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G. R ',"C. O. Bl th ' ' J. B.A. England, ' ' A. Farooq, "O. Karban, ' ' E. Rawas, ' ' S. Roman, and R Vlastou"
'"Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

'"'Department ofPhysics, University ofBirmingham, Birmingham B152TT, United Kingdom
"Royal Signals and Radar Establishment, Malvern, United Kingdom

I 'Department ofPhysics, University ofMecca, Mecca, Saudi Arabia
I'IDepartment ofPhysics, National Technical University ofAthens, Athens, Greece

(Received 24 December 1987; revised manuscript received 6 July 1988)

Angular distributions of the vector analyzing powers for the 'H('He, 'H) He reaction have been

measured over the incident energy range 18—33 MeV. The measurements centered about 18 MeV

display a deviation from the antisymmetric shape expected from isospin symmetry. Concentrating
on the explanation of the 90' analyzing powers, we report the results of a distorted-wave Born ap-
proximation (DWBA) analysis which includes the direct and exchange processes and the spin-orbit
potential. It is shown that the anomalous behavior of the 90' vector analyzing powers can be largely

explained by the effect of a single F-wave potential resonance which leads to the magnification of
the short-range differences between the He and 'H wave functions.

I. INTRODUCTION

It is generally believed that isospin is conserved in fast
reactions between light nuclei, and therefore considerable
effort has been made in the past to understand why pro-
nounced deviations from symmetry about 90' c.m. occur
in the He( H, He) H reaction cross sections. Prior to
present investigation, vector analyzing powers and cross
sections had been measured at only a few energies in the
10—35 MeV range. ' For the reaction He( H, H) He,
analyzing power measurements had been reported by
Haglund et al. These were limited to incident triton en-
ergies below 18 MeV and exhibited the most striking and
unexpected behavior, i.e., raising the beam energy is ac-
companied by a consistently increasing negative analyz-
ing power at 90' (c.m. ) scattering angle.

Unlike the situation for the He( H, He) H reaction,
where the assumption of isospin conservation leads in a
model-independent way to the antisymmetry of the
deuteron analyzing power [the so-called Barshay-
Temmer (BT) theorem (see Ref. 4)], several. restrictions
on the allowed direct processes are required before an-
tisymmetry of the 3He( H, H) He analyzing power is pre-
dicted. However, the cross section should always be sym-
metric for a direct reaction provided (a) the nuclei in ei-
ther the entrance or exit channel are exact isospin
partners, (b) channel isospin is conserved and is unique.
In their paper, Haglund et al. introduce the general for-
malism to describe the He( H, H) He reaction and
rederive the more specialized predictions of Conzett.
The Conzett model of the reaction includes only the
direct and exchange amplitudes for single-particle
transfer. As a result, the antisymmetry of the vector
analyzing power about 90' (8, ) is predicted assuming
the nucleon-nucleon force is charge symmetric. In the
subsequent discussion we accept this result as a naive
generalization of the BT theorem which might suitably
describe the He + H~d +a reaction at high energies.

The analyzing power angular distributions for the
He( H, H) He reaction at bombarding energies of 9.02,

12.3, and 17.0 MeV (and the corresponding excitation
function at 90' c.m. ) are shown in Ref. 3. The most no-
ticeable features of the data are the pronounced, energy-
dependent deviations from antisymmetry, which are
much larger in magnitude (fore-aft asymmetries of up to
40%) than those found by Dahme et al. in the
He(d, H) He reaction at Ed ——32 MeV (22.8 MeV excita-

tion in Li). As Haglund et al. point out, this difference
is not necessarily surprising since the combination of
scattering matrix elements which appear in the expres-
sion for the He( He, d) He vector analyzing power is en-
tirely different from that which appears in the formula
used to calculate the He(d, H) He values. Nevertheless,
it is remarkable to observe such gross deviations from an-
tisymmetry.

In general terms, the literature on the subject admits
three plausible explanations, which are brieAy recapitu-
lated here. First, the deviations may be due initially to
the distortion of the deuteron in the Coulomb field of the
He nucleus, but a rough estimate of the possible T=1

admixture, made by Drachman, appears to preclude this
possibility at these high energies. Secondly, Nocken
et al. concluded that, while the main part of the
H( He, d) He reaction at low energy, E( He) =800 keV,

proceeds via a (J,T)=(1,0) resonance in Li, the
asymmetry of the cross-section angular distribution arises
from the interference between that resonance and a
simultaneously excited, isospin-forbidden (J,T) = (2+, 1 )

resonance. That is, at higher energies a reaction mecha-
nism more complicated than the one underlying the
Conzett model may be needed to explain the observed de-
viations from antisymmetry in the analyzing power data.
Thirdly, deviations from symmetry in the He(d, He) H
cross-section data of Gross et al. ' have been explained by
Richter and Vincent and Werby and Robson in terms of
slightly different neutron and proton transfer amplitudes.
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A detailed examination of the direct reaction mecha-
nism has been carried out by Edwards et al. ' using the
distorted-wave Born approximation (DWBA) theory.
They calculated all possible combinations of direct or ex-
change, nucleon or core, transfers and demonstrated that
the knockout interaction potential is mainly diagonal and
its matrix elements cancel with those of the optical poten-
tial. Thus the "usual DWBA cancellation assumption" is
justified for these light ion reactions —a result confirmed
by their prediction of the He(d, He) H cross section at
an incident energy equivalent to 26 MeV He. Hence we
conclude that, particularly near 90', the DWBA treat-
ment of the Conzett model should give accurate predic-
tions. The failure of the model at some energies is there-
fore a clear indication of either the inadequacy of the
model (for example, because of the involvement of mixed
isospin intermediate states) or the nonconservation of
charge symmetry in nuclear forces.

