PHYSICAL REVIEW C

VOLUME 39, NUMBER 2

FEBRUARY 1989
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Angular distributions of cross sections and analyzing powers were measured for the *H(p,y )*He
reaction at incident proton energies of 2.0, 5.0, and 9.0 MeV. The 90° analyzing power was mea-
sured at 11 energies between 0.8 and 9.0 MeV. A transition matrix element analysis indicated that
the inclusion of M1 strength gave better fits and eliminated the anomalously large 3D, (E2) strength
reported in earlier work. An E1-plus-E2 direct capture calculation was performed. It is shown that
this calculation can be brought into agreement with the data if an M1 strength comparable to that
found in the 7T-matrix element analysis (0.5-1.0% of the total capture cross section) is added.

I. INTRODUCTION

Previous work on the 3H(ﬁ,y )*He reaction has consist-
ed of measurements of angular distributions of analyzing
powers and cross sections at incident proton energies
from 6 to 16 MeV.! These data were analyzed in terms of
FE1 and E2 transition matrix elements. The results indi-
cated an anomalously large *D,(E2) capture amplitude
(notation 25 *!L;) which accounted for as much as 50%
of the total E2 cross section, in contradiction to expecta-
tions and calculations.? Further study indicated that this
AS=1 E2 strength could be reduced by including E3 ra-
diation in the analysis, although the amount of E3
strength required was much larger than that predicted by
a direct capture model calculation.’

In the present work, measurements of angular distribu-
tions of cross sections and analyzing powers for the
SH(p,y)*He reaction were extended to lower energies.
Data were obtained at incident proton energies of 2.0 and
5.0 MeV. In addition, the 90° analyzing power was mea-
sured at eleven proton bombarding energies ranging from
0.8 to 9.0 MeV. These data, along with previous accurate
data obtained at E,=9.0 MeV,? were analyzed in an at-
tempt to arrive at a result which gave a physically
reasonable AS =1 E2 strength (?°D,). The analysis was
expanded to include M2, E3, or M1 radiation in addition
to the E1+ E2 strength. It was found that acceptable fits
could be found at all energies for which angular distribu-
tion data existed only when M1 strength was included in
the analysis along with E1 and E2 terms.

A direct E1+E2 capture calculation was also per-
formed for this reaction up to E,=9.0 MeV. Good
agreement was achieved with all experimentally deter-
mined angular distribution coefficients except ;. How-
ever, when M1 strength comparable to that found in the
E1-E2-M1 T-matrix analysis was added to the results of
this E1+E2 calculation, good agreement with the b,
coefficient and the analyzing power at 90° was observed.
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These results indicate that M1 strengths of 0.5-1.0 % of
the total cross section are present in the *H(p,y )*He reac-
tion at bombarding energies below 9.0 MeV.

II. EXPERIMENTAL DETAILS

A fairly complete description of the TUNL capture
setup has been published elsewhere;* only the details
relevant to the present work will be discussed here.

The polarized proton beams used in the measurements
were produced by the TUNL Lamb-shift polarized ion
source. Polarized proton beams of 100-150 nA were
available on target. Beam polarizations were measured
via the quench ratio method® with typical values of
0.710.03. These results were checked by measuring the
analyzing powers of elastically scattered 9.4 MeV protons
from tritium and using previous results® to deduce the
beam polarization. The two results were found to agree
within error (£3%).

The tritium targets used in this work were in the form
of 5 um thick tritiated titanium foils. Six different such
foils were used during the course of the experiment. The
target thicknesses were determined by measurements of
the yields of elastically scattered protons at previously
measured energies.”° The six targets of the present ex-
periment were found to have tritium mass thicknesses
which ranged from 60-110 pg/cm?. Titanium foils con-
taining no tritium were used to generate background
spectra. These foils were of the same thickness as the ac-
tual target foils.

