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The 90° yield curve for the H(p,y) He reaction has been studied over the excitation region in *He of
approximately 7 to 15 MeV. Both polarized and unpolarized proton beams were used to measure the angular
distributions of cross section and analyzing power at E, = 8.83, 9.83, and 10.83 MeV. If only the four non-
spin-flip E1 and E2 T-matrix elements are considered, their amplitudes and relative phases can be
extracted. The E2 cross section obtained from this analysis is found to be (12+5)% of the total cross
section. The detailed balanced differential (0 ,, = 90°) and total cross sections at E, = 10.83 MeV are
found to be (1174 11) ub/sr and (1.07+40.11) mb, respectively; the quoted errors represent the total
uncertainties in the cross sections obtained in this experiment. The results are also compared with recent E1

and E?2 calculations.

NUCLEAR REACTIONS 2H(p,v)%He; measured ¢ (90°), E,=7-15 MeV; o (8),
(6), and o (tot), E,=8.83, 9.83, and 10.83 MeV; deduced E1 and E2 T-matrix
. amplitudes and phases.

I. INTRODUCTION

Experimental studies of the reaction *He(y, d)p
(and its inverse p-d capture) have yielded diverse
results, The magnitude of the differential cross
section at 90°, near the peak of the giant resonance
(E, ~12 MeV), ranges from =90 ub/sr to 120 pb/sr
with no elear separation of the measurements into
low and high values. This is illustrated in Fig. 1
which summarizes all of the data published as
photodisintegration results.'™*° .Note that these
data include two electrodisintegration measure-
ments®® in which the final state electron was not
detected, and an E1 virtual photon analysis was
applied to the data to obtain equivalent photon
cross sections. That these experiments would
tend to lie somewhat higher than the real photon
results is demonstrated in Ref, 11, where an elec-
trodisintegration measurement was compared to
the photodisintegration results through a model.
While this comparison demonstrated the need for

_including monopole transitions in the virtual pho-
ton analysis (the implication is that if the mono-
pole spectrum were included the converted elec-
trodisintegration results could be somewhat lower
depending upon the kinematic factors, especially
the incident electron energy used in the experi-
ment), the magnitude of this correction in the con-
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verted electrodisintegration experiments is only a
few percent.

The theoretical effort for the.mass-3 system
has seén an improvement inasmuch as exact, with-
in the model, Faddeev type calculations are now
available. Gibson and Lehman'? copsidered only
E1 transitions. for the two-body breakup of *He and
found a peak 90° cross section of =95 pb/sr, while
an earlier calculation by Barbour and Phillips®?
gave a peak value of ~120 ub/sr. The difference
in these results is ascribed to the different ground
state wave functions that were used (note that Bar-
bour and Phillips, unlike Gibson and Lehman, in-
cluded the S’ state as well.) The effects of short

.. range repulsion and the tensor force in the"ground

state were included in a calculation by Hendry and
Phillips,'* and were shown to affect the p-d break-
up channel by approximately 10%. In addition Bar-
bour and Hendry'® have examined the effects of

E2 transitions and find that final state interactions
play a very important role, but that the E2 cross
section contributes very little (1-2%) to the total
cross section,

In view of the experimental discrepancies in the
normalization of the two-body breakup channel in
®He and its importance in drawing a conclusion
about the validity of a particular model, we have
made a precise p-d capture measurement of the
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FIG. 1. Summary of data published as photodisinte-
gration results; L —Ref.1,0 —Ref. 2, A—Ref. 6,
B —Ref. 3, A —Ref. 5, O—Ref. 8, ®—Ref. 9, *—Ref.
10, ¢ —Ref.7, ¥ —Ref. 4,

absolute cross section from E,=3.0 to 14.8 MeV.
In addition, we have measured the angular distri-
butions of cross section and analyzing power at
E,=5.0, 6.5, and 8.0 MeV.