Before deciding on the formation of isospin-forbidden
resonances in the compound Li system, a comprehensive
DWBA analysis of the cross-section data, and particular-
ly the analyzing-power data, is required: Our treatment
of this reaction differs from earlier investigations in that
most DWBA calculations have neglected the polarization
observables or ignored the Coulomb effects or the spin-
orbit potential. More importantly, there was an urgent
need to extend the vector analyzing power measurements
for the H( He, H) He reaction to higher energies in or-
der to gain an insight into the trends noted by Haglund
et al. In addition, it was desirable to study this reaction
at an energy high enough to ensure the dominance of the
direct mechanism.

In the following section the new experimental data are
presented. Section III outlines a DWBA model of the re-
action, and in Secs. IV and V the salient points arising
from an investigation of the data at 18 and 33 MeV are
discussed.

II. THE EXPERIMENT AND RESULTS

A 33.2 MeV polarized He beam was provided by the
University of Birmingham Radial Ridge cyclotron and
scattered from a tritium target. The beam energy was de-
graded as necessary with the aid of aluminium foils and a
series of analyzing power angular distributions at 18, 20,
24, 27, and 33 MeV incident energies (24 —32 MeV excita-
tion in Li) were obtained. "

A. The target

The natural choice of a target for this experiment is tri-
tium gas. However, to avoid handling the radioactive
gas, a solid target' was used for this experiment. The
target consisted of 0.8 mgcm tritiated titanium film
bonded to a 39.5 mgcm copper backing for stability
and to increase heat conduction away from the beam
spot. The tritium content was about 0.048 mg cm

Although this target was much safer to handle, the
copper-titanium backing led to substantial background.
This created the diSculty of having to separate out the
large numbers of similar particles from other reactions
and indeed required the use of special methods when

identifying the genuine deuterons from the H( He, d) He
two-body reaction at large scattering angles. The use of
this target also led to another uncertainty about the final
results. To obtain data at some angles the target was set
at an angle or even reversed for data taking at the very
large angles. The uncertainty about the exact target
shape led to uncertainty as to whether the changes in en-

ergy loss were correctly compensated for in each case. It
is estimated that systematic variations of up to 0.5 MeV
from the listed midtarget energy could have occurred at
some angles.

B. The counter telescope measurements

(a) The forward angle measurements were made using
conventional particle telescope counters. The technique
is widely known and will not be described here in detail.
Briefly, the incoming polarized He beam struck the triti-
um target located at the center of a scattering chamber.
Three counter telescopes, each containing two silicon
detectors in the usual bE(100 pm), E' (5 mm Li drifted)
arrangement, were mounted on each of the left and the
right arms in the chamber.

The counter telescopes were set at equal angles left and
right of the incident beam direction. With the beam spin
polarization in the up direction (i.e., perpendicular to the
reaction plane), the deuteron energy spectra in the left
and right telescopes were recorded for a preset amount of
integrated beam charge. The spin polarization was then
reversed and data taken for the same amount of integrat-
ed charge. This switching procedure was repeated many
hundreds of times before the results were totalled for
each spin state.

The observed energy spectrum, shown in Fig. 1 is dom-
inated by background deuterons originating from two
body and breakup reactions on the copper-titanium back-
ing. Fortunately, the large positive Q value (14.32 MeV)
of the H( He, H) He reaction ensured that the forward-
going deuterons ( &40' lab) were separated from the
background. For angles above 40' the deuteron peak
merged with the background and was usually indistin-
guishable for incident energies other than 33 MeV. A
more complicated technique was required to complete
the angular distributions in regions where the yield of
two-body deuterons is low because of the relatively small
cross section and beam current.