Our two anticoincidence shielded 25X25 cm Nal(T'1)
spectrometers were used to detect the capture y rays
from the 3H(p,y )*He reaction. These detectors were used
in a variety of geometries. For example, analyzing
powers were obtained with the two detectors positioned
symmetrically on the left- and right-hand sides of the
beam line. This arrangement eliminates many potential
sources of systematic error, such as inaccurate beam
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current integration or variations in the target thickness.
Furthermore, geometrical and count rate requirements
led to the use of different target-to-detector distances
while background rates led to different thicknesses of
paraffin being placed in front of the detector. A summary
of the experimental conditions is presented in Table I.

The low-energy polarized proton beams desired for this
experiment could not be produced directly with the
TUNL FN-tandem accelerator due to poor beam
transmission at very low terminal potentials. Incident
proton energies of E, <2.5 MeV on target were therefore
obtained by the use of degrading foils. Three Havar foils,
each having a thickness of 6.35 um, were used to provide
polarized proton beams in the energy range of 0.8-2.0
MeV.

Measurements were performed in order toc determine
the effect of these foils on the energy, energy spread, and
polarization of the beam at the target. The actual energy
and energy spread were measured by use of a thin (5
ug/cm?) carbon target. Elastically scattered protons
were detected with and without the Havar foils in the
way of the beam. For example, an incident proton beam
of 3.2 MeV was found to have an energy of 2.001+0.05
MeV and an energy spread of 135 keV after passing
through the Havar foils. The angle straggling of the
beam due to the Havar foils was calculated using the ex-
pressions of Ref. 10. Recent measurements'! have shown
that at our energies these calculated values are slightly
larger than the measured ones. A calculated value of
0,,. of 6.7° was obtained for 2.5 MeV protons incident on
three 6.35 um layers of Havar.

Basic considerations regarding the time which the pro-
tons spend in traversing the Havar foils compared to the
Larmor period of the ground state of hydrogen indicate
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that depolarization effects of the Havar foils should be
small. In order to verify this the depolarization was mea-
sured using the *He(p,p )*He reaction. This was done by
measuring the analyzing power produced by a direct 2.0
MeV beam (of low intensity) and then repeating the mea-
surement with a 3.2 MeV incident beam degraded to 2.0
MeV by means of the Havar foils. The result gave a ratio
for the former to the latter analyzing power of 0.97+0.05.
It can be concluded that the depolarization in the Havar
foil is not significant to within the accuracy of the present
experimental measurements of analyzing powers.

Backgrounds due to cosmic rays and to the beam in-
teracting with everything except the tritium were mea-
sured and subtracted from the data. The cosmic ray
background under the y ray peaks was determined by
summing a region of the spectrum corresponding to
higher energies and using the energy dependence of the
beam off spectrum to extrapolate to the peak region. Al-
though essentially all of the background at E,=9.0 MeV
was due to cosmic-rays, noncosmic background was
present at the lower energies, especially at extreme an-
gles. In these cases spectra were taken with the untritiat-
ed foils and used to make background corrections. These
corrections were typically ~2%, although at 6,,,=20°
the correction rose to 7% of the true events.

III. DATA AND ANALYSIS

Angular distributions of cross section were obtained at
Ep=2.0, 5.0, and 9.0 MeV. The measurements were
made with an unpolarized beam having an intensity
sufficient to allow the 2.0 MeV measurements to be per-
formed without the use of degrading foils. The measure-
ments at the various angles were normalized by means of

TABLE 1. Nal (T1) detector operating parameters. Upper values are those used with polarized

beams; lower values with unpolarized.

Proton Detector Paraffin

energy® 61 distance® thickness®

(MeV) (deg) (cm) (cm) Detector?
0.82,1.45 90 39.1 0 Both'
2.0 70,90 58.4 0 Both
2.0 50,110 80.6 0 Both
2.0 30,130,148.5 123.8 5.1 Both
3.0-9.0 90 559 20.3 Both
5.0 45-134 84.4 20.3 Both
5.0 140,148.5 123.8 20.3 Right
5.0 27.5 129.1 20.3 Left
5.0 20 148.1 20.3 Left
9.0 31-140 123.8 20.3 Both
2.0,5.0 20-155 129.1 20.3 Left
2.0,5.0 90 80.6 20.3 Right®
9.0 30-150 ‘ 123.8 20.3 Both
9.0 80 80.6 20.3 Left®

?Incident on target.

