
PHYSICAL REVIEW C VOLUME 32, NUMBER 1

4He(d, p)n4He reaction at low bombarding energies

JULY 1985

R. C. Luhn, ' S. Sen, ~ N. O. Gaiser, and S. E. Darden
Department ofPhysics, University of Notre Dame, Notre Dame, Indiana 46556

Y. Koike
Research Center for Nuclear Physics, Osaka University, Osaka 565, Japan

I,'Received 25 March 1985)

Cross sections, vector analyzing powers, and tensor analyzing powers were measured for the
breakup reaction "He(d, p)n He at three bombarding energies near the 1+ resonance in Li. These ob-
servables were measured to test predictions, made by recent three-body calculations for this reaction
in the vicinity of the 1+ resonance. The measurements were focused on the region of the proton
spectrum corresponding to the formation of the 'He ground state. In general the three-body calcula-
tions provide a good description of the data, but discrepancies exist with T&l and T20 measure-
ments, particularly at the lowest energy studied. The effect of the 1+ resonance is not as pro-
nounced in the data as in the three-body calculations, and the differences between measurements
and predictions at the lowest energies seem to be a result of Coulomb effects.

INTRODUCTION

The breakup reaction d+ He~p+n+ He may be
treated as a three-body problem provided that the deu-
teron bombarding energies are below about 20 MeV. In
this energy range, the alpha particle may, to a good ap-
proximation, be considered a spinless, structureless boson.
Renewed experimental interest in this breakup reaction in
recent years has been generated by the use of three-body
smttering theory to predict the observables. The success
of this formalism in describing deuteron-alpha elastic
scattering' has led to its applimtion to the breakup
problem.

Three-body calculations for observables measured in
kinematically complete and incomplete experiments
have shown their superiority to theoretical treatments
used previously. The inability of the modified-impulse
approximation to describe fully the polarization observ-
ables in kinematically incomplete experiments measuring
the neutron polarization and deuteron vector-analyzing
powers is a case in point. The three-body calculations
have provided a much more quantitative description of
the measurements.

Extensive comparisons between existing data and
three-body calculations have been given in Ref. 5. In ad-
dition, predictions were made for some kinematically in-
complete observables which at the time had not been mea-
sured. In particular, the polarization observables iT~ &

and
T2O for the region of the proton spectrum corresponding
to the formation of the He ground state were calculated
as a function of the proton detection angle and the in-
cident beam energy in the energy region (-6.3 MeV) of
the 1+ resonance in Li. This resonance is predicted to
have a strong three-body character and to affect the
breakup over an energy range many times greater than the
natural width of the state. The calculations show the po-
larization observables iT~~ and T20 changing rapidly in
this energy range. An interesting aspect of these predic-

tions is that the magnitude and shape of the angular dis-
tribution of Tpo for proton energies corresponding to the
formation of the He ground state is due entirely to the
presence of the resonance. This is interesting because the
calculations included no neutron-proton tensor interac-
tion, which is usually considered to account for tensor-
analyzing power effects in (d,p) reactions. For these
reasons, it was suggested that polarization data for ener-
gies near the 1+ resonance would provide a stringent test
for the three-body calculation. In addition, data at these
low bombarding energies would be expected to exhibit
Coulomb effects, which are not fully accounted for in the
mlculations.

More recent work, both experimental and theoretical,
has provided new insights into this reaction. Tensor-
analyzing-power measurements and three-body calcula-
tions appear in three recent reports of experiments em-
ploying kinematically complete and incomplete
geometries. In a kinematically complete experiment,
Slaus et a/. measured cross sections, vector analyzing
powers, and tensor analyzing powers at bombarding ener-
gies of 12 and 17 MeV. Calculations which omit the n-p
tensor interaction provide a good qualitative description
of the measured observables. The cross sections and vec-
tor analyzing powers are better reproduced by the mlcula-
tions than are the tensor-analyzing powers. Bruno et al.
also measured cross sections, vector analyzing powers, and
tensor analyzing powers in a kinematically complete
geometry at 10 MeV. The kinematical conditions were
chosen to facilitate the search for the production of the
isospin-forbidden n-p singlet final state. A variety of cal-
culations were performed and compared with the data.
Evidence for the n-p singlet state was inferred from fluc-
tuations in the analyzing powers near proton energies cor-
responding to zero relative neutron-proton energy. How-
ever, the calculations do not reproduce these fluctuations
even when the singlet n-p interaction is included.