(b) In the second part of this experiment, the forward-
scattered deuterons were detected in coincidence with the
associated (recoil) alpha particles. The experimental set-
up is shown schematically in Fig. 2. Three counter tele-
scopes, positioned 5 apart as before, were mounted 300
mm from the target on the left arm. Coincidences were
sought between signals from any one of the telescopes
and those from the large area, surface barrier, detector
(LAD) located on the right arm behind a 26-mm-wide by
10-mm-high rectangular aperture. The LAD was posi-
tioned 100 mm from the target center and subtended an
angle of 16' at the target center. Because the geometrical
requirements for coincident detection are a function of
scattering angle and incident beam energy, they could not
always be satisfied in practice, given the finite size of the
large area detector. Under these circumstances, coin-
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FIG. 1. The mass and deuteron energy spectrum obtained using the hE-E telescope arrangement at 33 MeV incident He beam en-
ergy.

cidences were sought between the large area detector and
only two of the counter telescopes. At angles about 90'
c.m. the energetic deuterons were detected in the counter
telescopes while the recoil alphas were stopped in the
large area detector. Some backward angle rneasurernents
(greater than 120') were made by detecting the forward-
going alpha particles in the counter telescopes, while the
recoil deuterons were detected in the LAD. If a coin-
cidence occurred, the energy signals from the appropriate
4E-E' counter telescope were summed with the energy
signal from the LAD. Consequently, the large Q value of
this reaction separated the total energy (true coincidence)
peak from the predominantly low-energy background.
This aided the extraction of the wanted data.

The signals from the AE-E' configured telescopes were
processed in the same way as before. However, a fast

timing signal derived from the hE passing detector, was
used to stop a time-to-amplitude converter TAC, whose

SCATTERING
CHAMBER

conversion cycle was initiated by a "start" pulse derived
from the LAD. Thus, the output signal from the TAC
represented the difference in flight time between a deute-
ron detected in the counter telescope and a (recoil alpha)
particle arriving at the LAD.

The mass signal from the hE-E telescope particle
identifier was adjusted to reject all but the deuteron mass
recognition pulses and provided a logic input to a slow
coincidence unit. Two other slow coincidence inputs
were derived from outputs belonging to the (E') stopping
detector and the TAC unit. The output from the triple
coincidence unit was used to gate the total energy signal
(E, =hE+E'+E), the TAC signal, and supplied a
trigger pulse to the data-acquisition system. This gating
scheme e6'ectively rejected the overwhelming back-
ground.

The conversion gains of the energy channels were set
and monitored by detecting alphas from "'Am sources.
The procedure for adjusting the channel settings was
straightforward in principle but is in fact nontrivial and
required resetting after each run. Details can be found in
Ref. 11.
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FIG. 2. The experimental setup for the coincidence measure-
ments. Polarized He beam enters the scattering chamber and
interacts with the tritium target. The beam polarization is mon-
itored in the polarimeter chamber located downstream by
measuring the left-right asymmetry of elastically scattered 'He
from a thin strip of deuterated polyethylene.

C. Multiple scattering

The major drawback of using the coincidence tech-
nique to extract the events of interest from the back-
ground was the lower count rate and the uncertainty re-
garding the detection efficiency. A measurement (at 29
MeV He) of the number of genuine deuterons recorded
with a particle telescope set at 25', where the background
was negligible, showed that there were 50% fewer counts
when the same measurement was made requiring a coin-
cidence with the recoil alphas. The main source of this
discrepancy was multiple scattering in the target. The
coincidence eSciency was reduced by the loss of those
events, where one of the pair of particles was not detect-
ed. Geometrical effects were also found to be important.
For instance, certain parameters, such as the diameters of
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D. Data reduction

A typical TAC spectrum is shown in Fig. 3(a). The
true coincidence peak is clearly resolved above the ran-

Counts

100-
'1'rue plus randortl

the detector collimators, beam movement on target, and
the size of the bombarding beam, would significantly
influence the possibility of detecting all the coincidences.
The sizes of the effects to be expected in the experiment
were investigated by a Monte Carlo simulation. "' The
results confirmed the coincidence detection eSciency
behaves in a rather complicated manner. This affected
the H( He, H) He experiment in two ways. First, the
extraction of reliable correction factors for multiple
Coulomb scattering of the incident beam and the recoil-
ing particles in the target proved to be intractable. What
would have been useful cross-section data for the lower
energies could not be obtained. Secondly, when deter-
mining the analyzing powers, the angular range over
which the measurements could be confidently compared
was restricted by the need to alter the target setup to
measure some angles and the lack of time to do intercom-
parison measurements. The data taken at 33 MeV and
the forward-angle data taken at other energies were mea-
sured independently using left and right counters and
therefore should be free of systematic errors. It is con-
ceivable that a combination of effect like beam steering
associated with change of polarization state could have
influenced the coincidence data taken at the lower ener-
gies. The measured analyzing power angular distribu-
tions took many days to complete and, within statistical
accuracy, we found no evidence to support this notion.

dom coincidence background. This background is
peaked at intervals of 83.2 ns, which corresponds to the
repetition period of the cyclotron beam. The number of
counts associated with the "true plus random" peak was
corrected by subtracting the average number of counts in
the energy spectra associated with the "random" peaks.
All energy spectra were labelled and stored automatically
according to the spin state of the beam. The energy spec-
trum in Fig. 3(b) depicts the uncorrected, H( He, H) H
total-energy peak. There is very little relevant back-
ground. In this instance, a straightforward integration of
the peak was made before calculating the analyzing
power in the usual way.

