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New calculations including an approximate treatment of Coulomb effects in the a-induced deute-

ron breakup reaction are compared with existing experimental results at Ed ——6 and 7 MeV and with

new measurements at E =11.3 MeV. The a-p Coulomb potential allows the coupling to the 'So np

channel which can give rise to a sharp peak in the E„p=O region. We display the relevance of the

two-body final state interactions and, in particular, of the isospin forbidden np singlet interaction,

both theoretically and experimentally.

The relevance of Coulomb effects in the a-induced
deuteron breakup may be tested by measurements at suffi-
ciently low energies. ' The experimental data in the re-
gion of F~ = 10 MeV (Ref. 4) and higher energies are
reasonably well reproduced by theoretical calculations,
even including polarization quantities. Nevertheless, there
are regions where the theoretical predictions differ consid-
erably from experimental data; recently experimental data
and calculations including the Coulomb force only as a fi-
nal state effect showed a discrepancy at low energies. '

The inadequate treatment of the Coulomb force may be
the main reason for this discrepancy. Indeed the effect of
the Coulomb interaction is expected to be stronger at low
energies.

It is not clear a priori if a reliable but still simple ap-
proximation for treating Coulomb effects can be per-
formed. The full theoretical treatment is still in an ex-
ploratory stage because it presents both mathematical and
practical difficulties. Phenomenological suggestions are
thus needed in order to understand the relevance and some
qualitative features of these effects. In this spirit we have
performed new measurements at E = 11.3 MeV which
complement previous measurements at the same energy.
The kinematical configurations have been chosen in order
to allow for d* production at various angles 5 ~ in the

center of mass for the two-body reaction:

o.+d~a+d

The experimental apparatus has been extensively
described elsewhere. We used the doubly ionized He
beam of the 7 MV Van de Ciraaff accelerator of the La-
boratori Nazionali di Legnaro and thin foils of deuterated
polystyrene as targets. The energies of protons and o. par-
ticles emitted in coincidence were measured by two sur-
face barrier detectors at opposite sides with respect to the
beam. An additional detector was used to measure recoil
deuterons from elastic scattering. In addition, we present
data taken at the Koln FN tandem accelerator. Essential-
ly they are part of an excitation function at a fixed c.m.
angle of the emitted protons, but with no preference for
d* production. The experiment was performed with
vector polarized deuterons to compare also the analyzing
power with predictions from Faddeev calculations. Here
we discuss only the differential cross sections in the ener-

gy region close to the 1+ level of the intermediate Li, i.e.,
at 6 and 7 MeV deuteron incident energy. The details of
the experiment have been described in Refs. 6, 7, and 9.
For both experiments very similar methods of data
analysis were used. '
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Three-dimensional events (E~,E,At ~) were stored on
magnetic tape event by event. At ~ is the difference of
the time of flight between a and p and was used to re-
move unwanted background and for particle identifica-
tion. After background subtraction the events were pro-
jected onto the kinematical curve in order to have a global
comparison with theoretical predictions.

The breakup events selected following the procedure
described in Refs. 2 and 6 together with the measurement
of the recoil deuterons from a + d elastic scattering, as-
suming the cross section to be known from previous mea-
surements, ' lead to the determination of absolute cross
sections as a function of the arc length, i.e., the length of
the kinematical curve. Errors have been estimated adding
both statistical and nonstatistical errors in elastic cross
sections, solid angle uncertainty, etc. Figure I shows the
results obtained in four different kinematical configura-
tions at the same o. incident energy of 11.3 MeV; Fig. 2
shows the cross sections for deuteron incident energies
Ed ——6 and 7 MeV.

Two models' '' are used to calculate the effect of the
Coulomb interaction on the breakup reaction. In the first
(Ml) the pure Coulomb interaction in the Faddeev calcu-
lations is neglected, but in the final expression for the
breakup T matrix the a-proton two-body t matrix was
modified in order to reproduce the experimental o.p phase
shifts. ' ' In the second model (M2) one imitates" an in-
termediate range repulsion (4.5 fm (R (10 fm) of -0.5
MeV height in the a-proton interaction. The two models
are rather crude, since a single-term separable approxima-
tion has been used for the an and ap interaction; they can
only be relevant as an indication for the dynamics re-
vealed by the experimental data. The M2 model has been
found to be qualitatively more satisfactory than the M1. ''
So here we will present the model calculation M2 with
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FIG. 1. Experimental results of the reaction
cz+ d~a+ p+ n at E =11.3 MeV. Kinematical configura-
tions: (a) 8 =12.7', Op=13. 5; (b) 8 =13.5, 5p:12 7 ' (c)

