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He(t, t) He elastic scattering measurements from 9 to 17 Mev
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Angular distributions of the analyzing power and differential cross section for 'He(t, t)'He elastic scattering

are reported for triton bombarding energies of 9.02, 11,00, 13.02, 15.02, 16.00, and 17.02 MeV, over a c.m.

angular range from 25' to 155'. Excitation functions for the analyzing power are presented for the energy

range 14.42-17.22 MeV. Problems in the phase-shift analysis of the data are discussed.

NUCLEAR REACTIONS He(t, t ), E~ =9.02, 11.00, 13.02, 15.02, 16.00, 17.02
MeV. Measured A„(8), 8=25'-155', A~(E), E=14.42-17.22 MeV; o{0), 0=30'

-150'.

I. INTRODUCTION

The most extensively studied six-nucleon sys-
tem is 'Li (Ref. 1), which can be formed in two
different ways using charged-particle reactions:
with deuterons plus 'He or tritons plus 'He. In
either case, information on both cross sections
and spin-dependent observables is necessary for
an adequate analysis.

Previous theoretical treatments include reso-
nating-group calculations, "cluster-model treat-
ments, ' and extensive phase-shift analyses. ' How-
ever, the polarization data used in these analyses
have come from 'He-d elastic scattering experi-
ments which cover a range of relatively low exci-
tation energies in the compound system 'Li (4-13
MeV).

The recent installation of a polarized-'He
source' at the University of Birmingham and of a
polarized-triton source' at the Los Alamos Sci-
entific Laboratory has made it possible to obtain
extensive polarization data on the six-nucleon sys-
tem through 'He+ ~ and 'H+'He elastic scattering.
Such measurements are easily carried out be-
cause of the spin- —,

' character of the projectiles.
Also, because the 'He+( threshold lies at 15.8-
MeV excitation energy in 'Li, a new range of exci-
tation energies can be studied in such experiments.

In this paper, we present analyzing power and
cross section angular distributions extracted
from 'He(F, t)' He elastic scattering at triton en-
ergies between 9 and 17 MeV, and a limited set
of analyzing-power excitation functions. The
cross sections are found to give generally good
agreement; with other measurements in this ener-
gy range. " Finally, we discuss appropriate
methods for the analysis of these data.

Ir. EXPERIMENTAL PROCEDURE

Our measurements were made using the LASL
po1arized-triton source and FN tandem Van de
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FIG. 1. Schematic diagram of the gas target and de-
tectors. The entrance tube of the target and the detec-
tor collimator snouts are presented in cut-away view
to show the location of the beam- and solid-angle-defin-
ing slits.

Graaff accelerator. The beam from the accelera-
tor was incident on a 9.7-cm-diam gas cell, with

a 300' exit foil window (Fig. 1). The entrance foil
window was of 2.5-p, m Havar foil, "while the exit
foil was 2.5- pm Havar foil for some of the angu-
lar distributions (at 9, 13, 15, and 17 MeV) and
6.3-gm Kapton'o for the others {at 11 and 16 MeV).
The snout of the gas cell contained a 2.5-mm-
diam entrance collimator, and two antiscattering
slits of slightly larger diameters " Further de
tails of the beam optics may be found in Ref. 11.
The no'minal pressure in the cell was 300 Torr;
this pressure was recorded and the cell refilled
periodically. The pressure variation during any
given measurement at one angle was less than 1%.
Pressure variatio'ns between readings were as-
sumed to be linear. For the measurements at 11
and 16 MeV, a 0.3-liter buffer tank was attached
to the gas cell, to reduce pressure losses from
the diffusion of 'He through the Kapton. To mini-
mize the consumption of 'He, the cell was filled
and emptied from a recirculating pump system.

Counter telescopes containing two or three sili-
con surface-barrier detectors were mounted on
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FIG. 2. Block diagram of electronics used with a bvo-
detector telescope (right or left arm only).

the "left" and "right" turntables of a 60-cm cubi-
cal scattering chamber, ""known locally as the
"Super cube. " The turntable position —and hence
the lab scattering angle —was controlled by an
SDS-930 on-line computer, using optical shaft en-
coders to provide a position signal. The scatter-
ing angle couM be set by this method to t0.02'
(lief. 11), which gives a relative accuracy of +0.05
for angles in the c.m, system. The zero of the left
and right turntables is known to +0.05'. Hence,
the scale error for angles in the c.m. system is
+0.1'.