E. Results and discussion

The measured analyzing powers are shown in Fig. 4.
A measure of confidence in our experimental technique
can be gained from examining Fig. 5, where the Birming-
ham measurements at 18 MeV are compared with the 17
MeV triton measurements reported by Haglund et al.
The expected agreement between the two sets of results is
evident, and the data confirm the previous observation
that the analyzing powers show pronounced deviations
from antisymmetry.

Inspection of the data shows several other features.
The analyzing power at 33 MeV is almost antisymmetric,
as would be expected from isospin considerations. How-
ever, the measurements made for 29 MeV show the
analyzing powers start to difFer from this antisymmetry
but still cross zero at 90'. At 27 MeV, a slight deviation
from crossover at 90 is observed, and the backward-
angle analyzing powers ( )90') are reduced in magnitude
compared with the complementary forward-angle ones.
Below 24 MeV the zero crossing point has shifted to an
angle much less than 90' and continues to shift with de-
creasing energy. In fact, the new data reveal a percepti-
ble nonzero analyzing power at 90' only for incident He
beam energies below 24 MeV. This suggests that a
Conzett-type model might be tenable at high energies and
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FIG. 3. Upper: A Typical TAC spectrum showing the ran-
dom and true coincidence peaks. Lower: the deuteron energy
spectrum associated with the true coincidence TAC peak.

FIG. 4. Analyzing-power angular distributions for the
H( He, H) He reaction measured at He incident energies of

33, 29, 27, 24, 20, and 18 MeV. The error bars reflect the statis-
tical uncertainty.



G. RAI et al. 38

I I I I I I I I I I I i I I

05

0
C4

0.0
~ e4

cP
o o

o o

O
00

-0.5

1 o I I I I I I I I I

0 50 100 150

8 (deg)

FIG. 5. A comparison between the measured (crosses) 18
MeV 'H( He, H) He and 17 MeV (solid squares) 'He('H, 'H) He
analyzing powers. The arrows indicate the crossover angle
(8, =80') at zero vector analyzing power.

could even actually predict the results. Another feature
worth noting is that the analyzing powers in the angular
range 70' to 90 c.m. have progressively decreased in
magnitude with decreasing energy, and by 20 MeV the
analyzing powers are just positive around 90' c.m. At 18
MeV, however, they begin to increase in magnitude
again, and this upward trend is confirmed by the low-

energy measurements of Haglund et al. at 17.02, 12.86,
and 9.02 MeV.

The only reliable cross-section angular distribution
measured in this experiment over a more or less complete
angular range was that measured at 33 MeV beam ener-

gy. The yields at each angle were extracted and convert-
ed to center of mass cross sections. The normalization
constant required to calculate the absolute cross sections
was determined by comparing the nominal elastic tritium
cross sections which were also measured, with those of
Vlastou et al. ' The 33 MeV cross sections are shown in
Fig. 6, where the error bars indicate the statistical uncer-
tainties. There is a possible systematic error in the range
+2.5% arising from the uncertainty in the normalization
constant.

A comparison between the cross-section measurements
at E( He)=33 MeV and those calculated using the re-
ciprocity relation and the inverse He( H, H) He reac-
tion data [E( He)=32.2 MeV] reported by Roberts
et al. ' is shown in Fig. 7. The overall agreement is satis-
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FIG. 7. Coherent sum DWBA calculations at 33 MeV in-

cident He beam energy for the differential cross section (upper)
and asymmetry parameter R (8) (lower). The Oak Ridge data is
taken from Ref. 14.

factory except in the angular range 60'-120' c.m. , where
the Birmingham cross-section measurements are smaller
by almost 1 mb/sr. In the absence of other measure-
ments at neighboring energies, it is difficult to assess
whether or not the discrepancy arises from the energy
dependence of the cross section. It remains true, howev-
er, that a set of accurate cross-section measurements is
needed to go with the analyzing power measurements in
order to perform a complete analysis of all data.

III. THE DWBA MODEL

The reaction, in its simplest form, is considered to
proceed by a direct, single-nucleon transfer mechanism.
Because of the mass and isospin identity of the incident
channel particles, the reaction is described by the sum of
amplitudes from the single-proton and single-neutron
transfers at complementary angles and is depicted in Fig.
8. For typographical convenience, consider a reaction of
the simple form C'(C, A)B where C and C' are members
of an isospin multiple ( He and H in our case), and sup-
pose particle A is observed at a c.m. angle 8. The direct
mode is represented by

C+C'=( A +n t )~ O' A +(C'+n, ) = A +B
whereas the exchange mode is

C+O'=C+(A +n, ) A +(C+n, )= A +B,
where n, and n2 are the transferred (proton and neutron}
particles.

In the first case, particle C is stripped, producing parti-
cle A at angle 8. The scattering amplitude describing
this process is denoted pt '[8;C'(C, A )B]. In the second
case, particle C is stripped producing particle B at m —8
and particle A recoils at the angle 8. The amplitude for
this process is Pz '[m —8;C'( C,B) A ].