= 17.0, 5p= 18.3; (d) 5 = 17.0, 5p= 35.0'. Continuous
line —full calculation with the M2 model; dotted line —the same
as the continuous line, but without 'So np interaction; dot-
dashed line —calculation done without Coulomb effects (for
more details see the text). The dashed line is the phase-space
factor in arbitrary units.
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FIG. 2. Experimental data of the reaction d + a~a + p + n

by the Koln group (Ref. 6). Kinematical configurations: (a)
Ed ——6 MeV, 5 =17.2', Bp=42. 0'; (b) Ed ——7 MeV, 0 =21.3,
8p:45 7 Continuous line —full calculation with the M2
model; dotted line —calculation without 'So interaction; dot-
dashed line —Koike predictions. The dashed line is the phase-
space factor in arbitrary units.

and without singlet np interaction, and a calculation as in
Refs. 2, 6, 7, and 10 using model M1.

In Figs. 1 and 2 the continuous line is the full calcula-
tion within the model referred to as M2; the dotted line is
the same type of calculation but without 'So np interac-
tion, and finally the dot-dashed line is a calculation
without Coulomb effects in the Faddeev equations (the
only Coulomb effect is the shift between the o;n and o, p
resonances).

We now illustrate the various final state interaction
(FSI) regions as they appear in Figs. 1 and 2. The
kinematical configurations have been chosen in order to
emphasize the role of the np FSI (Fig. 1) and of the an
FSI (Fig. 2). In Table I the values of the arc length corre-
sponding to an and np FSI's are listed.

In Fig. 1(a) the neutron-proton relative energy E„~ is al-
ways smaller than 0.85 MeV and presents two minima at
s = 1.25 MeV (E„z——0.27 MeV) and at s = 8 MeV
(E„z—-0); the relative energy between the alpha particle

. and the neutron (E „)reaches the Hes, resonance region
(E „=0.9 MeV) at s -=5 and 8 MeV; the relative energy
E is smaller than 0.4 MeV for s &3 MeV and s &9.5
MeV and never reaches the value for the Lig, resonance.
The cross sections are very small for s & 3 MeV and s & 9
MeV; this may be explained by the fact that the proton
tends to be trapped by the Coulomb barrier of the o. parti-
cle, thereby reducing the breakup amplitude. The peak at
s =8 MeV shows a constructive interference between an
and np FSI's; this can be seen both from the comparison
of the dotted line to the continuous one and of the dot-
dashed line to the experimental data. It should be noted
that all the calculations (but not the experimental data),
even without the inclusion of 'So interaction, show a peak
in the region of s = 1 MeV; this peak is not related to any
specific dynamical mechanism such as the np FSI's, but is
essentially due to the phase space factor' (also plotted in

the figure on an arbitrary scale). The Hes, peak at s:—5

MeV is overestimated by all the calculations, but the con-
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TABLE I. Arc length values for FSI regions.

s (MeV)
(E „=0.9 MeV)

s (MeV)
{E„p—-0)

'E„p-—0.27 MeV.
Ertp ~0 30 Me V

11.3
1 1.3
1 1.3
11.3
6
7

12.7
13.5
17.0
17.0
17.2
21.3

13.5
12.7
18.3
35.0
42.0
45.7

4.9
3.9
2.3
1.0

1.85
2.80

8.1

7.3
4.4
4.7

1.25'
1.20'

4.4
0.9

8.0
7.5

tinuous line seems to reproduce the data better than the
other calculations.

Figure 1(b) reflects the same behavior of Fig. 1(a); E„z
also presents two minima at s -=1.2 MeV ( E„z=0.3 MeV)
and at s =7.5 MeV (E„~-=0) and the same an FSI's are
present (s =3.9 and 7.3 MeV).

In Fig 1(c). E„~ is always smaller than 0.3 MeV and
there is only a relevant peak for E„~=O and E „=0.9
MeV at s:—4.4 MeV, again indicating a constructive in-
terference between these two FSI's.

