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Emission of preformed a particles through a collective process in ' asm(p, a)
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Analysis of the ' Sm(p, a) reaction with the triton pickup and a knockout models fails to give the

magnitude of the measured cross section. We show that a calculation based on a collective form
factor successfully gives both the angular distribution and the absolute magnitude of the cross sec-

tion. Some insight into the collective process is provided by the recent extension of the interacting
boson model to alpha clustering in deformed nuclei.

I. INTRODUCTION

Until now, in nuclear reactions of the (p,a) type the ab-
solute value of the cross section had always been an un-
solved problem. A great many calculations of transitions
to resolved low-lying levels of residual nuclei in a wide
range of masses induced by (p,a) reactions were done in
the frame of the triton pickup model.

These calculations often succeeded in reproducing the
angular distribution of emitted particles but were always
incapable of giving the correct magnitude. These results
were definitely established during the last few years be-
cause of the high degree of sophistication recently intro-
duced in the distorted-wave Born approximation (DWBA)
microscopic formulation of the (p,a) process. ' 5 It can
now be definitely stated that these calculations generally
underestimate the experimental cross sections by up to
two or three orders of magnitude. On the other hand, the
shape of the continuum a spectra due to (p,a) or (n,a) re-
actions was nicely reproduced by means of the semiclassi-
cal calculations based on the preequilibrium exciton
model, where it was assumed that the knocked out a par-
ticle is preformed in the target nucleus. In this light,
detailed DWBA calculations of knockout (p,a) reactions
were recently also made for transitions to low-lying lev-
els. Although the shape of the angular distributions was
reproduced reasonably well, the cross-section magnitude
continued to be largely underpredicted. This situation is
reminiscent of a decay studies. Accurate analysis of
spontaneous a decay has been done by many authors'
in order to obtain a quantum mechanical calculation of
the reduced width of the a transitions, but as far as we
know these calculations always greatly underestimated the
experimental values, even when a large configuration mix-
ing of shell model wave functions is included. '

In consideration of all these facts, it seems clear that
the well-known nuclear structure models currently in use
have serious problems when utilized to describe micro-
scopically the emission of a particles. For these reasons,
we were highly impressed by the phenomenological ap-
proach to a clustering recently proposed by Iachello and
Jackson. ' Starting from the well-known interacting bo-
son model, they suggest that in heavy nuclei a particles
could be present in some kind of vibrational state created
by dipole oscillations of the a cluster in relation to the

remaining deformed nucleus. The authors find evidence
of such states in many levels of natural a radioactive nu-

clei, characterized by negative parity (1,3 ) and low
a-hindrance factors. In the light of this new model we

reconsidered a number of (p,a) experiments done several

years ago and already partially published; ' These experi-
ments were done at -20 MeV on a group of rare earth
nuclei: four isotopes of samarium, indium, neodimium,
and a few others. The spectra from these nuclei exhibit a
striking feature, which remained without explanation un-

til now. Many of them, namely the Sm isotopes and In,
show one or two very strongly excited peaks, usually at a
low residual excitation energy, as can be seen in Fig. 1. In
the case of ' Sm rather accurate angular distrit)utions of
the two peaks have also been measured at Ez ——23. 1 and
28.65 MeV at the Milano AVF cyclotron. It is therefore
possible to compare them with the theoretical calculations
based on the different models.

II. CONVENTIONAL DWBA CALCULATIONS:
PICKUP AND KNOCKOUT MODELS

The direct mechanism nature of the transitions being
studied is supported by the strong forward peaking of
their angular distributions and by explicit calculations
showing the negligibility of compound nucleus contribu-
tions in the high energy region of the spectrum where
such transitions are found. Starting from the generally
accepted opinion that the direct (p,a) reaction can be ex-
plained by means of the triton pickup mechanism, a
DWBA calculation was done with the help of the comput-
er code TwoFNR (Ref. 14). This code incorporates a full
finite-range formalism and under the cluster approxima-
tion can treat both the pickup and the knockout processes
with a variety of shapes for the two-body interaction and
the bound-state wave functions. Figure 2 shows the re-
sults of these calculations made using the parameters
given in Table I. The proton-triton effective interaction
was taken to be a Gaussian with range 1.42 fm and
strength 70 MeV. The angular distribution of the
ground-state transition is not well fitted, and the absolute
value is underpredicted by a factor of -20. Both this
failure as well as the results obtained from the continuum
part of the spectrum, nainely the preformation of a parti-
cles in this nucleus, ' suggested that we do another calcu-
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FIG. 2. Comparison of experimental data at Ep:23 1 MeV
with DWBA calculations based on different models. Full line:
triton pickup; dashed line: a knockout, Woods-Saxon a bound
state wave function; dot-dashed line: knockout, Gaussian a
bound state wave function. All the calculations were done with