*To front face of Nal (T'1) crystal.

“In front of collimator.

4With respect to beam direction.

“When used as ¥ ray monitor.

f“Both” designates detectors both right and left of beam direction.
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TABLE II. Experimental a; and b, coefficients. Errors shown are the statistical uncertainties.

E, (MeV) 2.0 5.0 9.0
a 0.069+0.005 0.135+0.005 0.223+0.003
a, —0.981+0.005 —0.970+£0.005 —0.966+0.004
a; —0.060+0.009 —0.150+0.009 —0.238+0.007
a, —0.01140.010 —0.02040.009 —0.008+0.009
X 0.883 0.833 1.78
b, —0.013+0.003 —0.008-£0.003 —0.00440.005
b, 0.003+0.002 0.058+0.002 0.062+0.003
b, 0.000+0.001 0.003+0.001 0.008+0.002
by 0.002+0.001 0.000£0.001 . 0.002+0.003
X 0.321 0.525 0.284

a solid state charged particle detector which observed the
elastically scattered protons from tritium.

The angular distribution at each energy was fit by a
Legendre polynomial expansion, i.e.,

4
0(0)=A, [1+ 3 a,Q;P;(cosh) | .
k=1

The Q, coefficients correct for the finite size of the detec-
tors. Excellent y? values were found when k =1-4 terms
were included. The resulting a, coefficients are shown in
Table II.. The data and the polynomial fits are presented
in Fig. 1.

An angular distribution of the analyzing power was ob-
tained at E,=2.0 MeV using the degrading foils. These

data were relatively difficult to obtain due to the de-
creased cross section and the reduced analyzing power at
this energy. Angular distributions of the product of cross
section times analyzing power are also shown in Fig. 1.
In this case the data were fit by an associated Legendre
polynomial expansion

4
ol0)40) _ &, o pia)
Ao K=1

Again, the Q) factors take the finite size of the Nal detec-
tor into account. The resulting b, coefficients are
presented in Table II along with the a; coefficients.

In addition to these angular distribution data, the
analyzing power at 90° was measured at 11 energies be-
tween 0.8 and 9.0 MeV. The results are plotted in Fig. 2
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FIG. 1. Angular distributions of cross sections and analyzing powers for E,=2.0, 5.0, and 9.0 MeV. The solid lines represent the
Legendre and associated Legendre polynomial fits to the data. Error bars represent the statistical uncertainties associated with the
data.
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FIG. 2. The analyzing powers at 90° ( 4(90°)) of the present
work (TUNL) as a function of proton beam energy (lab). The
dotted line is the result of the direct capture calculation
(E1+E2 only); the solid line is the result of adding 3S, M1
strength (see text) to this calculation.

as a function of center-of-target energy. The three points
below 2.0 MeV were taken using Havar foils to lower the
beam energy. The initial proton beam energies were 2.0,
2.87, and 3.2 MeV. The energies of the protons on target
were measured by scattering from a thin carbon target
and were found to be 0.8, 1.4, and 2.0 MeV, respectively.
The center-of-target energies were calculated to be 0.4,
1.14, and 1.76 MeV.

In addition to the data reported here, a measurement
of the vector analyzing powers for the *H(p,y )*He reac-
tion at low energies (E, =0.86 MeV) has been previously
reported.!? In order to construct a cross section o(6) at
this energy, we extrapolated the values of the q;
coefficients obtained in the present work. The resulting
o(0) and o(6) A(8) curves are shown in Fig. 3. The ex-
trapolated a; coefficients and the b, coefficients obtained
from fitting the 0 (6) 4 (6) data are

a,=0.056, b,=—0.008+0.001,
a,=—0.992, b,=—0.001+0.001,
a;=—0.053, b;=0.000£0.001,
a,=—0.003, b,=0.000+0.001 .