The angular distributions of cross section and
cross.section times analyzing power can be ex-
pressed in terms of reduced transition (T) matrix
elements. The amplitudes of these complex ma-
trix elements can be labeled in the L-S coupling
scheme by the incoming quantum numbers L, S,
and J, and the outgoing multipolarity. For the
case of p-d capture, the incident spin of 3 coupled
to the target spin of 1 results in a large number
of interference terms among the contributing 7-
matrix elements even when only E£1 and E2 transi-
tions are considered. It is such interference terms
which can give rise to finite analyzing powers.
Since interference terms which can, in principle,
be large remain even after the restriction to non~
spin-flip E1 and E2 transitions (S=3) is made, it
might be expected that considerable analyzing pow-
er could result in the present case. It is interest-
ing to note that appreciable polarization has been
observed'®'” for the photodisintegration of the
deuteron and in the *H(p,y)*He reaction. In the
former, the polarization of the photoneutrons is
attributed to the presence of M1 transitions, while
in the latter it appears to arise primarily from
the interference of E1 amplitudes having different
channel spins.

The conclusion that considerable analyzing power
could result in the present case can be violated in
three ways: (1) One of the 7-matrix amplitudes in
each interference term could be very small; (2)
the phase differences could be very small; or (3)
the various interference terms which contribute
to the analyzing power could have magnitudes and
signs which sum to (essentially) zero. It will be
seen that the small analyzing powers observed in
the present work are apparently the result of (2)

above for E1-E1 interference terms and (3) above
for E1-E2 type terms.

As a result of these analyzing power mea-
surements the problem of extracting the E2
cross section near the peak of the giant reso-
nance in *He requires fewer assumptions than
has been possible with previous unpolarized
measurements. It will be seen that an analy-
sis which includes what are expected to be the
major E1 and E2 amplitudes (non-spin-flip), and
their relative phases, indicates that the E2 cross
section near Ey ~11 MeV is significantly larger
than the value predicted by theory. ,

II. EXPERIMENT

The capture y-ray facility at the Triangle Uni-
versities Nuclear Laboratory was used to mea-
sure energy spectra and angular distributions of
the y rays for the reaction *H(p,y)°He. Polariza-
tion data were taken using a Lamb-shift polarized
ion source which produced a beam having a polar-
ization of 0.80+ 0.02. Since both of these systems
have been described in previous papers'®'® only
the essential features and calibrating techniques
will be presented here.

vy rays were detected in a 25.4 xX25.4 ¢cm Nal
crystal having a plastic anticoincidence shield.
The front face of the Nal crystal was collimated
such that the back face of the detector was fully
illuminated by the y rays emitted from the target.
A typical y-ray spectrum from a CD, target is
shown in Fig. 2.

The CD, targets (92% enrichment) were fabrica-
ted by dissolving CD, powder in xXylene and then
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FIG. 2. 7y-ray spectra at E,=8.0 MeV and 6=90°,
showing the clear separation between v, and background
obtained in this experiment.
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allowing the xylene to boil off in a glycerine bath.?°
This technique produced thin (~1 mg/cm?), uni-
form targets which were used in this experiment
for proton energies E,< 10 MeV. At higher proton
energies, capture y rays from the *2C(p,) reac-
tion precluded the use of CD, targets, and a 1 at-
mosphere deuterium gas cell (~0.2 mg/cm?) was
used to measure the cross section up to E, =15
MeV.,

The gas cell was a 3.5 cm high right circular
cylinder whose radius was 2.54 cm. The cell wall
consisted of 6.5 um Havar and was shielded from
the detector by approximately 20 cm of lead.
These gas cell data were normalized to the data
taken with the CD, target at £E,=10 MeV. All of
the angular distributions were taken with the solid
target in order to avoid any uncertainties in mak-
ing angular acceptance corrections to the data.

