B
19.7 B18 * 12 _
21.7 691 # 10 . 21,7 620 & 7
23.7 626 « 8 )
26.7 505 & b 25.7 444 & B
27.7 425 2 8 y 21.7 183 4 4
29.7 351 & 8 29.7 324 * 4
31.7 290 + 4 31.7 275 EF 3
33,7 241 £ 3 33.7 242 #h 43
35.7 189 - £ 3 38,7 217 + 3
37.7 189 & 3 37.7 187 ® 2
39.7 132 s 2 39.7 162 * 2
41.7 108 & 2 41.7 136 & 2
43,% $7.9 =2 1.4 43.7 120 2 2
45.7 869 + 1,8 45,7 102 * 2
47.7 9.8 % 1.2 47.7 82,7 & 1.0
49.7 70.4 =2 1,3 45.7 60.2 £ 1.3
81,7 61.0 2+ 1.0 51.7 48.8 # 0.8
53,7 49.1 ¢ 1.1 53.7 32,8 & 0.8
55,7 41,7 & 0.7 55,7 26.1 + 0.6
57.7 0.8 =+ 0.8 £7.7 14.7 £ - 0.5
89.7 26.4 &  $.6 89.7 10.7 + 0.3
61.7 11,4 =& 0.4 61.7 7.50 +  0.58
63.7 4,80 2 0,26 63.7 4.09 & 0,25
65.7 4685 2 0.41 €5.7 4.10 #  0.%6
67.7 7.7 2 0,50 67.7 5,54 &  0.38
69.7 18.3 & 0.7 66.7 8.95 & 0.57
71.7 30.4 %= 0.9 71.7 12,8 & 4.5
73.7 $6.4 2+ 1.2 73.7 1840 & 0.8
75,7 76.3 & 1.5 75.7 5.8 & 0.6
7.7 101 & 2 77.7 29.7 % 1.0
79.7 129 & - 2 79.7 32.8 & 0.8
81.7 160 3
83.7 175 * 4 83.7 37.6 & 1.4
85.7 199 2 3 85.7 40.0 + 1.6
87.7 202 & 4 87.7 42.% & 1.7
89.7 209 & 3 82.7 40.8 & 1.4
91,7 194 2 8 91.7 43,9 £ 1.9
43,7 192 £ 3 93.7 4G.9 & 2.2
95,7 179 + 4 96.7 35.5 % 2.2
97.7 150 & 4 97.7 32.7 2.3
99.7 116 + 5 99.% 24.8 & 1.9
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Table I (Continued)

= 41.9G # 0.02 Mev

Ela'ba?w.?? + B.05 Mev El'
2 | ab 2
(176.04 + 0.40 mg/cm” A1) ‘ (184.56 £ 0.15 mg/cm® Al)
8 (da/dﬁ).: - o . (da*/dﬂ)cm
{deg. ) (mb(nteraé) ((deg.) (mb{eterad[
- 12.2 2197 & 43
14.0 1824 & 385
16.0 1466 % 23
17.8 1132 + 17
19.8 954 4 18
21.6 786.1 % 11.6
23.4 569.4 % 5.6
25.2 392.3 2 1.8
27.3% 177 4+ 2 2.6 268.3 & 2,9
28.8 173.8 - 1.7
31.3 29.5 £ 1,1 30.6 94.4 & 1.1
33.3 12.3 & 0.9 32.4 45.0 & 0.6
3%.3 B8.82 =2 0.54 34.2 16.20 £ 0.3}
37.2 33.2 & 1.2 36.2 12,86 £ 0.3
38.0 26.79 = (.32
39.3 66.6 + 1.4 39.8 80.9 & 0.7
41.3 108 2 2 41.8 83.¢ 2 0.8
43.3 137 £ 3 43.6 114.7 & 1.2
_ 45.8 143.0 = 1.8
47.3 124 & 4 47.8 167.6 & 1.8
51.% 182 + 4 5¢.0 184.4 & 1.8
53,2 172 & 3 52.0 184.7 & i.8
55.3 15% % 8 54.2 171.2 3+ 1.6
56.2 145.0 * 1.6
50.3 8.4 # 1.1 58.4 12¢.3 £ 1.3
61.3 60.3 & 1.7 66.6 86,2 & 0.9
63,3 3z.2 % 1.8 62.8 51.5 & U.6
65.3 14.0 * 0.7 65.0 26,66 =2 0.34
67.2 5.31 £ 0.58 €7.0 7.1 % (.18
69.3 4,39 + 0,55 69.2 2.22 a 0.18
71.2 14.2 4+ 1.1 7.4 9,83 % U.25
73.3 26.9 & 1.1 73.6 31.2 £ 0.8
75.3 57.6 x 2,3 75.8 61.8 & 0.8
T7.3 91.2 & 2.7 78.0 95.1 4 1.3
79.3 121 & 3 80.2 144.8 £ 1.7
81.3 176 * 4 82.2 187.5 & 2.4
83.3 184 & 4 B4.4 223,4 + .6
85.3 213 & 4 86.4 243.9 3 3.3
87.3 235 x 4 88.4 2867 * 3.5
89.3 246 + 4 34,4 268.1 & 4.2
92.4 258.3 & 4.0
94.4 230.0 & 5.8
96.4 247,17 + 4.3
98.4 159.2 5.6
109.4 117.4 * 4.6
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Table I (Continued)