The sIit system for the telescopes consisted of a
front slit, two antiscatter slits and a rear slit, as
shown in Fig. 1. The front and rear slits were 3.3 mm
wide, corresponding to an angular acceptance of
1' full width at half maximum (FWHM). For mea-
surements made with two-detector telescopes (at
9, 13, 15, and 17 MeV) the rear slit height was
11.4 mm. For measurements made with three-
detector telescopes (at 11 and 16 MeV), the rear
slit height was reduced to 6.25 mm to ensure that
there would be no multiple-scattering losses in
the detector stack. The rear slit was located
24.1 cm from the center of the gas cell, and the
separation between front and r ear slits was 19.0
cm. This gave a nominal'detector geometry fac-
tor G,o (see Ref. 13) of 2.76x10 ' (1.51x10 ')
cm sr for the taller (shorter} rear slits.

The average current delivered to the target was
about 50 nA. The beam polarization varied slowly
over a range from 0.71 to 0.78 during the experi-
ments, but remained constant to within +0.02 dur-
ing the data-taking sequence for individual points.
The beam polarization was measured by the
quench-ratio method. " The position of the beam
was monitored by two sets of four-way slits. The
first set was located at the entrance of the scat-
tering chamber, 60 cm ahead of the target center.
The second set of slits was built into the electri-
cally suppressed Faraday cup assembly, 66 cm
behind the center of the gas cell. By adjusting
the currents on these two sets of slits, the beam
could be centered horizontally and vertically in
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FIG. 3. Block diagram of electronics used with a
three-detector telescope (right or left arm only).

the target. The currents on the second set of
slits and on the beam stop just behind them were
summed to give the total beam current.

The measurements at 9, 13, 15, and 17 Me&
were made with two-detector counter telescopes
consisting of 150-gm hE surface-barrier detec-
tors (50 gm for the 9-MeV measurements) and
1000-p.m E detectors. Signals from the detectors
were preamplified in two stages, and processed
as shown in Fig. 2. Both the hE and E pulses
were sent to a mixer-coder, "which tags coinci-
dent AE-E signals with a routing pulse and for-
wards them through analog-to-digital converters
(ADC's) to the on-line computer. Mass identifica-
tion was accomplished on-line in the computer,
following the procedure detailed in Ref. 15.

For the measurements with two-detector tele-
scopes, separate ADC's were used to store simul-
taneously the hE singles spectrum, in which the
He particles could be identified by their energy

loss. The background in these singles spectra was
always higher than for the mass-identified triton
spectra. Some of the triton data at 9 MeV were
also acquired in singles mode.

At beam energies of 11 and 16 MeV, the data
were acquired using three-detector counter tele-
scopes. gach of these consisted of two fully de-
pleted AE detectors and a partially depleted p de-
tector. At 11 MeV, the nominal thicknesses were
17, 75, and 300 p. m, and at 16 MeV, the detectors '

were 40, 150, and 1000 p, m thick. These thick-
nesses were chosen in such a way that both 'He
particles and tritons could be mass-identified, the
the former in the front pair of detectors and the
latter in the rear pair. The electronics for this
scheme is shown in Fig. 3. In general, the energy
loss for the tritons in the first AE detector was
less than the threshold of the mixer-coder. When
this was not the case, the lower-level discrimina-
tor of the single-channel analyzer in the 'He b.E
circuit was set just high enough to cut off the tri-
ton signals, thereby reducing dead time to a mini-
mum.

Both triton and 'He spectra were displayed indi-
vidually for each counter telescope on an oscillo-
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,'(L+ft) . — (2)

For the cross section measurement, the use of
symmetric geometry is advantageous because it
compensates for angular errors due to beam wand-
er during data taking.

The estimated uncertainties in the quoted beam
energies include a scale error arising from the
absolute calibration of the beam analyzing magnet,
and relative errors stemming from nonlinearity
of the analyzing magnet and uncertainties in the
calculated beam energy losses in the target.

The tandem Van de Graaff energy calibration
is based on a measurement of the "C(P,P)~C iso-
spin-forbidden resonance at 14.230 75+,0.000 20
Me7. " %e believe the scale error in the calibra-
tion of the analyzing magnet from this mea-
surement to be not more than +1 keV. The rela-
tive calibration errors arising from nonlineari-
ties in the analyzing magnet and from magnet-
recycling and slit-setting procedures have not

scope screen. Foreground and background gates
were set separately for each spectrum, and the
selected peaks were integrated by the on-line com-
puter, either with or without linear background
subtraction.