Additional measurements of the *H(p,y )*He reaction in
this energy range have been reported by the Stanford'
and the Ohio State University (OSU) groups.!> The a,
and b, coefficients of the present work are shown along
with these previous results in Figs. 4 and 5, respectively.
Previous analyses of the *H(p,y )*He data have extract-
ed the transition matrix elements from the measured a,
and b, coefficients. When a pure E1-E2 analysis was per-
formed at E, =9 MeV, a triplet E2 strength was obtained
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FIG. 3. Data shown here were obtained by combining the
data of Ref. 12 with extrapolated a; coefficients. The solid line
for 0(6)/ A, is the result of this extrapolation. The line for
A(08)o(6)/ A, is the result of fitting in terms of associated
Legendre polynomials.

which was considerably larger than that predicted by
both the recoil corrected continuum shell model
(RCCSM) and direct capture model calculations.3 It
has been suggested that this result may be due to the
neglect of M2.'* or E3 (Ref. 3) radiation in the T-matrix
analysis. :

Both a RCCSM calculation!* and a direct-capture
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FIG. 4. The a; coefficients of the present work (TUNL)
along with those of Ref. 1 (Stanford) and Ref. 13 (OSU).
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FIG. 5. The b, coefficients of the present work (TUNL)
along with those of Ref. 1 (Stanford), Ref. 13 (OSU), and Ref. 12
(Giessen).

model calculation predict that the magnitudes of b; and
b; should increase smoothly from zero with increasing
energy if only E1 and E2 contributions are considered.
As can be seen in Fig. 5, this behavior is not observed ex-
perimentally. It therefore seems necessary to include one
or more additional multipoles in the 7T-matrix analysis.

A. E1-E2-M?2 analysis

In this case the E1-E2 analysis was extended to include
the two possible M2 elements, *P, and F, (notation
2S*1L, denotes the quantum numbers of the scattering
state). Each M2 element was separately included with
the E1 and E2 elements in the 7-matrix analysis at all
four energies (0.86, 2.0, 5.0, and 9.0 MeV). The case with
both elements included together was also considered. No
satisfactory solution was obtained for any case of the four
energies. The failures had large reduced y?, unphysically
large *D, amplitudes, and/or no minimum y? value.
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FIG. 6. The present a, coefficients (solid dots) plus the extra-
polated low E value (open circle). The dotted line is the result
of the El-plus-E2 direct capture calculation. The solid line is
the result of adding M1 to this calculation.

B. E1-E2-E3 analysis

In this case the 'F; and 3F, (E3) elements were includ-
ed in the T-matrix analysis. As discussed in a previous
paper,’ this analysis can lower the 3D, amplitude to a
value consistent with model predictions, but an E3 ampli-
tude (!Fy) which is three orders of magnitude larger than

the value predicted by direct capture model is required to
do this.3

C. E1-E2-M1 analysis

In this case the 7-matrix analysis was extended to in-
clude the S, and ’D; M1 matrix elements. As before,
both M1 matrix elements were included along with the
E1 and E2 ones in a T-matrix element analysis at the four
energies.

The results indicated that the >S,(M1) term produced
better fits at all the energies than the *D,(M1) term did.

TABLE III. E1-E2-M1 transition matrix amplitudes and phases for H(p,7 )*He reaction. The am-
plitudes are given as a percentage of the total cross section, the phases are given relative to ®('P,)=0.

The *D, amplitude was set to equal zero here.