Results from the He(d, p)n He measurement at Ed ——12
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and 21 MeV by Ishikawa et ai. ' have demonstrated both
the strengths and weaknesses of the three-body calculaoo

tions. The inclusion of the n-p tensor interaction in the
calculation is clearly needed if the measured tensor-
analyzing powers are to be reproduced by the theory.
However, some discrepancies still exist between data and
theory, especially for T20, although the qualitative varia-
tion with proton angle and energy for this observable is
reproduced. Very recently, Oswald" et al. published
kinematically complete measurements of cross section and
vector analyzing power for kinematic conditions favorable
to observation of the na final-state interaction at deuteron
energies from 6 to 11 MeV. They have also measured an
angular distribution for these observables as a function of
proton c.m. angle for Ed ——7 MeV. Their measurements
are quite well reproduced by three-body calculations at the
higher energies, but there exist serious discrepancies be-
tween the data and calculations for bombarding energies
below 9 MeV. These recent results may be summarized
by a general statement that for most observables mea-
sured, the three-body calculations provide a very good
description of this breakup reaction for bombarding ener-
gies above 8 MeV.

At the time the present experiment was begun there ex-
isted no published tensor-analyzing-power data for this re-
action and no polarization observables had been measured
for bombarding energies less than 8 MeV. The primary
motivation for the present work was a desire to test the
predictions of Ref. 5 concerning both the importance of
the 1+ resonance in Li and the role of the He ground
state production near the resonance. It was anticipated
that data at these low bombarding energies might provide
insight into the effects of the Li, I+ resonance and a mea-
sure of the extent of Coulomb effects.

Three energies were chosen at which to acquire data.
Measurements at Ed ——5.4, 6.0, and 6.8 MeV adequately
bracket the 6.3 MeV 1+ resonance in Li and also provide
data at only 1.2 MeV above the breakup threshold. The
5.4 MeV data are expected to be particularly sensitive to
Coulomb effects. These three energies are also the ener-
gies for which predictions were made in Ref. 5 for iTi&
and T20. It was pointed out in Ref. 5 that the kinemati-
cally incomplete experiment He(d, p)n He lends itself to a
study of the role of the He ground state in the breakup
reaction, and this was a primary motivation for our mea-
surements. Therefore, outgoing proton energies corre-
sponding to the formation of the He ground state were
the main focus of interest of the present study. Some
measurements of the observables as a function of the
detected proton energy are also presented, but the low
bombarding energies limit the energies and angles for
which such data could be obtained.

EXPERIMENTAL DETAILS

Vector and tensor-polarized deuterons were produced in
the Lamb-shift polarized ion source and accelerated with
the FN tandem Van de Graaff accelerator. Deuteron
beams with center-of-target energies of 5.4, 6.0, and 6.8
MeV were incident on a "He gas target. Two different
target geometries were employed. For the data at

Beam

FIG. '1. Schematic diagram of the scattering chamber used
for the present experiment. A depicts the beam size definition
slits and antiscattering slits. 8 and E depict the entrance and
exit foils, respectively. C depicts the detector slit system with a
rectangular forward slit to define the scattering volume and a
circular slit in front of the AE detector to define the angular ac-
ceptance. D depicts the AE and E detectors.
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FIG. 2. A typical proton spectrum from the "He(d, p)n He re-
action. This spectrum was acquired. with an unpolarized beam
at Ed ——6.8 MeV and 0~=23' for a total collected charge of 205
pC.

200

Ed ——6.8 MeV, the target consisted of a cylindrical gas
cell of radius 1.27 cm with entrance and exit foils of 2.2
pm-thick Havar foil. The pressure of the He gas was ap-
proximately one atmosphere. In order to avoid the rela-
tively large energy loss of the outgoing protons in. the Ha-
var foil for the measurements at Ed ——5.4 and 6.0 MeV,
the entire scattering chamber was filled with helium and
isolated from the beam line vacuum with entrance and
exit foils of 4.2 pm thick Havar. Figure 1 shows a
schematic diagram of the scattering chamber geometry
for this configuration. A He gas pressure of 0.3 atm ab-
solute was used.