For each energy and angle, the data were taken
as follows. The counter telescopes were set at
equal angles left and right of the incident beam di-
rection. With the spin quantization axis in the up
direction (perpendicular to the reaction plane)
counts in the left and right detectors were record-
ed for a preset amount of integrated charge. The
spin quantization axis was then reversed in the
polarized-triton source, so that the spin was down
at the target, and the procedure repeated. The
beam polarization was measured before and after
each spin-up and each spin-down run, and the re-
sult was stored in the on-line computer.

The geometric means of the integrated peak
sums

I, =[left, spin up) (right, spin down)]'~~

and

8 = [(right, spin up) (left, spin down)]'~'

were then computed. " In terms of these quanti-
ties, the vector analyzing power is"

1 L-A
PL+A '

where P is the average beam polarization. This
data collection scheme eliminates all first-order
errors in A„associated with instrumental asym-
metries and alignment errors. "

The lab differential cross section 00 is propor-
tional to the yield

been studied. However, we estimate this error
to be at most+3 keV. The uncertainty in the en-
ergy-loss calculations for tritons entering the gas
cell is about +2 keV. The uncertainty in the thick-
ness of the Havar entrance foil on the gas cell
contributes an additional relative error of +11
keV. A quadratic sum of all these relative errors
gives an overall energy uncertainty of +12 keV.

The energy spread of the incident beam at the
target is dominated by straggling in the Havar en-
trance foil and the target gas in the cell. Calcu-
lations with the code STRAGL" give mean straggling
widths of 29 keV in the Havar foil and 16 keV in
the 'He target gas. The variation in these values
is less than +1 keV over the triton energy range
9-17 Me&. (Bohr's energy-independent approxi-
mate formula" gives straggling widths of 29 keV
in the Havar foil and 17 keV in the 'He gas. ) When
the Havar and gas straggling widths are folded
quadratically with the estimated +4-keV terminal
ripple of the Van de Graaff, the total energy
spread in the incident beam is calculated to be 33
keV PWHM.

III. RESULTS AND ERROR ANALYSIS

A. Analyzing power

Angular distributions of the analyzing power A,
were measured at triton lab energies of 9.02,
11.00, 13.02, 15.02, 16.00, and 17.02 meV. Both
triton and 'He recoil groups were recorded at
intervals of 2.5' from 12.5' to 45' (lab). This
produced angular distributions in 5 steps from
25' to 155 in the center-of-mass system, since

w, (e)„,,.„=-a,(~ —e),

The point at O~,b
= 45 gave a consistency check,

since the scattered tritons and recoil 'He parti-
cles both correspond to 90 c.m. angle. Additional
overlap points were taken where possible.

The angular distributions are displayed in Pigs.
4 and 5 with triton data shown as dots- and 'He data
as triangles. The errors in the recoil 'He data in-
clude the background error in the singles EZ spec-
tra from which the 'He peak sums were extracted.
The background in the triton spectra was always
very small. Numerical values for A, are present-
ed in Table I.

Between 15 and 17 MeV, the angular distribution
changes shape. To elucidate this change, we mea-
sured excitation functions from 14.42 to 17.22
MeV at lab angles of 22. 5 and 37.5 . By measur-
ing both tritons and 'He recoil particles at these
angles, we obtained excitation functions for four
c.m. angles. These data (see Fig. 6 and Table II)
show only gradual trends upward or downward, al-
though the 75 excitation function shows a much
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charged background in the incident beam-which
masquerades as polarized beam when electric,
rather than magnetic, fields are used for quench-
ing'4; (2) enhancement of the polarization by slit-
edge scraping as the beam goes from the analyz-
ing-magnet Faraday cup (where the quench ratio
is measured} to the target""; (3) the small,
negative polarization in the quenched beam"; and

(4} depolarization due to residual gas in the termi-
nal of the tandem Pan de Graaff. '