It was necessary to use a pulsed and bunched
beam with a time-of-flight criterion for the most
forward angle (30°) at the lowest proton energy of
this experiment. This technique eliminated a neu-
tron induced background which overlapped the y-
ray peak. The 30° data, obtained by pulsing the
beam at E,=5.0 MeV, was normalized to the d.c.
.polarized beam results at several overlapping
angles, No attempt was made to obtain an analy-
zing power for this angle. As a further check, to
make certain the y-ray peak was free from any
contaminant counts, runs were taken at several
angles forward of 90° with a CH, target having the
same thickness as the CD, target. No counts were
observed in the region corresponding to y, in Fig.
2,

Collimated solid state detectors were placed at
symmetric scattering angles of 25° on each side
of the incident proton beam. This allowed us to
measure the polarization of the incident proton
beam since the polarization of the *H(p,p) reac-
tion is well known at these energies and scattering
angles.”* The polarization measured in this way
agreed with the polarization measured by the
quench-ratio-technique to within 2%. A typical
elastic spectrum is shown in Fig. 3. The deuteron
recoils and the elastically scattered protons from
®H, H, and '*C are clearly resolved.

Elastic scattering data also permitted in prin-
ciple a determination of the target thickness to
the accuracy of the known elastic cross sections
(~1%) and allowed us to monitor the target condi-
tions during the course of the experiment. Since
the target thickness is usually one of the least
well known quantities in an absolute experiment,

a number of cross checks were made., These in-
cluded (a) measuring the elastic cross section
*H(p,p) and observing both the protons and the re-
coiling deuterons at the scattering angles of 25°
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FIG. 3. Elastically scattered protons from ?H, 'H,
and 1’C. Also measured are the deuteron recoils. These
data were taken simultaneously with the y-ray data in
order to constantly monitor the target thickness.

and 30°, and (b) measuring the same cross sec-
tions with different collimator sizes in front of the
solid state detectors. All of the measurements
gave results for the target thickness that varied
by no more than 3%. The resulting value for the
target thickness was (1.10+ 0.02) mg/cm?.

The other important factor in performing an
absolute cross section measurement, the efficien-
cy of the Nal spectrometer, was determined using
the technique proposed by Marrs et al.?? In this
procedure the thick target yield from the reaction
C(p,v)*°N was used at E, =15.07 MeV (6.833
+ 0,22 x10~? photons/incident proton) to determine
the efficiency of the spectrometer to be 0.17
+ 0,012, The same electronic and solid angle con-
figuration was then used in measuring the
*H(p,v)°He cross section. In order to verify this
value for the efficiency, the contributing factors
were considered. The fraction of the total re-
sponse which appeared in the peak region was ob-
tained from a spectrum obtained by Hayward et al.?
using monochromatic 15.1 MeV y rays and a 25.4
X25.4 cm Nal crystal, This number was then cor-
rected for the rejection rate due to the plastic
shield in our experiment, a number which we ob-
tained by examining the rejected and unrejected
spectra. Finally the attenuation effects of the
shielding material placed in front of our detector
were measured and taken into account. The result
of this analysis gave an overall efficiency which
agreed with the quoted result within the error,
The total uncertainty in the absolute cross sec-
tion of the present experiment obtained with this
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spectrometer system is +10%.

The analysis of the y-ray spectra was performed
two ways. First, for all of the angular distribu-
tions the spectrum shown in Fig. 2 was fitted with
a standard line shape determined from the
*H(p,y)*He reaction.?* A constant line shape width
was used for all angles. Second, for the excita-
tion curve measurements, the data were summed
for a fixed energy window since the separation of
the peak from background y rays presented no
problems. The corresponding efficiency was used
to form an absolute cross section.