We treated this model in the exact finite-range (EFR)
DWBA. In the evaluation of the direct and exchange
amplitudes, channel spin formalism, the usual method,
was not used. Instead, the symmetry properties of the re-
action were exploited to calculate the reduced amplitudes

p, 2, which are elements of the angular momentum
transfer representation of the T matrix. ' The reason for
choosing this method was solely the availability of an ex-
act finite-range DWBA computer code, which included
spin-orbit coupling in the entrance and exit channels.
The code FRUCK2 (Ref. 16) was adapted to output the sin-

gle nucleon transfer, reduced amplitudes p, 2 and other
relevant information. A separate computer program was
written to sum coherently the direct and exchange ampli-
tudes and then to calculate the experimental observables.
The formalism for adding the transition amplitudes is
given in the literature' ' and details of our method are
described elsewhere. " However, the logical basis of the
method will be briefly expounded here. To simplify nota-
tion, let the intrinsic spin projections of the He, H, H,
and He be represented by the symbols a, b, c, and d, re-
spectively, and define m =a —d since this quantity is ac-
tually used in the DWBA program to label the scattering
amplitudes. The reduced amplitudes p, '(8} and

p2 "'(n —8) are calculated separately (using FRUcK2) as if
they arose from single-nucleon stripping by the projectile,
that is from the He or the H, respectively. The direct
and exchange processes are coherently summed by con-
structing the antisymmetric amplitude:

pmba pmba( 8)+ ( 1 )a m bpmbc( 8}

for each 1sj transfer quantum numbers and outgoing par-
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tial wave L„.In our particular case 1=0, s = —,', j = —,'.
The addition is possible because both sets of amplitudes,

PP '(8) and Pz '(m —8), have corresponding "like" la-
bels. The phase difference arises from the change to a
common frame of reference before the addition of ampli-
tudes is carried out.

It is worth noting that the Conzett model assumes, on
the basis of charge symmetry, that IBP '(8) =Pz '(n8. )—,
and it is this condition which guarantees antisymmetric
analyzing powers. The reason for this result can be
traced to the cancellation of the direct and exchange am-
p1itudes for all odd partial waves. However, in our
analysis this assumption was not made because it is
reasonable to expect that PPb'(8) will differ slightly from
Pz"'(m —8) because of Coulomb-induced differences be-
tween the helion and the triton. These exist without
necessarily implying charge symmetry violation by the
nuclear interactions.

A systematic investigation of the factors which
comprise the multidimensional DWBA integral and
hence generate the reduced amplitudes was performed.
In the post representation

13, ,(8)afX' '(y„-~V„y„&X'+'dr

for proton stripping. 7' ' and 7'+ ' are the outgoing and
ingoing distorted waves. These were calculated after con-
structing, in the usual manner, an optical-model potential
by fitting the relevant elastic scattering data. ' ' When
fitting the H+ He channel, no serious attempt was
made to use the tensor-analyzing power data. Table I
lists the best fit Woods-Saxon parameters obtained after
carrying out numerous two-parameter grid searches as
well as using conventional search techniques. In the in-
tegral, P~d and P~, are the radial parts of the He and He

bound-state wave functions, and V d is the proton-
deuteron binding potential. A Woods-Saxon potential
was also used when computing the bound-state wave
functions with its well depth adjusted to reproduce the
separation energy. The bound-state parameters used in
the analysis are given in Table I. In the corresponding
exchange term a neutron is stripped from the H, and the
equivalent quantities are also listed in Table I.

IV. DWBA ANALYSIS

The results of a single-proton transfer calculation at 33
MeV incident energy are depicted in Fig. 6. The fits to
the data are very poor. The calculated cross section has
the wrong shape and is almost a factor of 10 too large,
while the analyzing power is in antiphase with the experi-
mental measurements. Also shown on the same figure
are the predictions corresponding to a neutron pickup
from the target. The calculated differential cross section
is almost identical to that obtained in the stripping calcu-
lation and the analyzing powers, although now in phase
with the data, still fail to reproduce the details. In fact, a
close examination reveals that the results are simply mir-
ror images of each other about 90'. In the next calcula-
tion the stripping and pickup reduced amplitudes were
combined coherently in accordance with the procedure
outlined above. The results at 33 MeV are shown in Figs.
7 and 9. The analyzing-power calculations are portrayed
as a function of entrance channel spin-orbit strength
( V„=0.1 and 1.5 MeV). The fit to the experimental data
is very good, and zero vector analyzing power at 90' c.m.
is predicted. The interesting observation is that the
analyzing-power predictions are more or less antisym-
metric except for the slight fore-aft deviation from an-
tisymmetry near the cross-section minima at 60' and 120'

TABLE I. Optical-model and bound-state parameters used in the DWBA calculations. All optical-model parameters have been
converted to the form of the potential V(r) used in FRUcK2:

V(r) = V„f (r,r„,a~ )+i V&f (r, rl, al )+i Vla& (r, rr, af )+ V„— (r, r„,a„)LS,, 0'f, , 1 df
dT T dT

where the Woods-Saxon well is given by

r —T;A 1 /3

f (r, r;, a; ) = 1+exp
a;

and A is the target mass.