The effect of (1) can be checked periodically
during the course of an experiment. We found the
discrepancies between electric- and magnetic-field
quench ratios to be typically 0.010-0.015 with in-
frequent excursions to as much as 0.025. Polari-
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FIG. 4. Angular distributions of the analyzing power

for 3He+t elastic scattering at triton lab energies of
9.02, 11.00, and 13.02 MeV. Only relative errors are
shown. Where no error bars appear, the relative errors
are smaller than the plotting symbols.
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steeper slope than the others.
The relative errors in A, arise from the follow-

ing: (1) statistical errors in the peaks, including
the error due to background subtraction; (2} ran-
dom errors in setting the background gates under
the peaks of interest; (3) random errors in the
measurement of the beam polarization by the
quench-ratio method; and (4) random systematic
errors, such as position instability in the beam.
The errors shown in Tables I and II are relative
errors, and are obtained by quadratically com-
bining the contributions of (1), (2), and (3} togeth-
er with 0.005, which we believe to be a reasonable
estimate of the errors due to (4). This value for
the random systematic er or is based on experi-
ence with repeatability of data for this type of
exper iment.

The normalization or scale error for A, arises
solely from errors in determining the absolute
value of the beam polarization using the quench-
ratio technique, since all other scale errors can-
cel for data taken with symmetric geometry. "
The sources of scale error include the following:
(1) the presence of an unpolarized, negatively-
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TABLE I. Analyzing power angular distributions A~(8) for ~He(t, t)~He at the stated energies. Relative errors DA
are indicated in the table. Scale error is +0.02 times A . .

Triton lab energy
c.m.
angle
{deg)

9.02 MeV 11.00 MeV 13.02 Mev 15.02 MeV 16.00 MeV

25.05
30.05
32.55
35.05

0.048
0.083

0.007
0.008

0.108
0.144

0.007
0.009

0.170
0.193

0.007
0.011

0.103 0.009 0.178 0.009 0.230 0.008

0.186 0 006
0.214 0.006

0.260 0.008

O. f 65
0.189
0.230
0.245

0.009
0.009
0.009
0.009

O. f 39
0.176

D.ppe
0.006

0.247 0.007

40.05
45.05
50.05
55.05
60.05

0.110
O. 133
0.131
0.142
0.134

0.009
O. OOV

0.007
O.011
0.007

0.177
0.181
0.173
0.179
0.173

0.009
0.020
0.009
0.017
0.009

0.245
0.262
0.252
0.235
0.200

0.006
0.006
0.006
O. 006
0.007

0.310
0.319
0.290
0.232
0.151

0.006
0.008
0.007
0.007
0.006

0.324
0.368
0.281
0.188
0.074

0.011
O. 014
0.014
0.015
0.016 ~

0.337
0.367
0.287
0.149
0.019

0.008
O. 008
0.008
0.009 '
0 007

65.05
67.55
70.05
V5.05
80.05

0.121
0.107
0.094

0.009
0,007
0.007

0.147
0.107
0.092

0.009
0.010
0.010

0.142
0.108
0,071

0.006
0 ~ 006
0.007

0.131 0.011 0.165 0.009 0.174 0.007

0.037
0.007

-0.005

O. ope ~

0,007
0.007

O. 090 0.006 0.006
-0.049
-0.085
-0.112
-0.060

0.013
0.015
0.016
0.019
0,020

-0.205
-0.324
-0.171

0 007
0.008 R

O. P09

-0.088 O. 007

82.55
85.05
90.05
94.95
97.45

0.084
0.075
0.068

0.007
0.019
O.014

0.061
0.053
O. 048

0.010
0.010
0.011

O. 048
0.035
0.019

0.009
0 009
0.007

0.013
O. 014
0.017

0.007
O. ppe ~

0.005'