As a general comment, in Figs. 1(a)—(c), where the
kinematical configurations are nearly symmetric in angles,
the continuous line qualitatively seems to reproduce the
shape better than the other calculations; an overestimate
of the singlet peak in the regions where E„~=0 is present,
as in Fig. 1 of Ref. 11.

In Fig. 1(d) a kinematical configuration where the two
angles differ considerably is presented and the experimen-
tal data reflect a different behavior of the cross sections.
The only relevant FSI seems to be the He~s FSI at
s =4.7 MeV, whereas no experimental peak is present in
the region s =-0.9 MeV where both np and an FSI's con-
tribute. The curve representing the calculation without
Coulomb effects seems to reproduce the experimental
behavior rather well. The peak of the continuous line ori-
ginates from the singlet (E„~=0).

From an experimental point of view, Coulomb-induced
effects and in particular singlet np excitation seem to de-
pend strongly on the kinematical configurations. In par-
ticular, the angle 5, appears to be the relevant quantity,
indeed when 8,=97' [see Fig. 1(d)] the singlet interac-

tion is not prominent, whereas when 8, ranges from 33'

to 47.5' [see, e.g., Figs. 1(a)—(c)] a distinct E„~=0 peak
emerges. This result confirms old measurements suggest-
ing a large suppression of the d* production around 90'. '

Phenomenologically this can be understood in terms of
P-wave dominance of the a-nucleon interaction. ' On the
other hand, the M2 calculations produce a rather isotropic
distribution of d' instead of giving an angular distribution
like that of elastic scattering.

In Figs. 2(a) and (b) each peak corresponds to Hes, ;
the experimental data do not show any appreciable varia-
tion between Figs. 2(a) and (b). It has to be noted that
Lis, excitation at s=3.8 MeV in Fig 2(b) is str. ongly

suppressed. The calculations of Koike' consistently un-
derestimate the He~, peak in both kinematical configu-
rations, suggesting possible three-body effects not includ-
ed in the Faddeev framework, in agreement with the fact
that in the elastic scattering the 1+ state of the intermedi-
ate Li* is described rather poorly. ' We would like to
stress that also inclusive breakup measurements show
that both Coulomb effects and the Li* 1+ resonance are
not yet adequately reproduced by numerical calculations
of the type we have discussed at these low energies. It
would therefore be interesting to investigate in detail from
a theoretical point of view the elastic ad scattering in the
Li* resonance region.

The importance of the difference of Coulomb effects
between 6 and 7 MeV, as reflected in the continuous and
dotted lines, is not clear and is possibly due to the inade-
quacy of the treatment of the Coulomb effects or of the
approximation for the two-body interactions as suggested
in Refs. 18 and 19.

In conclusion, the model calculations M2, although de-
ficient in the detailed predictions as in Fig. 1(d) and Figs.
2, indicate that the size of the Coulomb effect can be im-
portant, even at not too small an energy as in Fig. 2(a); for
the a-induced deuteron breakup it is particularly impor-
tant to consider the Coulomb effects because they can in-
duce np singlet FSI's. The singlet np FSI plays an impor-
tant role, e.g., when it interferes constructively with an
FSI's as in Figs. 1(a)—(c). In conclusion, we would like to
remark that a sensitivity to the 'So interaction of the np
FSI clearly appears both theoretically and experimentally.
Whereas on general grounds the isospin breaking effects
can be expected to be only a few percent, specifically in
the E„p——0 region there is a magnifying effect of the iso-
spin breaking due to the 'So FSI [see the peaks in Figs.
1(a)—(c) and in particular the comparison between the
continuous and the dotted lines]. The dynamics of d*
production seems experimentally to be related to the dom-
inance of the P-wave a-nucleon interaction. ' The model
M2 on the other hand does not reproduce this result [see
Fig. 1(d)]. A better theoretical calculation should account
both for the angular distribution of the d* production as
well as for the suppression of the cross section for small
values of the ap relative energy E ~ [see Fig. 1(a), s & 3
and s & 9.5 MeV]. The last is a Coulomb effect which is
complementary to the observed peak at maximum relative
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energy of two charged particles in a three-body breakup.
As a final comment we would like to stress that since

the M2 model is lacking in the detailed predictions of the
d* angular distribution, improvements in the a-nucleon
interactions and in Coulomb corrections are needed for a
better description of the a-d breakup.
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