a spectroscopic factor equal to one and are therefore upper lim-

its.
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(1) The wave function was generated in a Woods-Saxon
potential with the parameters shown in Table I and with
the number of radial nodes (9) given by the usual harmon-
ic oscillator energy-conserving condition.

(2) Using as a starting point the well-known concentra-
tion of a clusters at the nuclear radius, the a particle
wave function was assumed to be a Gaussian centered at
the nuclear radius (7.1 fm). The range parameter ri =4.3
frn was derived from the measured value of the rms ra-
dius of the a particle using the relationship
(r') =9y64q' "

FIG. 1. A few a spectra at forward angle. The peaks
marked "p" are due to scattering of protons in Si detectors (for
details, see Ref. 6).

lation in the frame of the a knockout mechanism, where
the incoming proton is considered as being captured in a
shell model orbit exciting an a particle up to the continu-
um. The incoming and outgoing distorted' waves are the
same as in the previous calculation, but the form factor is
obviously different. In particular, for the bound a parti-.
cle we used two different descriptions:

In both cases the proton-a effective interaction was taken
to be a Gaussian with range 1.7 fm and strength 60
MeV. ' The results are shown in Fig. 2. The fit of the
angular distribution shape is not better than in previous
triton pick-up calculations, and the magnitude is largely
underpredicted.

All possible efforts to increase the cross section [use of
different families of a optical model (OM) potential and
bound state parametersj were frustrated. In conclusion,
all these calculations were unsuccessful, which confirmed
and extended to the a knockout mechanism the findings
of many other authors. ' It must be emphasized that
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TABLE I. Parameters of the %'oods-Saxon OM potentials used in the DWBA calculations. Depths are in MeV, radii and dif-
fusenesses in fermis.

-23.1 MeV
28.65 MeV

a+'4'Pm
triton bound state (a)
a bound state (b)
proton bound state (b)

55.43
53.66

249.5
c
c
c

1.17
1 ~ .17
1.236
1.2
1.35
1.25

0.75
0.75
0.592
0.5
0.6
0.6

2.382
3.603

27.5

8.1

6.72
1.32
1.32
1.236

a;

0.631
0.631
0.592

Uso

6.2
6.2

~so

1.01
1.01

0.75
0.75

Ref.

20
5

' Data for triton pickup calculation.
Data for knockout calculation.' Selected to give the particle separation energy.

the above calculations are upper limits, since they have al-
ways been done assuming the a-spectroscopic factor to be
equal to one.

III. DWBA CALCULATIONS WITH
A COLLECTIVE FORM FACTOR

At this point we felt that it was necessary to consider
another model besides the more standard triton pickup or
the less used a knockout to explain the highly excited a
peaks of the ' Sm(p, a) reaction. As a starting point we
considered the essentially collective model of Iachello and
Jackson' applied by the authors to the case of spontane-
ous a decay. Due to the collective nature of the vibrating
state in which an a particle can be found in a distorted
nucleus, this new model is indeed able to reproduce a de-
cay probabilities and other characteristics' of states of
light actinides with small a hindrance factors.

When applying the idea behind the Iachello and Jack-
son model to our reaction, the interaction of the incoming
proton was no longer considered microscopically as a
two-body interaction with a preformed a particle, as it
had been in the knockout calculation described above. In-
stead, it was assumed to be an excitation of collective de-
grees of freedom consisting of the preformed a particle
which oscillates relatively to the rest of the nucleus and is
emitted. In the DWBA calculation that describes such a
process the problem is naturally that of the form factor.
As a first approximation we used the same form factor
adopted in the analysis of highly excited collective transi-
tions induced by inelastic scattering, namely the first
derivative of the proton OM potential.