The detector system used to identify outgoing reaction
products employed two standard AE-E telescopes. In or-
der to permit detection of protons at as low an energy as
possible, AE silicon surface-barrier detectors 11 and 14
pm thick were employed. Only events in which protons
traversed the AE detectors and stopped in the E detector
were recorded in the analysis, since only in this way are
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low-energy protons separable from low-energy alpha par-
ticles which stop in the AE detectors. The detector
geometry is shown in Fig. 1. The slit system consisted of
a rectangular forward slit 2 mm wide and a circular
3mm-diameter slit directly in front of the AE detector.
The forward slit was positioned 2.5 cm from the target
center, and the distance from the target center to the back
slit was 14 cm for measurements made at laboratory an-
gles less than 28', and 6.4 cm otherwise. Figure 2 shows a
proton spectrum taken with the experimental arrangement
shown in Fig. 1. This spectrum was taken with an unpo-
larized beam at Ed ——6.8 MeV and 0=23' for a total
charge of 205 p, C. The broad peak around channel 140
corresponds to the formation of the He ground state.
The cutoff which occurs around channel number 60 re-
sults when the protons are stopped in the AE detector. In
calculating the polarization observables corresponding to
the He ground state, proton yields were obtained by sum-
ming counts over a 230-keV-wide portion of the spectrum
centered on this peak.

The polarization of the beam was monitored by using a
polarimeter positioned in the beam line after the scatter-
ing chamber. For the vector-polarized beam, a polarime-
ter based on a design of Cadmus et ah. ' employing the
known vector-analyzing power of the He(d, d) He reac-
tion was used. Typical beam polarization was
7 )O=0.52+0.01 for this experiment. For the tensor-
analyzing-power measurements, a tensor polarimeter util-
izing the known analyzing powers of the He(d, p) He re-
action was employed. Typical values of the tensor polari-
zation of the beam were ~~o ———0.41+0.02.
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FIG. 3. Doubly differential cross sections measured at
Ed ——5.4 MeV for 6I„=28 and Fd ——6.0 MeV for t9~=28' and
48 for the top, middle, and bottom graph, respectively. The
curves are the three-body calculations described in the text. The
dashed curve is a three-body calculation in which there is no n-p
tensor interaction. The solid and long dashed curves are three-
body calculations in which the n-p tensor force gives rise to a
deuteron with a D-state probability of 4% and 7%, respectively.

DISCUSSIQN

The results of the analysis of the present measurements
are presented in Figs. 3—13. In a11 of the figures the data
appear as points with their associated uncertainties, and
the curves give the results of the three-body calculations.
The calculations presented employ the same potentials as
were used in Ref. 5, except that the full n-p tensor interac-
tion has been included as discussed in Ref. 10. The
short-dashed curves correspond to calculations in which
there is no neutron-proton tensor interaction. Solid curves
correspond to calculations using a neutron-proton tensor
interaction which gives rise to a deuteron d-state probabil-
ity of 4%, and the long-dashed curves were calculated us-

ing a tensor force which produces a 7% deuteron d-state
probability.

Figures 3 and 4 show examples of doubly differential
cross sections measured at the three bombarding energies.
The absolute normalization for these data was determined
by the Rutherford scattering of 5.3 MeV deuterons from
xenon gas using the same target and detector geometries
used for the d+ He breakup measurements. Figure 4
shows that the He ground state region of the proton spec-
trum has a slightly different angular distribution than
that predicted by the three-body calculations.

Figure 5 presents an example of the vector-analyzing-
power measurements made at 5.4 MeV as a function of
proton energy in the vicinity of the He ground-state peak.
It can be seen that the calculations predict a much
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FIG. 4. Doubly differential cross sections measured at
Ed ——6.8 MeV and 0„=28,43, and 58' for the top, middle, and
bottom graphs, respectively. The curves are the result of three-
body calculations which are described in the caption for Fig. 3.
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FIG. 5. The vector analyzing power for the He(d, pin"He re-

action as a function of the detected proton energy. The curves
are the result of three-body calculations which are described in
the caption for Fig. 3.
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FIG. 7. The tensor analyzing powers for the 'He(d, p)n"He re-

action as a function of the detected proton energy at Ed ——6.0
MeV and 8„=18'. The curves are the result of three-body cal-
culations which are described in the caption for Fig. 3.

stronger energy dependence than the data exhibit.
Figures 6—8 show examples of tensor-analyzing-power

measurements as a function of outgoing proton energy at
the 5.4 and 6.0 MeV bombarding energies. The results are
qualitatively similar for all three cases shown, and the
data for T2& and T22 are reasonably well reproduced by

the calculations in all three figures. However, the T20
analyzing power shows at best only qualitative agreement
with the calculations. Agreement between the data and
calculations is best for Ed ——6.0 MeV, where even T2o is
fairly well reproduced. It is interesting that in these fig-
ures the T20 predictions agree best with experiment when