Elag = 44.41 ¢ 0,02 Mev ElaB = 46,12 # 0,02 Mev
(204.33 2 0.15 mg/em?® Al) (218.24 + 0.15 mg/cm® Al)
ecm ma/m)cm gcm (d@‘ /m’cm
{deg.) gm'bfaterad) (deg.) (mb/sterad)
12.2 1820 & 37 . 12.2 1319 & 35
14.0 1602 £ 33 14.0 1012 % 18
16.0 1263 * 29 16,0 857 % 15
17.8 1058 & 21 ' : 17.8 666 £ 12
19.8 905 + 15 19.8 _580.0 + 10.1
21.6 711.4 + 14,9 o 21.6 456.1 £ 6.9
24.8 382 ¢+ 5 25.8 224 * 3
26.8 258 & 3 27.8 147 & 2
28.8 176 x 2 29.8 95.1 & 1.2
30.8 i21 & 2 ‘31.8 48.8 & 0,6
32.8 64.4 & 0.8 33.8 23.7 2 0.3
34.8 28.4 & 0.3 35.8 15.3 %z 0.2
36.8 13.6 # 0.2 37.8 17.4 & 0,2
- 38.8 14.2 + 0,2 39.8 31.7 ¢ 0.4
40.8 26.0 + 0.3 41.8 50.8 x 0.6
44.8 2.9 & 0.7 43.8 78.2 + 0.8
45.8 87.6 + 0.9 45.8 93.4 & 1.0
47.8 1126 2 1.1 47.8 1158 & L3
50.0 134.4 ¢ 1.3 6.0 131.3 £ 1.4
2.6 144.2 & 1.4 52.0 137.9 % 1.5
54.2 143.5 & 1.4 54.2 137.5 & 1.5
56.2 139.9 # 1.4 56.2 125.4 & 1.4
58.4 124.9 & 1,2 58.4 11¢.1 * 1.2
65.8 91.6 & 0.9 59.8 85.6 + 1.0
61.8 53.7 > 0.7
64.8 38.8 +* 0.4 63.8 34.4 & 0,5
65.8 15.5 + 0.2
66.8 19.2 &« 0.3 67.8 4,13 <+ 0,08
69.8 2.07 2 0.06
76.8 1.79 & 0,04 71.8 9.7 + 0.2
73.8 25.7 x 0.4
74.8 20.% & 0.4 75.8 52.9 £ 0.6
77.8 . 84.7 2 1,0
78.8 62.3 & 0.7 79.8 118 & 2
82.2 103.8 @ 1.4 81.8 136 ® 2
84.4 181.7 & 2.1
86.4 181.2 = 1.9 86.4 203.9 & 2.2
88.4 160.0 + 2.3 88.4 216.2 & 2.3
90.4 165.1 & 2.3 50.4 219.4 * 2.4
92.4 153.6 = 2.3 92.4 206.5 * 2.4
94.4 134.7 % 2.6 94.4 192.4 & 2.3
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Table I (Continued)