Energy

33.0 MeV

Channel

'He+ 'H
'H+ 4H

(MeV)

—202.8
—63.0

(fm)

1.52
1.18

a
(fm)

0.18
0.56

Vs, V
(MeV)

—1.06'
—14.80

rl
(fm)

4.20
2.56

aI
(fm)

0.50
0.50

V„
(MeV fm2)

—6.0
—9.2

Tso a so

0.83
1.18

0.10
0.50

(fm) (fm)

18.0 MeV 'He+ 'H
'H+ 4He

—199.9
—67.3

1.57
1.18

0.18
0.56

—0.92'
—11.20

2.34
1.00

1.43
0.50

—6.0
—9.2

0.73
1.18

0.10
0.50

Separation
energy

—19.81
—20.58

Bound
state

P+ 'H
n+ 'H

V

(MeV)

—71.48
—79.60

(fm)

1.25
1.25

(fm)

0.65
0.65

Separation
energy

—5.49
—6.26

Bound
state

p+ H
n+ H

(MeV)

—51.84
—58.38

(fm)

1.25
1.25

(fm)

0.65
0.65

'Volume imaginary potential V&.
b

o 1 /3
Surface imaginary potential VI. Coulomb radius r, = 1.3 A fm.
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FIG. 9. Coherent sum D%'BA calculations (E3„——33 MeV)

of the analyzing power (upper) and differential cross section
(lower) as a function of the entrance channel spin-orbit strength
V„.

c.m. Also, there are very minor differences between the
calculated results shown in Fig. 7 and a prediction ob-
tained using the Conzett model; that is, a model explicitly
requiring P, '(8) =Pz '(m. —8). Evidently, effects arising
from Coulomb differences in the bound states of the He,
H, and H nuclei are marginal. Therefore, Coulomb

differences alone cannot be directly responsible for the
observed nonzero 90' c.m. analyzing power with incident
beam energies below 24 MeU and particularly those at 18
MeV. However, the good Bt does confirm the validity of
the model and the assumptions embodied therein. More-
over, there is no evidence at high energies to support an
argument for charge symmetry violation.

To construct the lower part of Fig. 7, the
He( H, H) He cross sections of Roberts et al. ' and

semidetailed balance was used to calculate the angular
distribution of the fore-aft asymmetry parameter R (8).
This is defined as the ratio of yield of H at 0, and H
at (m —8) c.m. ; that is, 8 (8)=o 3 (8)/o. , (8). It is clear
from Fig. 7 that there are deviations of up to 20% from
the predicted symmetry in the cross sections and, there-
fore, it is important to see whether our DWBA model
can explain this behavior. The result of the DWBA com-
putation is shown on the same figure. The agreement be-
tween the theoretical curve and the experimental mea-
surements is good, and the calculation is able to account
for both the magnitude and shape of the asymmetry in
the angular range 30'&, 8&150'. A closer examina-

tion shows that large asymmetries are always associated
with a minimum in the differential cross sections. Since
the minima are the result of the cancellation of the
PP '(8) and Pz '(m —8) amplitudes, such differences are
to be expected because it is near these minima that the
sensitivity to small differences between 13&(8) and
132(vr 8—) is the largest. The over predictions, or "spikes"
at larger forward and backward angles occur at the first
minimum (22.5'), while the 20% difference mentioned
above is located at the second minimum (62.5'). Al-
though Coulomb differences between various bound
states give rise to slightly different P, and P2 amplitudes,
these amplitudes are also influenced by the other factors
in the DWBA overlap integral that generates them. That
is, there is an intricate relationship between the predicted
deviations from symmetry and the many dynamical fac-
tors of the reaction. Detailed analysis strongly suggests
that previous observations of asymmetry in the
He( H, H) He cross sections" can be adequately ex-

plained by reaction dynamical effects.
The results from similar coherent sum DWBA calcula-

tions at 18 MeV incident energy are depicted in Fig. 10
together with the new polarized He data and the 17
MeV polarized triton measurements of Haglund et al.
The agreement between experiment and theory is again
satisfactory, but the most striking result is the observed
variation of the calculated 90' analyzing power with the
strength of the spin-orbit interaction in the entrance
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FIG. 10. Coherent sum D%'BA calculations (E3„——18 MeV)

as a function of V„.The calculations predict a large deviation
from zero analyzing power at 9, =90 only if V„=1.5 MeV.
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channel. It is at first surprising to find that not only does
the 90' crossover point move towards a smaller angle
with increasing V„,but also that it reaches a crossover
position which corresponds almost exactly to the mea-
sured value (80' c.m. ) at the expected value of V„.Any
further increase in V„shifts the crossover point back to
90 c.m. The optimum and reasonable value of V„=1.5