The incoining and outgoing distorted waves were of
course the same as in the calculations described above.
Such a simple calculation, although certainly not com-
pletely satisfactory from a formal standpoint, can still
provide a quick estimate of the physical validity of the
picture outlined above. The results are shown in Fig. 3.
As far as the shape of the differential cross section is con-
cerned, the fits are not perfect though they do give the
principal characteristics of the data; in any case they are
definitely no worse than some given by the more standard
triton pickup calculations.

We noticed that we could get better fits by using a
slightly smaller value for the diffuseness parameter in the
imaginary part of the form factor (0.48 instead of 0.631),

which could be a sign of the well-known surface localiza-
tion of a clusters. More importantly, our calculation
gives the correct magnitude of the two L„=4 transitions
with a reasonable value for the hexadecapole deformation
parameter, P4 ——0.02. Although such a comparison should
not be taken too seriously because of the dissimilar nature
of the two kinds of reactions, this number is'fairly close to

dO
dQ

(mbIsr) "'Sm(p, a )

-1'
10

Ep = 23.1 MeV

E = 0-91 keV 10

Ep 23 1 MeV

E =489 keV 10

Ep=28.65 MeV
E' = 0-91 keV

10

Ep 28.65 MeV
E' = 489 keY

10

25 50 100 125 't)'c.m. (deg)

FIG. 3. Comparison of angular distribution of the two a
peaks at 23.1 and 28.65 MeV with DWBA calculations based on
a collective form factor. A deformation parameter of P4 ——0.02
was used. The first peak is due to transitions to both g.s.
and 91 keV 2 while the second one most probably to the 489

5+

keV 2 state. Both angular distributions were calculated with
~+J =—
2
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the values 0.04—0.05 extracted from a inelastic scattering
analysis on Sm isotopes. ' Moreover, the calculation im-
plicity assumes an a spectroscopic factor (which in this
case has the meaning of u preformation probability) equal
to one.

The extracted number given above is therefore a lower
limit, subject to increase with a spectroscopic factors
smaller than one. For the transitions analyzed here, the
reasonableness of the extracted P4 value implies that the a
preforination probability is not too much smaller than
one, a result which is consistent with the large average a
preformation probability y (0.2—0.45) extracted for the
Sm isotopes from a preequilibrium analysis of the contin-
uum spectrum. '

Our calculation also seems quite promising in giving
the correct energy dependence, which was not true of the
triton pickup calculations. ' Although the two series of
data are taken at incident energies, 23.1 and 28.65 MeV,
that are not too far apart, it is nevertheless gratifying to
find that the P4 values are the same for both energies.

IV. DISCUSSION AND CONCLUSIONS

The substantial success of the analysis of the highly ex-
cited (p,a} transitions on ' Sm using a collective form
factor in the DWBA calculations and in particular the
correct prediction of the magnitude of the cross section,
which to the best of our knowledge has never happened
before with a (p,a) reaction, demonstrate that preformed
a particles in open shell nuclei are emitted by collective
excitation. Formal justification must now therefore be
found for such a form factor in reactions other than in-
elastic scattering.

Although at the present stage no quantitative link has
yet been established between our reaction calculation and
Iachello and Jackson's nuclear structure model, our calcu-
lation is consistent with this model on the basis of their
common collective, vibrational nature. As shown in Ref.

17, indeed, satisfactory reproduction of levels of actinides
is achieved only by assuming that the clustering is
described by vibrations of the a particle-core nucleus sys-
tem (the "vibron model" ).

It would be now interesting to include in the calculation
quantitative information drawn from Iachello and
Jackson's model, particularly the spectroscopic factor; this
would allow the calculation, too, of the relative strengths
of the transitions to different states of the same nucleus,
which would indicate a different a particle structure. In
the vibron model this is taken into account by varying the
mixing of dipole (describing the clustering) and quadru-
pole (describing the deformation of the core) degrees of
freedom. ' This is equivalent to saying that states with a
cluster structure varying between 0% and 100%%uo can be, in
principle, accounted for; this, in turn, can explain the high
selectivity found experimentally in the (p,a) spectra of
Fig. 1 (i.e., states with -O%%uo a cluster structure would not
have any chance to be excited in the present model).

It would also be useful to study nuclei having different
average preform ation factors y, as determined by
phenomenological analysis of the continuum spectrum of
(p,a} reactions and a radioactivity. The effect studied in
the present paper, in particular, should be practically ab-
sent in nuclei for which a very low y preformation proba-
bility was extracted (e.g., Pb). Work on these interest-
ing points is in progress.
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