-0.008
0.047
0.063
0.045
0.038

0.025
0.017 ~

0.021 R

O. pf f b

0.012 b

0.091
0.127
0.107

0 011 a

0 007
O. ppeb

99.95
104.95
109.95
112.45
114.95

0.070
0.050
0.037

0.012
0.010
0.013

0.041
0.040
0.029

0.009
0.009
0.009

0.011
0.002
0.'Oi 0

0.006
0.009
0.005

0.018
0.009
0.001

0.005"
0.005
0.005

0.041 0.013 0.029 0.009 0.010 0.006 -0.007 0.005

0.032
0.025

-0.004
-0.004
-0.009

0.009 b

0.009"
0.008
O. 008
0.007

0.064
0.043
O. 012

-0.006

0.005"
0.005"
O. 005

0.005'
119.95
124.95
129.95
134.95
139.95

0.039
0.028
0.031
0.016
0.010

0.013
0.013
0.011
0.012
0.011

0.026
0.026
0.028
0.032
0.028

0.009
0.009
O.009
0.011
0.011

O. 010
0.013
0.021
0.027
0.040

O. 006
0.005
0.012
0.013
0.007

—0.014
-0.011
-0.009

O. 001
0.033

O. 005
0.006
O. 006
0.008
0.008

-0.030
-0.047
-0.052
—0.041
-0.020

0.009
0.009
0.009
0.011
0.012

—0.034
—0.076
-0.093
—0.112
-0.049

O. 005"
0.006
0.007
0.007
0.008

144.95
147.45
149.95
154.95

0 ~ 008
0.010

0 010
0.011'

0.027
0.017

0.011
0.009

0.063
0.059

0.014
0.008

0.005 0.010 0.032 0.011 0.046 0.009

0.151
0.161

0.010
0 ~ 009

0.098 0.011 0.108
0.169
0.204
0.209

0.013 0.136
p p14 ~ ~ ~

0.013 0.281
0.014 0.297

O. 016

0.010
0.009

Add 0.05' to c.m. scattering angle.
"Subtract 0.05' from c.m. scattering angle.

zation enhancement due to beam scraping is
believed to contribute no more than 0.0$ scale
error, and tends to compensate for error due to
(1). The error due to (3) is probably of order
0.005 (Ref. 14)—and also tends to reduce the ef-
fect of (1). Terminal depolarization reduces the
vector polarization by no more than 0.001 (Ref. 22).
Taking all these effects together, we feel that
+ 0.02 times A, is a reasonable estimate of the scale

error in our A, measurements.
At the larger scattering angles, multiple scat-

tering of the detected particles in the gas cell exit
foil may be significant. The problem is potentially
most serious for the recoil 'He particles, which
have multiple-scattering angles on the order of
1.0 -2.5'. For the analyzing power, the mea-
sured value (A, (8,)), is related to the true value
A, (8,) by the formula

t 2(A,(8 )), -A, (8,)+-,' e' cotg, A', (8,)+ o,'(8, )A', (8,)+A,"(8,) —csc'8+, (8,) (4)
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Here e is the rms multiple scattering angle in
radians, "8, is the lab angle of interest, o,(8,) is
the lab differential cross section, and the primes
indicate differentiation with respect to the lab
angle in radians. Although Eq. (4) was derived for
solid targets, we have found that it gives reason-
ably accurate estimates for gas targets as well.

From Eq. (4), it is apparent that multiple-scat-
tering corrections to A, may be large on steep
slopes in either gp or A.„' in regions where A., has
alarge curvature; or near maxima of A.„. The angu-
lar distribution data were checked numerically for
significant multiple- s catte ring corrections at all
angles where these effects might be important. In all
cases, the corrections were found to be less than
0.001—which is significantly less than statistical
errors. In addition, the 16-MeV angular distribu-
tion data, taken with the Kapton gas cell, agree
with the 16-MeV excitation function data taken
with the Havar gas target. Since e for 2.5-p, m
Havar foil is approximately 3 times as large as ~

for 6- p, m Kapton, this demonstrates that multiple-
scattering corrections to A, are negligible in this
exper iment.
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The laboratory cross sections op were computed
from the formula
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FIG. 6. Excitation functions of A for He+ t elastic
scattering at c.m. angles of 45..05', 75.10', 104.90', and

134.95 . Error bars shown are statistical only.

Y sin gpa, (e,) =-
nag

where Y is the yield of scattered particles, gp is
the laboratory scattering angle, n is the number
of beam particles, N the number of target particles

TABLE Il. Analyzing power excitation functions A~(E) for ~He(t, t)~He. The indicated errors
~~ are relative only. Scale error is +0.02 times A~.