III. DATA ANALYSIS
A. Angular distribution measurements

After center-of-mass corrections were made,
angular distributions were least-squares fitted to
the expressions
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FIG. 4. Cross section and asymmetry data at E,
=8.83 MeV. The dotted line represents the curve gen-
erated by fitting the data to a Legendre polynomial
expansion. The solid line corresponds to the fit con~
strained (see text) at 6=0° and 180°, The asymmetry
data are unaffected by this constraint.
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FIG. 5. Cross section and asymmetry data at E,
=9.83 MeV. Curves are the same as Fig. 4.
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FIG. 6. Cross section and asymmetry data at E,
=10.83 MeV. Curves are the same as Fig. 4.
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ay
-0.80+£0.03 —-0.15+0.02 -0.20+0.03
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TABLE 1. Angular distribution coefficients at the three energies of this experiment. a
ajy

Ay wb) €

142 76.8+1.5 0.08+0.03
1.93 82.5+0.8 0.14%0.02
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| A(0)o(6)/Ay= 2 b,@,P, (cosb) )
1

where the @,’s arise from geometrical effects due to
the finite angular acceptance of the crystal. A(6),
the analyzing power, is defined as

i B
2 g (o)1
S 3 a0=(¥53) 5 3
(=] (=3
s <o where N, and N. are the number of counts ob-
N = tained for incident protons with spin up and spin
3’ S down respectively, P is the beam polarization.
The data, along with the curves generated by ap-
o o plying expansions (1) and (2), are shown in Figs.
) 4-6. The a, and b, coefficients are presented in
gg3yg Table I. Since it is expected that the cross sec-
S é bt .§ tion is nearly zero at 0°and 180°, a second fit was
Sl a performed in which the cross section was con-
e=e=l . strained to be essentially zero at these angles but
a 4 = with errors taken to be indicative of the errors in
f 3—3 q°, the present experiment. This procedure is sup-
I g % ported by the precise, detailed angular distribu-
s s . tions obtained by Belt e al.* at E, =12.1 MeV.
=T "fi The fits obtained using this procedure are also
- - 2 shown in Figs. 4-6, and the coefficients are in-
2nEs g cluded in Table I, Since thc? fits to the product
Sooo |l & - of cross section and analyzing power were not af-
HE AR fected by the constraints, no results are reported
23233 *;8) for this case.
[ fgf 2 Although a large number of T-matrix elements
g 888 g s are possible in this reaction channel, we have re-
9393 z ; stricted the number included in the analysis for
moellE§ the following reasons. First, as pointed out by
<|>' ? oI <l> Eﬂ s Schiff,?® for a pure symmetric S groq.nd state, M1
28 ¥ transitions are expected to be quite small for this
n8¢8 8 3% 3 '§ reaction due to orthogonality of the initial and fi-
IR IEE: @ nal states. An isotropic contribution to the angu-
LS 3 2 ﬁ 8 lar distribution from spin-flip M1 transitions can
T999 E § 3 thus arise only from the mixed symmetry S’ state
raoallde W which would be most important near threshold.
Z’ g 2 g g § 2 However, thermal neutron capture studies®® have
sEHA . a 2 shown that spin-flip M1 transitions are very
2333 § & = small near threshold and thus may be neglected
w2 g 2 for higher excitation energies in the mass 3 sys-
:1’ i~ ;« Sl & ° '§o tem. Also, the results obtained by Belt et al.*®
s || S 3 indicate that the ratio of the isotropic to noniso-
8888|532 S tropic components (their a/b) is 0.013+0.01, a re-
eHes § & $3 sult which can be accounted for by including 6%
SSav||lm _g £ s D state and 2% S’ state in the ground state wave
gouL= function of *He.*® This admixture of D state may
o m® g § ::‘% also give rise to an isotropic component in the
el O | Il angular distribution. These transitions (*D,,,
Rl b f b -cm -F, P, S final states), however, have been shown

to be small for E, < 15 MeV.? These results in-
dicate that neglecting spin-flip E1, E2, and M1
radiation is thus a reasonable first approximation
in analyzing these data. Higher multipoles, spe-
cifically M2 and E3, have been neglected in this
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analysis. They will be discussed later.