E,(lab) (MeV) 0.86 2.0 5.0 9.0
Amp Phase (deg)
P, 98.6+0.8 98.3+0.6 97.940.6 97.6+0.4
o('P)) 0.0 0.0 0.0 0.0
P, 0.1+0.2 0.02+0.04 1.1+0.7 1.3+0.3
DCP)) 191435 21370 51419 56412
'D, 0.2+0.5 0.4+0.5 0.3+0.1 0.9+0.2
o('D,) 64+34 68+14 17+30 —18+16
38, 1.1£1.1 1.2+0.8 0.7+1.0 0.3+0.4
D(3S)) 2+1 442 1+4 6+9
X2 0.73 0.89 0.81 1.4
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FIG. 7. Same as Fig. 6 but for b,. The open circle data point
was obtained using the data of Ref. 12 as discussed in the text.

It was also found that E2 radiation is present even at the
lowest energy. Good fits could be obtained with the
3D,E2 strength set equal to zero. The results of this
analysis are summarized in Table III.

IV. DIRECT CAPTURE CALCULATIONS

The results of the previously described T-matrix analy-
ses suggest that the difficulty with previous analyses of
the *H(p,y )*He reaction was the neglect of the *S,(M1)
transition matrix element. In order to pursue this further
a direct capture model calculation was performed.!® The
bound state wavefunction was computed by adjusting the
well depth of a Woods-Saxon potential to obtain the
correct “*He binding energy for the p + T channel. An op-
tical model potential was used to generate the scattering
state wavefunctions. The optical model parameters were
taken from Ref. 16, with the spin-orbit strength reduced
by 20% (to produce better fits to the b, coefficient). The
electric operators were taken to have the form given by
the long-wavelength approximation (r%). The calcula-
tions were performed with E1 and E2 included. The re-
sults were compared to the measured a; and by
coefficients of the present work in Figs. 6 and 7. It can be
seen here that this model rather successfully reproduces
the measured coefficients, except for the case of b,. If

M1 radiation is added it will have a relatively large effect -

on b, (via E1-M1 interference) with small or zero effects
on b,, by, and b,.

Since it is difficult or impossible to make a reliable
direct capture calculation of the M1 amplitudes, we at-
tempted to add M1 strength to the calculated E1+E2
strength to reproduce the b, data. Based on the results
of the T-matrix analysis, we assumed that only the
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FIG. 8. The data points represent M1 cross sections deter-
mined from the E1-E2-M1 T-matrix analysis (Table III). The
solid line represents the M1 cross section added to the E1-E2
direct capture calculation in order to fit b, (Fig. 7) and A4(90°)
(Fig. 2).

3S,(M1) term was present. The relative phase angle (rel-
ative to the 'P; term) of this term was allowed to vary
from 0° to 180° in the fitting procedure. The result of this
fitting indicated that reasonable results could be obtained
for relative phase angles of 0°-5°, in good agreement with
the 3° result of our T-matrix analysis. With the phase set
at 3°, the S, strength needed to fit the b, coefficients
peaked at 0.9% of the total cross section at 2.0 MeV and
fell to 0.4% at 9.0 MeV. The results are shown in Figs. 6
and 7.

The analyzing power at 90° ( 4(90°)) is an observable
which is particularly sensitive to the size of the E1-E2
and E1-M1 interference terms—much like b,. The re-
sults of our direct capture calculation both with and
without the previously determined M1 strength included
are shown in Fig. 2 along with the data. Clearly the mea-
sured analyzing powers at 90° support the need to include
M1 radiation. The data above 5.0 MeV do, in fact, sug-
gest the possibility of additional energy dependent struc-
ture in the M1 strength.

The M1 cross sections obtained in our T-matrix ele-
ment analysis (Table III) were converted to *“He(y,p )*H
cross sections and are plotted in Fig. 8. The solid curve
shown here represents the M1 cross sections which were
added to the direct-capture model calculation in order to
fit the b, coefficients. The presence of this M1 strength is
supported by the 4(90°) data of Fig. 2. Its existence also
eliminates the need for any 3D2(E2) strength, which is
consistent with predictions of both the present direct-
capture calculations and the RCCSM model calculations
of Ref. 14.
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