Triton lab
energy
(MeV)

45.05
c.m. scattering angle
75.10

(deg)
104.90 134.95

A~

14.42
14.62
14.82

15.02
15.22
15.42
15.62
15.82

16.02
16.22
16.42
16.62
16.82

17.02
17.22

0.310
0.318
0.317

0.317
0.343
0.354
0.339
0.361

0.367
0.378
0.382
0.388
0.380

0.367
0.368

0.010
0.010
0.010

0.010
0.010
0.011
0.011
0.011

0.011
0.010
0.011
0.011
0.011

0.008
0 ~ 008

0.057

0.045

O. 007
-0.018

—0.088

-0.137

-0.191

-0.275

—0.324
—0.352

0.010

0.010

0.006
0.012

0.012

0.012

0.013

0.013

0.009
0.013

0.008

0 ~ 009

0.009
0.005

0.011

0.013

0.031

0 ~ 035

0.043
0.050

0.006

0.006

0.006
0.006

0.006

0.006
~ ~ ~

0.006

0.006

0.006
0.006

0.025
0.014
0.004

0.009
-0.006
-0.038
—0.028
-0.038

-0.057
-0.042
—0.064
-0.077
—0.106

-0.112
—0.102

0.010
0.006
0.010

0.010
0.009
0.011
0.011
0.011

0.011
0.011
0.011
0.011
0.011

0.008
0.008



He(t, t) He ELASTIC SCATTERING MEASUREMENTS. . . 1619

IOO—

50—

V)

20—
E

0 Ioo—
(3
UJ
M 50—
N
O
C3

20—
I-
~~IOO-
IJJ
U
U 50—

40

He(t, t) He

=9.02 MeVt

8 ~
& ~

tt 4 ~ ~ i L Pk)LL LIMNI

Et = II.OO MeV
8 ~

8 ~
~ Lb Lkb

~
g ~ gQ

E
I

= I3.02 MeY

tions are not quoted for 9, =25' or 155' (e
=12.5'), because it appeared that the detector
snouts (see Fig. 1) were cutting into the beam
leaving the gas target. This reduces the current
reaching the Faraday cup and thus results in too
large an apparent cross section.

The 16-MeV cross section agrees quite well
with that reported at 15.89 MeV by Bacher, Spiger,
and Tombrello, ' except in the back-angle minimum.
On the other hand, the forward-angle cross sec-
tions at 9 and 11 MeV are somewhat higher than
those measured by Ivanovich, Young, and Qhlsen. '
Since the measurements in the 75-cm scattering
chamber confirm the values extracted from the
Supercube measurements, there may be some
systematic difficulty with the data of Ref. 9.

The relative errors in the cross-section data
arise mainly from (1) uncertainties in reading the
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FIG. 7. Angular distributions of the c.m. differential
cross section for 3He+~ elastic scattering at triton lab
energies of 9.02, 11.00, and 13.02 MeV. Relative errors
are smaller than the plotting symbols. The data shown
as open circles and open triangles are from Ref. 9.

per unit volume, and G is the gas-target geometry
factor. " For symmetric geometry, the yield is
given by Eq. (2), and Q is the geometric mean of
the left- and right-detector geometry factors. In
the calculations for this experiment, we found that
Q was adequately represented by the first-order
term G« in the expansion given by Silverstein. "

Since this experiment marked the first use of
the Supercube scattering chamber to measure
cross sections with a gas target, we made ad-
ditional measurements at selected energies and
angles using the LASL 75-cm-diam scattering
chamber" and a Kapton gas cell. This chamber
is equipped for high-precision cross section mea-
surements (scale errors less than 1'//~) and incorpo-
rates target pressure and temperature monitors
not available in the Supercube. A total of 31
points, at 9.02, 13.02, and 17.02 MeV, were mea-
sured in this way, and were found to agree with
the Supercube data to within the stated accuracies.

The differential cross sections are shown in
Figs. 7 and 8 and listed in Table III. Cross sec-
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FIG. 8. Angular distributions of the c.m. differential
cross section for 3He+t elastic scattering at triton lab
energies of 15.02, 16.00, and 17.02 MeV. Relative
errors are smaller than the plotting symbols. The data
shown as open circles and open triangles are from Ref.
8.
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TABLE III. c.m. differential cross sections cr(8) for He(t, t) He at the stated energies, in mb/sr. Percent errors
60. are relative errors only. The scale error is 1.1%.

c.m.
angle
(deg)

9.02 MeV
0. zo. (%)

11.00 MeV
&0(%)

Triton lab energy
13.02 MeV 15.02 MeV

&(T(%) 0- &0. (%)

16.00 (MeV)
&0. (%)