In channel spin representation, considering only
non-spin-flip (S=%) E1 and E2 terms, we have the
following complex reduced 7-matrix elements de-
noted by R, ; for the proton partial waves:

|

R1,1/zeiw°: Rl,s/ze“ﬁl; R2'3/Ze””2, and Rz,s/ze”%’

where the first two are for E1 and the second two
are for E2 radiation. Considering only these ma-
trix elements one can deduce®’

1.0=2R} ,, + 4R"{,3/'2 +4R3 ., +6R; ;,, (normalization),

a,=6.92 R, 3R, 1/ COS(y = ) + 1.38R; /3R, 3/, COS(U, — 9;) +12.48R; 5 /5R, 375 cOS@3— 1) ,

ay==2R} 5/, +2R} 5/, +3.42R} /), - 4R, ,3/2Ry,1/2 €08 (Y = Po) + 1.T2R, 5 5R; 57 COS (Y5~ 43) Eq. set (4)
a3=-6.92R, ; /R, ;/,COS(Y3— Po) = 8.32R; 5/,R, 5/ OS[Wy — §;) — 5.54R; 5 /5R; 55 COS (5= U1) ,
as= —30421‘23’5/2 - 13.12R; 53R, 37, COS (3 — 5)
and’®
by ==1.16R, ;/oR, /> Sin(¥, — o) = 0.92R, 3/R, 5/, SIn(Y, — ;) +2.08R, ;/5R, 5/ Sin(hs— ),
by==0.66R, 4/,R, 1/5Sin(); = Po) +0.4TR, o 1R, 3/, SN — ) , ' Eq. set (5)

b3==0.TTR, 5 /;R, 1 /> SIN(5 = o) + 0.92R, 3 /5R; 5/ SIN(5 — ;) = 0.15R; 5 /Ry 3 SIN(Y5 = 3,) ,

by=- 1°14R2,5/2R2,3/2 sin(ys - s)

Rather than using the previously determined g,
and b, coefficients and solving Egs. (4) and (5) to ob -
tainthe amplitudes and phases, we fit the cross sec-
tion and the analyzing power data directly in terms
of the amplitudes and the phases. This procedure
ensures that the full error matrix is correctly
propagated through the analysis. When only the
four non-spin-flip £1 and E2 matrix elements are
included in the analysis and the fits are constrained
such that ¢(0) is essentially zero at 6=0° and 180°
(see the previous discussion), we obtain two solu-
tions for the matrix element amplitudes and pha-
ses which are given in Table II. The x* values
per degree of freedom given in this table result
from including only the statistical errors in the
analysis. A comparison of these y® values with

[

the total y® obtained when fitting the constrained
data to the polynomial expansions (see Table I)
indicates that the quality of the fits is compar-
able. As seen in Table II this analysis indicates
that the two £1 matrix elements (R, ;, and R, /)
are equal to within an error of about 5%, and that
the two E2 matrix elements (R,,,/, and R, ,/,) are
equal to within an error of about 15%. Further-
more, while the relative phase between the two
E1 or two E2 matrix elements is small, the E1-E2
phase is approximately +70°-85°,

From these results we may deduce the total E2
cross section at the three excitation energies
which we have measured. The errors associated
with these results include, in addition to the sta-
tistical error, an error which reflects the varia-

TABLE II. Amplitudes (% of o) and phases found from least-squares fitting directly to the data using Eqs. (1)
and (2) and Eq. sets (4) and (5). The fits were constrained such that ¢(0° and c(180°) are zero.?

(27 + DR ;%)

Phase angle (deg) relative to ¥,

Ex (MeV) 2R}y, 4R{ 3, 4B ;5 6RY ;) ¥y 2 b3 X
8.83 29%2 63+3 3.1+1 5.3%1 -2%3 75+5 82+3 4.2
301 61+2 4.1+1 10.0+1 -3=%1 -83+3 -83+3 4.3

9.83 282 60+3 4.3%1 7.6+1 -3%2 81+5 84 %3 1.6
301 581 5,61 6.9+1 -3%0.5 —87%2 —-86+3 1.6
10.83 272 61+3 4.8%2 712 -1=1 7010 T7+3 7.3
311 57+2 5.2+1 6.8+1 -3+1 —81£2 —T4£1 7.4

? The errors reported here were obtained by multiplying the standard deviations by the value of X.
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TABLE III. Comparison of E2 strength near the
maximum Y-ray energy measured in this experiment.