MeV seems to reproduce the anomalous behavior of the
vector analyzing powers at 18 MeV. Moreover, a general
feature of all calculations performed so far is that, except
for a narrow range (+2 MeV) of incident He energies
centered about 18 MeV, the 90' c.m. analyzing-power
predictions are zero and are insensitive to the strength of
the spin-orbit potential in either the entrance or the exit
channel. It is noted that the prediction of deviation from
90' crossover in the He or H analyzing powers implies a
similar, but smaller, deviation in the deuteron vector
analyzing power for the inverse reaction.
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-35
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V. RESONANCES

The only possible energy-dependent difference between
the two sets of DWBA calculations (i.e., at 33 and 18
MeV incident energy) must relate to the distorted waves.
A careful scrutiny of the calculated elastic scattering S-
matrix elements identified a resonance in the F7/2 en-

trance channel partial wave assuming zero target spin.
This leads to the internal wave function reaching a max-
imum which is comparable in magnitude with the wave
function in the external region as illustrated in the lower
part of the Fig. 11. The optical potential resonance was
easily identified by the characteristic counterclockwise
trajectory on an Argand plot of the real and imaginary
phase shifts. The latter phase shifts reproduced reason-
ably well the phase shifts determined by Vlastou-Zannis
et al. ' from an analysis of the He + H elastic scatter-
ing data. The resonance energy was determined to be 18
MeV (E„in Li=24.8 MeV). The width I of the F7&2
resonance was obtained by calculating complex eigen-
states in the optical-model potential using the computer
code GAMOw. A value of I" in the range 2.6& I &3.4
MeV was deduced. In addition, the calculations showed
no other nearby potential resonances.

However, the resonance on its own would not explain
the calculated deviation from 90' c.m. crossover, because
the distorted waves appear in both the direct and ex-
change computations. The complete explanation must
involve the bound-state form factors, which are of course
independent of energy. The upper part of Fig. 11 shows
the clear disparity at short range (r & 1.5 fm) between the
He ( V d ~ p d ) ) and H ( V„d

~ p„d) ) form factors used to
evaluate the proton stripping (direct) and neutron strip-
ping (exchange) transition amplitudes. The difference be-
tween the n + He and p + H bound-state wave functions
is negligible and is not illustrated here. The conclusion
that genuine physical differences between the He and H
wave functions exist is supported by the results of Ioan-
nides et al. , who calculated the ( He

~

d ) and ( H
~

d )
overlap functions using the Phillips trinucleon wave func-
tions. Barshay and Seghal ' proposed a simple geometri-
cal model to explain the difference in the distribution of

3
0 8 10

Radius ( fm)

FIG. 11. Upper: The radial dependence of the He and H
bound-state factors used in the DWBA calculations. Lower:
The radial dependence of the real part of the L=3, J =

2
and —',

partial waves in the 'He+'H entrance channel. The large
internal F7/2 amplitude reflects the resonance at E3 ——18.0

He

MeV, V„=1.5 MeV.

matter in trinucleon systems. The model assumed a
short-ranged three-nucleon correlation, which is a
symmetrical triangular configuration in the H nucleus;
whereas in the He nucleus the triangle was distorted by
the Coulomb repulsion of the protons. Very recently,
Friar et al. have reported on the sensitivity of trinu-
cleon densities to effects of the pp Coulomb interaction in
the He ground state. Their investigation and the
Barshay-Sehal model predict differences of the type
shown in Fig. 11. Ordinarily the differences between the
trinucleon form factors are not significant as shown by
the results of the DWBA computations at 33 MeV.
However, the occurrence of a strong potential resonance
magnifies the effects of the short-range differences, and
this can be seen when the DWBA overlap integral is cal-
culated. Particularly, the inequality between the Lb-—3,
direct [P,(0)] and the exchange (m. —8) amplitudes is
sufficient to admit a sizable odd L component to the total
scattering amplitude because of incomplete cancellation.
This is manifested in the final prediction as a nonzero
analyzing power at 90 c.m. (i.e., as deviations from an-
tisymmetry). The sensitivity to the entrance channel
spin-orbit potential ( V„)or the incident beam energy, is
understood as both quantities strongly influence the reso-
nance amplitude. It should be emphasized that within
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the framework of our DWBA model the shifts away from
90' c.m. crossover are the signatures of odd L-wave reso-
nances only. The concern with odd L-wave admixtures
does not arise when isolated positive-parity resonances
are considered, and therefore the appropriate symmetries
in the observables are expected. If in reality there exist
positive-parity states, there is a risk of being oblivious to
their presence unless a very careful analysis is carried
out.