= 47.28 % 0, esmv

E ﬂé‘?maﬁﬂﬁéMav

1ab - "Blap
(226.43 & 0.40 mg/cm Al) (227.93 £ 0.25 mg/cm Al)
0, (o /dm LI {do /dmm
(deg. ) (mb{etarad) R {deg.) (mb/sterad)
18.3 639 2 10
21.5 368 £ 3 20.3 437 £ 5
23,5 2715 % 3 22.3 336 ¢ 4
25,8 196.6 & 1.8 24.3 228 2 3
21.% 127.5 % 1.4 26,3 155.0 & 2.1
29.5 71.4 & 0,7 28¢3 164.5 4 1.2
31.5 46.0 & 0.7 30.3 59.3 2 1.3
33.8 28,8 * 0.4 32.3 34.0 & 0.6
35,5 1846 £ 0,3 34.3 24.5 & 0.6
37.5 22.2 2 0.4 36.3 17.8 £ 0,3
39.5 35.5 £ 0.5 38.3 27.3 + 0.7
41,5 §4.2 % 0.9 40.3 43.1 # 0.8
43.5 75.1 2 1.3 42.3 67.0 &+ 1.4
45.5 98.9 & 1.6 44.3 85.6 # 1.3
47.5 117.7 x 1.8 46.3 111.1 & 2.2
49.5 131.6 £ 2.0 48,3 120.9 # 1.8
51.% 142.5 £ 2.1 50.3 136.9 + 2.5
53,8 138.3 2z 2.1 52.3 132.8 x 1.7
55.5 130.3 & 2.1 54.3 135.1 & 3.2
57.% 112.9 & 1.9 56.3 114.9 % 1.6
59.5 93.2 & 1.6 88.3 108.1 + 2.1
61.5 69.4 £ 1.2 60.3 74.7 £ 1.0
63.8 4z.4 & 0.7 62.3 46.2 + 1.0
65,58 21.4 & 0.4 64,3 29.0 2 0,5
67.5 6.53 a2 0,16 66.3 11.2 % 0.3
69.5 1.6% & 0,07 66.3 2.19 + 0.15
71.% 7.63 & 0.20 70.3 2.18 2 0,21
73.5 23.6 % 0.4 72.3 9.6 + 0.4
75.5 51.2 + 0.9 74.3 28.3 & 0.6
77.5 83.5 % 1.5 76.3 5%.3 + 0.9
9.5 1229 & 1.3 78.3 86.6 + 1.6
81,5 156.7 & 2.8 80.3 123.5 & 1.6
83.5 187.3 & 3,2 82.2 151.3 & 2.5
85.5 = 216,7 % 3.5 84.3 176,1 % 2.8
87.5 234.2 + 2.1 86.3 208.9 2.8
89.5 238.9 + 2.1 88,3 216.5 & 2.3
91.5 23%2.0 & 3.0 990.3 222.0 & 2.6
93.5 266.8 + 1.9 92.3 267.9 & 2.2
95.5 18%.2 * 2,0 94,3 185.1 & 2.2
97.5 145.2 £ 1.6 96.3 152.7 + 2.4
99.5 108.3 £ 1.6 98.3 124.0 £ 2.2
101.5 68.1 + 0.8 10¢.3 24,1 % 2.1
183.5 38.2 * 0.7 : ,
105.5 13.5 + 0.5
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Figure Legends

Pulee-height spectrum of alpha-particles scattered irom helium

at E, . = 41,9 Mev; = 32.5°,

P
lab . lab
Differential cross sections for elastic alpha-alpha scattering at
laboratory energies from 36.85 to 41.90 Mev.

bi f{ferential cross sectione for elastic alpha-alpha scattering at

laboratory energies from 44.41 to 47.28 Mev.
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