E, E2 cross sections
Reference (MeV) (% of total)
Ref. 12 12-16 15 +10
Ref. 22 12.1 3.21.0
Ref. 22 15.3 5.0+0.8
Ref. 32 15.0 7.9+2.8
Present work 10.8 12 %5

2 The E2 strength was estimated from these experi-
ments using Eqs. (6) and (7).

tion in E2 strength which is obtained when the
constraints at 0° and 180° are not included in the
analysis. In Table III, we give these results along
with the values that have been estimated from
other experiments that are near the excitation en-
ergies that we have measured. The estimates
from the other experiments were made by con-
sidering the multipole expansion

o(6) =a+b sin*6 + c sin*6 cosO + d sin®d cos®d  (6)

and noting that if d arises solely from E2 transi-
tions then

oE2)=% Lo(En) . ‘ %

So we see that if we attribute all of the cross sec-
tion to non-spin-flip £1 and E2 terms, our results
agree with previous work except for the case of
Ref. 2. It should be emphasized that we have as-
sumed that only non-spin-flip E1 and E2 radiation
is involved in our extraction of the E2 strengths.
In Fig. 7 we show the calculation by Barbour.
and Hendry®® for the total E2 cross section. Their

30 T T T T
x 10 J
320k
520
b
10
L L | L N
50 100 150 200 250

E x (MeV)

FIG. 7. Calculated E2 and M2 total cross sections.
The (— *—) E2 curve is from Ref. 15 with final state in-
teractions, (——) is the E2 plane wave calculation of
Ref. 15 (Ref. 31 gave identical results for the plane wave
E2 calculation), (— ——) is o (M2) x10 from Ref. 31.

peak cross section of 20 pb is considerably less
than our 12% result which implies an E2 cross
section near 11 MeV of =(120+ 25) ub. The inter-
esting thing to note about their calculation is the
fact that inclusion of final state interactions great-
ly decreases the cross section from the plane
wave value in contrast to what is found for the E1
case. Using the same parameters for the Irving-
Gunn ground state wave function that gave good
agreement with the electrodisintegration results
of Ref. 12, the plane wave total E2 and M2 cross
sections have been calculated.® The result for
o(E2) is the same as the plane wave calculations
of Barbour and Phillips. The M2 cross section
was calculated since the analysis of a recent in-
elastic electron scattering experiment from *He
(Ref. 32) found that the M2 strength dominated the
E2 strength in this excitation region when g%>w?.
Hence to ascertain that we were justified in neg-
lecting M2 strength in our analysis the cross sec-
tion at the photon point was calculated. From this
M2 total cross section calculation (given by the
dashed line in Fig. T) we see that the M2 contribu-
tion can be neglected in this experiment since it

is expected to account for less than 1% of the to-
tal cross section. We have also calculated, in the
same model, 0(E3), since E1-E3 interference
would result in a contribution to a, in Eq. (1). In
this energy region (~10 MeV) the ratio o(E3)/0(E1)
~10-%, indicating in our model that the contribution
to a, from E1-E3 interference is small. However,
we point out that another plane wave as well as a
Faddeev type calculation have given the result®
that the ratio 8°/y [where 8=c/b and vy =d/b re-
ferring to Eq. (6)] decreases from 4 to 2.6 when
E1-E3 interference is taken into account. Thus
it would appear that further calculational effort
is required in order to account for the data.

T T T T
150}~ *He (7,p)2H
»
3 100
1
@
b
50}
fo) | I\ ! 1
50 100 150 200
EX(MeV)

FIG. 8. Differential cross section for the reaction
3He(y,d)!H at 6=90°, Curve (—— —) is from Ref. 13,
curve (——) is from Ref. 12. These data should be com-
pared with those given in Fig. 1.
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FIG. 9. Total cross section for the reaction *He(y, d).
Open circles are the present results found from
oftot)=4mA), L —Ref. 1, ®#—Ref. 2, X—Ref. 3, m —
Ref. 4, and y—Ref. 10. Note that only total cross sec-
tions are shown. The dashed line is from Barbour and
Phillips (Ref. 13).