He'(d, p ) n He
I

0.2—

0.0—
-0.2—
-0 4—

Ed= 5.4 MeV

e~., = I8

He( d, p) n He

0.2—
0.0—

-O.2—
-04—

Ed = 6.0 MeV
I

e., =~~

0.2—

0 0—2l
-O.2—
-0.4—

0.2—

T2I 0.0
-O.2—
-0

0.2—

T„o.o—
-O.2—
-0 4—

I I

I 2 3

Ep ( MeV)
FICi. 6. The tensor analyzing powers for the He(d, p)n He re-

action as a function of the detected proton energy at Ed ——5.4
MeV and 8~=18 . The curves are the result of three-body cal-
culations which are described in the caption for Fig. 3.
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action as a function of the detected proton energy at Ed ——6.0
MeV and 8~=33 . The curves are the result of three-body cal-
culations which are described in the caption for Fig. 3.
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a neutron-proton tensor interaction is included in the cal-
culations, although no choice between the two tensor in-
teraction strengths can be made on the basis of these data.

The vector-analyzing powers for the formation of the
He ground state as a function of the proton center-of-

mass angle are shown in Fig. 9. The very small values of
iT&& at 5.4 MeV are what might be expected should the
Coulomb interaction be playing a large role in the breakup
at this energy. This idea is consistent with poor agree-
ment between calculations and data at this energy, since
the calculations do not properly take into account the
Coulomb interaction. The increase in magnitude of iT&&

with increasing bombarding energy may be a resonance ef-
fect. The predicted iT& ~

show a similar behavior, presum-

ably a direct result of the 1+ resonance in Li.
For deuteron energies higher than those used in the

present experiment, there is evidence that the vector
analyzing power for the breakup reaction proceeding
through the He ground state is independent of the direc-
tion along which the He breaks up in its own c.m. sys-
tem. For example, a comparison of the kinematically
complete measurements of Qswald et al. " at 10 MeV for

0& ——50 with the kinematically incomplete measurements
of Keller and Haeberli' at the same energy for 0&——45'
shows the vector analyzing power to be essentially the
same in both experiments. This is also predicted by the
calculations. The same conclusion follows from a com-
parison of kinematically complete measurements of iT»
by Oswald et al. at Ed ——18 MeV (Ref. 14) for 0~= S2'

with kinematically incomplete measurements carried out
in our laboratory at Ed ——15 MeV for 0~=50, since the
analyzing power appears to change very little between

Ed ——15 and 18 MeV. This behavior is also predicted by
the calculations. The situation is quite different for the
energies used in the present measurements. Qswald
et al. " find Az ——0.5 in the vicinity of the He peak for

Op ——46' in their kinematically complete measurement at

Ed ——7.0 MeV, whereas our incomplete measurements at

Ed ——6.8 MeV as given in Fig. 9 show a much smaller
analyzing power. This difference between the two experi-
ments is also reproduced by the three-body calculations,
although the agreement with the data is better for the
kinematically complete measurement.

Tensor-analyzing powers for the formation of the He
ground state as a function of proton center-of-mass angle
are shown in Figs. 11—13. Considerable similarity exists
between the data at the three energies. T22 is everywhere
small and negative. Both T2& and T22 are relatively unaf-
fected by the change in bombarding energy, and the
overall shape of T2o remains constant. The Tz& and T22
data are well reproduced by the calculations. However, as
was the case with the iT» data as a function of proton
energy, the T2o measurements are in only qualitative
agreement with the calculations, since the trend of T20 is
to decrease in magnitude with increasing bombarding en-

ergy whereas the calculations predict the opposite
behavior.

One notes that there is a significant difference between
the bombarding energy dependence of iT& &

and that of the
tensor analyzing powers, especially Tzo. Whereas iT&&

tends to zero at the lowest bombarding energies, T2o is
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FIG-. 10. The vector analyzing power for the

He(d, p) He(g. s.) reaction as a function of the deuteron bom-

barding energy for proton center-of-mass angles of 40, 60', and
90 for the top, middle, and bottom sections, respectively. The
curves are the result of three-body calculations which are
described in the caption for Fig. 3.