17.02 MeV
0. aa. (%)

30.05 65.8
35.05 51.4
40.05 43.6

2.0
2.0
0.8

50.7
44.7
33.7

2.0
2.0
3.6

46.1

37.7
30.2

0.7
0.7
0.8

51.8
36.5
25.9

2 ' 0
2.0
2.0

59.0
39.5
24.7

2.1
2.1
2.0

76.4
48.2
24.0

2.2
2.1

2.1

45.05 38.4
50.05 34.7
55.05 31.0
60-05 28.2

65.05 27.5
70.05 26.5
75.05 26.1
80.05 25.0

85.05 24.6
90.05 23.4
94.95 24.8
99.95 ~ ~ ~

0.9
1.0
2.0
2.0

2.0
2.0
2.0
5.0

1.0
1.0

31.0
27.8
23.7
20.5

18.8
17.7
17.2
17.9

18.3
19.5
22. 1

23.9

2.0
2.0
2.1

.2.8

2.5
2.2
2.1

2.0

2.1

2.2
2. i.

2. i.

25.1

20.1

17.1
14.8

14.4
11.8
i. 1.2
12.0

14.0
17.5
23.8
25.7

0.9
2.0
2.0
2.0

2.0
1.1
1.2
2.0

1.2
1.1
1.2
1.2

19.4
15.5
13.5
11.7

9 7 R

7.8
6.5
7.0 ~

10.2
14.1
24 5b
30.8 b

2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.1

2.0
2.3
3.1
2.0

17.2' 2.1
14.2 2.1
13.0 2.2
11.4~ 2.2

9.3 2.1
6.4 2.2
4.2 2.4
4.1 2.4

7.3 a 2.3
13.1 2.4
22.9b 2.3
31,0b

16.8
15.0
14 4
13.6

10.8
7.1 a

41
31a
6.4

13.8
24. 1b
36 3

2.0
2.0
2.0
2.0

2 ' 0
2.0
2.0
2.0

2.0
2.1

2. 1

2.1

104.95
109.95
114.95
119.95

124.95
129.95
134.95
139.95

144.95
149.95

25.1

26.1

24.6
26.2

25.1

27.7
28.0
29.3

29.9
28.3

2.0
2.0
2.0
2.0

2.0
1.0
1.0
0.9

2.0
2.0

24.4
25.6
25.5
25.3

25.2
23.6
22.9
22.9

24.9
26.7

2.1

2.2
2.5
2.8

2.1

2.1

2.1

3.6
2.2
2.1

28.9
31.8
34.6
31.0

28.6
26.0
23.1

20.2

19.5
21.3

1.0
1.0
2.0
2.0

2.0
2.0
0,9
0.9

0 ' 9
0.9

39.8
43.7
44.4
42.0

37.0
31.4
23.9
18.9

16.1
17.5

2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0

2.1

2. i.

39.7" 2.0
44 5 2.0
46.7 2.0
44.0 2.0

38.4 2.0
30.2 2.0
22.4 2.1

16.1 2.1

13.3 2.1

14.8 2.1

46.3

56.5'
56.6

47.8
35.0
25.4
17.2

13.9
16.1

2.0
2.0
2.0
2.0

2.1

2.3
2.1

2.5

3.2
2.0

~Add 0.05' to c.m. scattering angle.
"Subtract 0.05' from c.m. scattering angle.

target gas pressure from the Wallace-Tiernan
gauge, (2) statistical errors in the number of
counts, (3) errors in the setting of peak and back-
ground gates, (4) random pressure and tempera-
ture fluctuations in the target, (5) beam-current
integration, and (6) beam-position instability
and/or detector-position uncertainty. The domi-
nant factor in the relative error is (1), which is
estimated to be 1.7%%up. This corresponds to an er-
ror of +5 Torr in reading the pressure gauge at-
tached to the gas target. The total error due to
(3), (4), (5), and (6) is estimated to be 1.0/p based
on previous LASL experiments with similar tar-
gets" and on the geometry of the Supercube scat-
tering chamber. When statistical errors due to
(2) are included, the overall relative error is
2. 5%%up or less for almost all the data.

The scale errors for the cross section may be
traced to (1) calibration error in the pressure
gauge, (2) calibration error in the current inte-
grator, (3) purity of the target gas, and (4) uncer-
tainty in the geometry factor G [Eq. (5)]. The

error due to (l) is &.0%%, while that due to (2) is of
order 0.2%%up.