B. Measurement of o(8 =90°) and o(tot)

To resolve the large discrepancies in the two-
body 90° differential cross section, we have also
measured the energy distribution over an excita-
tion range in *He of E, ="7.5 to 15.4 MeV. As noted
earlier the energy distribution was measured to
E_ =12 MeV withthe CD,target, while for the higher
energies a deuterium gas cell was used and nor-
malized to the solid target results at several over-
lapping energies. Since the spectrometer efficien-
cy was determined at 15.1 MeV, the efficiencies
at other energies have been obtained by correct-
ing for the experimentally determined energy de-
pendence of (1) the crystal response function,?® (2)
the attenuation of the y rays®® by the shielding in
front of the crystal, and (3) the rejection rate due
to the anticoincidence shield. For the lowest en-
ergy the efficiency was taken as 14.5% (a 15% cor-
rection relative to the calibration point). The en-
ergy loss of the primary proton beam in the target
was also taken into account.

The results of these measurements are shown
in Fig. 8. The two most recent Faddeev calcula-
tions are also given. The calculations differ es-
sentially only in the form of the ground state wave
function that was used. Qur data agree with the earl-
ier cloud chamber measurements (see Fig. 1) of
Fetisovet al. (Note that a recent calculationby Cra-
ver et al.®® which does not include final state interac-
tions reported a peak cross section of =70 ub/sr with
ananomalous peak at 15 MeV.) Our measurements
indicate a total cross sectionof (1.07+ 0.01) mbatE,

=10.83 MeV, where the error is the statistical
error only. The overall error, due to the uncer-
tainty in the absolute cross section normalization,
is +10%. Including this error gives a total cross
section at E,=10.83 MeV of (1.07+ 0,11) mb.

The total cross sections at the three energies
that angular distributions were measured [o(tot)
=47A,] are given in Fig. 9 by the open circles.

We also show in this figure the more recent ex-
periments that were specifically undertaken to re-
solve the question of normalization. Total cross
sections that were obtained from the 90° cross sec-
tion have not been included in this figure. An ear-
lier capture measurement® gave lower results for
the total cross section (g5 ~0.70 mb), but the un-
certainties in this experiment were large (+15%
statistical errors alone). These data are not
shown in Fig. 9. The dashed line again represents
the results of the pure E1 calculation of Barbour
and Phillips®® (Ref. 12 only calculated the 90° cross
section).

IV. CONCLUSION

Our detailed balanced p -d capture results support
the higher normalization of this channel which isex- .
emplified by the cloud chamber measurement of
Fetisov et al.' By neglecting M1 transitions, E1and
E2 spin-flip transitions, and all other multipoles, we
find that 0(E2) is approximately 120+ 50 ub near the
peak of the total cross section in *He. This value
of 0(E2) is considerably larger than that predicted
by theory, and could essentially already exhaust
the total E2 energy weighted sum rule of Nathan
and Nilsson®” when integrated over the measured
region. Perhaps the neglect of many small terms
arising from other transitions is essential here.
The phases of the two E2 amplitudes relative to
the E1 amplitudes are found to be about +80° in-
dicating that a plane wave approximation, as ex-
pected, is very poor in this energy region. The
analysis indicates that the transition matrix ele-
ments for a given L value are equal to within ex-
perimental uncertainty, indicating that the matrix
elements are independent of J to within the accu-
racy of this experiment. Hence to a good approx-
imation, one can regard the reaction as proceed-
ing primarily via one E1 amplitude and one E2
amplitude characterized by L=1 and L=2, both
having S=%. This description would imply zero
analyzing power, in good agreement with experi-
ment,
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