FIG. 9. The vector analyzing power for the He(d, p) He(g. s.)

reaction as a function of the proton center-of-mass angle at
Ed ——5.4, 6.0, and 6.8 MeV for the top, middle, and bottom sec-

tions, respectively. The curves are the result of three-body cal-
culations which are described in the caption for Fig. 3.
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FIG. 11. The tensor analyzing powers for the
"He(d, p)'He(g. s.) reaction as a function of the proton center-of-
mass angle at Ed ——5.4 MeV. The curves are the result of
three-body calculations which are described in the caption f'or
Fig. 3.
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FIG. 13. The tensor analyzing powers for the
He(d, p) He(g. s.) reaction as a function of- the proton center-of-

mass angle at Ed ——6.8' MeV. The curves are the result of
three-body calculations which are described in the caption for
Fig. 3.

largest at Ed ——5.4 MeV. If the Coulomb interaction
alone were responsible for the energy dependence of the
analyzing powers, one would not expect such a pro-
nounced difference between the behavior of iTI& and T2o.
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FIG. 12. The tensor analyzing powers for the
He(d, p) He(g. s.) reaction as a function of the proton center-of-

mass angle at Ed ——6.0 MeV. The curves are the result of
three-body calculations which are described in the caption for
Fig. 3.

Therefore it appears that both Coulomb effects and the
1+ resonance are of importance in this energy region.
The discrepancies between the calculations and the data
are also largest at the lowest energies. Part of this may re-
sult from the failure of the calculations to correctly in-
clude Coulomb effects, as noted above, but the calcula-
tions may also not adequately describe effects of the 1+
resonance as well. Although the nucleon-alpha potential
used in the calculations reproduces the nucleon-alpha
scattering phase shifts well, the off-shell behavior of the
two-body T matrix may be less well described, and this
will affect the three-body part of the '1+ resonance wave
function.

The He(d, p)n He reaction may be considered a good
vehicle for the study of the Li 1+ resonance. Two other
resonances which might contribute to the breakup process
exist in this energy range. These are the J =0+, T=1
and J =2+, T=O states in Li. From isospin conserva-
tion the 0+ resonance is not expected to contribute strong-
ly to the breakup. ' The 2+ resonance is an unlikely can-
didate as well, if one considers the sign of the T20 analyz-
ing power, since the formation of Li in the 2+ state
preferentially involves deuterons having their spins
aligned perpendicularly to the normal to the reaction
plane, which corresponds to T2o ~0. Therefore, if the 1+
resonance is playing a large part in the breakup process, as
the calculations indicate, its effect as manifested in the en-

ergy dependence of the analyzing powers is different from
that predicted by the calculations. However, the variation
in iT&& for the He ground state as a function of bom-
barding energy (Figs. 9 and 10) presents good evidence for
the effect of the 1+ resonance on the breakup.
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CONCLUSIONS

The considerable difference between measured and cal-
culated i T» at 5.4 MeV indicates strong Coulomb effects
which are not being fully accounted for in the theory.
However, these presumed Coulomb effects cannot be
separated from what also appear to be resonance effects.
Certainly a better treatment of the Coulomb interaction in
the three-body calculations would be helpful in clarifying
the role played by the resonance.

Discrepancies between data and calculations are quite
evident for T2o in Figs. 11—13. This is not completely
unexpected, as the three-body calculations have also had
difficulty in reproducing T2o at higher energies. ' The

~ problem is still not well understood, but may be related to
the off-shell dependence of the n-n T matrix mentioned
above. The effect of the 1+ resonance is also not as pro-
nounced in the data as in the calculations. This is con-
sistent with a phase-shift analysis' of d-alpha scattering,
which shows the 1+ absorption parameter to be smaller

than that predicted by the three-body calculations.
The results presented here clearly indicate the need for

the tensor interaction in the calculations. With the excep-
tion of the iT&& data for 0, =90 shown in Fig. 10, cal-
culations including the tensor interaction are at least qual-
itatively in closer agreement with the data than those
which omit this interaction.

In summary, we have measured cross sections and all
four analyzing powers for the inclusive breakup reaction
He(d, p)n He at bombarding energies near the 1+ reso-

nance in Li. Comparisons between polarization data for
the formation of the He ground state and three-body cal-
culations show the effects of this resonance and Coulomb
interference on the breakup. The three-body calculations,
while not giving a complete description of the breakup
process, provide a good overall description of this reaction

- in the energy region of the Li resonance.

This work was supported in part by the National Sci-
ence Foundation under Contract No. PHY82-00426.
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