" The purity of the 'He target gas
was determined to be 99.5% a 0.3%%up by measuring
the relative elastic-scattering yields from 'He
and the principal contaminants (air and 'He) in
the target gas. Finally, the slits used in the
experiments were measured with a Leitz split-
image optical comparator, from which measure-
ments the G factor is estimated to be known to
+0.2%%up. The first-order correction to G [Ref. 13,
Eq. (5c.l)] is 0.07%%up, so deviations of G from G»
are of no consequence. The over-all scale error
which we assign to our data is, therefore, 1.1%.

At the higher energies, the sharpness of the
forward- and back-angle minima and the steep
slopes in the angular distributions suggest a pos-
sible need for multiple-scattering corrections.
We used the solid-target multiple-scattering form-
ula"

(op(ep)), =op(ep) +-,' c'[cot8pop'(8p) +op(6p)] (6)

to make these corrections. [The symbols em-
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ployed in Eq. (6) have the same meaning as those
in Eq. (4).] We found that the correction due to
the first-derivative term was negligible, but that
the second-derivative term contributed a -2.6/0

correction at the back-angle minimum, for the
17-MeV data. Corrections of smaller magnitude
were required at the minima in the 15- and 16-
MeV angular distributions.

For both analyzing power and cross section,
the +0.02' uncertainty in the detector position may
contribute significantly to the relative error in
regions where the angular distribution has a steep
slope. Calculations with the present data showed
this effect to be negligible for all of the analyzing
power angular distributions. For a few cross sec-
tion data points, however, this angular uncertainty
increased the relative error by 0.1-0.2%%u&&. The
relative errors in Table III include this effect
where it is important.

IV. DISCUSSION AND CONCLUSIONS

This paper presents the first available analyzing-
power measurements for 'He+ t elastic scattering,
and adds to the already extensive store of 'He +t
cross sections. ""These data, coupled with the
recent 'H+'He analyzing power measurements
made at the University of Birmingham" will be of
significant value for studies of the 'Li. system. In
particular, the dramatic change in the shape of
the analyzing-power angular distributions above
15 MeV suggests strong effects from the 'Li reso-
nances at 25.0 and 26.6 MeV. ' The well-known
sensitivity of A., to the phases of terms in the com-
plex scattering matrix means that these changes
in shape should help to determine those terms
with less ambiguity than is possible from cross
sections alone.

The analysis of these data poses some difficult
problems. The resonating group calculations by
Thompson and Tang, ' and the phase-shift analyses
by Bacher et al. ' and Batten et al."were done in
the single channel approximation, with l-depen-
dent phase shifts only. As Thompson and Tang
have pointed out, this approximation is clearly
inadequate, because of the strength of the 'He-
(t, d)4He reaction channel. Moreover, unsplit
phases cannot be used to fit analyzing power data.
The resonating group calculation of Ref. 3 incor-
porates an absorptive central potential and gives

channel-spin-dependent complex phases, but it
also predicts zero analyzing power, since it does
not take account of spin-dependent nucleon-nucle-
on forces.

We attempted an analysis of the present data
using a modified version of the code CPHASE, , '
which fits cross sections and analyzing powers
for spin- —,

' on spin- —,
' elastic scattering. The pro-

gram uses complex $- and J-dependent phases
for / =0, 1, . . . , 5, with real triplet-singlet mixing
parameters in the p, d, and f waves to simulate
the off-diagonal terms of the scattering matrix.
The cross-section and analyzing power angular
distributions are fitted simultaneously at 'a single
energy by a gradient-search routine.

With the exception of the 17-MeV data, good
fits could be obtained at each energy, with y' on
the order of 1.5 per point. However, the solu-
tions we found could not be extended smoothly to
neighboring energies, even though the differences
between parameters at different energies were
generally small (on the order of 6 to 10'). For
complex phase shifts through l =5, in fact, the
number of variable parameters neaxly equals the
number of data points in the angular distributions
—so that the fitting problem is close to being
mathematically overdetermined. In addition,
there were no physical constraints (e.g. , the ex-
clusion principle') on any of the phases in our cal-
culations.

We believe, therefore, that an energy-dependent
analysis —in the spirit of the recent work oo
P+'He scattering by Dodder et al.' —is the most
appropriate way to obtain a physically-meaningful
phenomenological fit to the present data. Since
measurements are now available for cross sec-
tions" and analyzing powers" for the 'He(t, d)'He
reaction in the appropriate energy range, these
could also be incorporated into the calculation to
take proper account of the major competing reac-
tion channel. We axe currently working on such
an analysis using the energy-dependent 8-matrix
code of Dodder and Hale. ""'"
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