The calculations did not fully include the effects of the
target spin because the DWBA code FRUCK2 assumes
zero target spin. Consequently, the spin parity (J) of the
entrance channel resonance was not fully determined.
However, Weller et al. studied the theory of spin- —,

' on
spin-0 and spin- —,

' on spin- —,
' scattering systems in order to

find what relations between the scattering phase shifts in
the two systems were necessary in order to yield identical
calculated values of the observables. For the spin- —,

' on
spin- —,

' scattering the channel spin formalism was em-

ployed including the possibility of single-triplet mixing,
but excluding L mixing. The relations found between the
spin- —,

' on spin-0 phases (5*) and the spin- —,
' on spin- —,

'

phases (5ts ) are as follows:

~L 5Ll& ~L ~LI & ~L ~LO& 8L ~Ll
L — L —1 + L + L+1

These relations provide some guidance in deciding
which partial waves are likely to be found in be resonant
if a proper spin- —,

' on spin- —,
' analysis was made. In partic-

ular, the F7/2 resonance found in our analysis would cor-
respond to either a "F3( +' +'LJ ) or a F4 reso-
nance in the compound Li system. The latter possibility
can be rejected because 6T= 1 transitions are isospin for-
bidden. Therefore, it seems very likely that the F7/2 reso-
nance corresponds to a J=3,T=O level at 24.8 MeV
excitation in Li. Given the dominance of the F-wave
process it is deduced from general isospin and parity con-
siderations that the reaction near 18 MeV should proceed
via the "F3( He+ H)~' F3(3H+ He) isospin allowed
( T=O) transition.

Vlastou et al. ' carried out a phase-shift analysis of the
He+ H elastic scattering data with proper attention

given to antisymmetrization and found evidence for a 3
T=O state at 25 MeV excitation in Li. One analysis of
the data included only real phase shifts for partial waves
up to L=4 and no coupling parameters. A more realistic
analysis with complex phase shifts and mixing parame-
ters was also completed. An examination of the two sets
of phase shifts (particularly the extra imaginary phase
shifts) revealed the expected minor differences and en-
abled them to deduce which resonances feed the elastic
channels. The main difference between the two solutions
is in the "F3 (T=O) phase shift, which is negative and
structureless in the first case, but positive and showing
resonance behavior in the second. It is postulated that
most of the strength of the "I'3 resonant state decays
through a reaction channel, but because the
H( He, d) He reaction data were not available to Vlastou

et al. , they could not verify that this was the relevant
channel.

Jenny et al. have reported the results of a very de-

tailed phase shift analysis of d + He elastic scattering in
the energy range 3 to 43 MeV. They report the existence
of a ' F3 (T=O) resonance centered at E„=24MeV in

Li, which they suggest corresponds to a broad 3 state
at E„=26.6 MeV in the Li level scheme. There is con-
siderable uncertainty regarding the state at E =26.6
MeV because Vlastou et al. clearly identify this as a
T= 1 state. The assignment shown in the Li level
scheme is only tentative since it is based on the poor
statistics H( He, y ) Li measurements of Ventura et al.

The evidence from both the He+ H and d+ He
elastic phase-shift analyses, from the analyzing-power
measurements and our analysis discussed above strongly
suggest the existence of a broad J=3,T=O level in Li
at E.=24.8 MeV with I =3 MeV.

Detailed theoretical computations such as the resonat-
ing group method (RGM) should prove useful for inter-
preting the experimental data. In a one-channel RGM
calculation, Thompson and Tang considered the elastic
He+ H (or He) channel explicitly and used a phenom-

enological imaginary potential to simulate the loss of flua
into other channels. The phase shifts predicted by their
investigation suggest that there are broad, highly excited
states in He, Li, and Be with L=1 and 3. In Li these
occur as both T=O and 1 states and are located at
21.3('P), 22.3( P), 28.8('F), and 29.8( F) MeV (notation
2T+'L) excitation energy. In Be, the effect of the broad
resonance in the L= 3 partial wave was noticed by Jenkin
et al. in their measurement of He + He elastic
differential cross sections.

However, the RGM calculation omits a lot of impor-
tant details, the most serious being the neglect of noncen-
tral potentials. Consequently, there are shortcomings.
For instance, He+ H polarization measurements are
not reproduced while the inclusion of a spin-orbit interac-
tion would split the phase shifts and influence the reso-
nance parameters. In addition, the coupling of the
He —H structure to other fragments such as He-p,
Li-n and d-a ignored. Unfortunately, no further RGM

calculations have been reported in the literature for exci-
tation energies above the He+ H threshold in Li. A
refined theoretical analysis, similar to the multistructure,
multichannel approach of Hoffman et al. , is urgently
needed for the A =6 nuclear system.

VI. SUMMARY AND CONCLUSION

Vector analyzing powers for the H( He, d) He reac-
tion have been measured over an incident beam energy
range 18—33 MeV. For energies above 24 MeV, the
analyzing powers are almost antisymmetric and cross
zero at 90'. The experimental data are satisfactorily
reproduced by DWBA calculations assuming a Conzett-
type reaction mechanism. The gross deviation from an-
tisymmetry at 18 MeV and in particular the large nega-
tive analyzing power at 90' are explained by the existence
of a J=3,T=O resonance in Li, which magnifies the
effects of short-range Coulomb-induced differences be-
tween the He and H nuclei. This prevents the cancella-
tion of an odd partial wave in the total transition ampli-
tude and results in predicted deviations from antisym-
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metry. Because this mechanism is purely dynamical, the
results provide no evidence in support of charge symrne-
try violation.
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