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Excitation functions and angular distributions for the !*C(x,®Be)®Be reaction were mea-
sured for E, =17-33 MeV. Only broad structures were observed, except for a narrow reso-
nance at E, =22.30 MeV. Total and L -partial cross sections are deduced from the angular
distributions. Below E, =20 MeV noJ =8 resonance was found. For higher energies an L =8
contribution appears, increases gradually, and becomes dominant at and above E, =23 MeV.
A tentative interpretation of the behavior of 2C(a, ®Be)®Be partial cross sections is given in
the framework of the Hauser-Feshbach formalism.

NUCLEAR REACTIONS !2C(,?Be), E = 17-33 MeV, measured o(E;0). '¢0
resonances. Natural targets.

I. INTRODUCTION

The large number of resonances identified in the
work of Chevallier ef al.! shows that the
20(a, ®Be)®Be reaction seems to be particularly
well adapted to study the high energy structure of
the '°0 nucleus. These results were confirmed by
Martin and Ophel,? who studied the same reaction
in the incident energy range E, =15-19 MeV. They
showed that in their upper energy region the high-
est contributing relative angular momentum for
204+ is L=6. The corresponding partial cross
section was found to be dominant up to E, =22 MeV
simultaneously by James et al.® and Brochard
et al?

The present investigation of the C(a, ®Be)®Be
reaction was undertaken with the principal intent
of studying high spin levels in °0O and especially
to search for the J™ =8* level belonging to a sug-
gested 8 particle-8 hole band in this nucleus.® We
have measured excitation functions and angular
distributions in the incident energy range E, =17-
33 MeV. Analysis of the results shows no evidence
for a J" =8* state below E, =20 MeV. Above this
energy broad structures corresponding to L =8 are
found. The structures observed in the L-partial
cross sections are compared to the predictions of
a statistical Hauser-Feshbach model calculation
done with a ®Be +®Be optical potential of the type
used in the description of several low energy
heavy-ion reactions.

II. EXPERIMENTAL METHOD

The experiment was performed with the a** beam
delivered by the Strasbourg MP Tandem accelera-
tor. The beam entered an Ortec scattering cham-
ber through a series of 1 and 2 mm diam collima-
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tors. The targets consisted of 20-50 pg/cm?
thick, self-supporting natural carbon foils. Typi-
cal beam intensity and integrated charge were,
respectively, 10-50 nA and 10 uC per data point.

A. Detection

The basic experimental method used in the pres-
ent work is similar to that employed by Cheval-
lier et al.! The ®Be detection is achieved through
a coincidence measurement between the two a
particles from the ®Be breakup. Identification of
the ®Be particles from the decay of '*0 is made on
the basis of their kinematic characteristics. Since
the 2C(a, ®Be)®Be reaction is a two-body reaction,
for a given angle the ®Be energy is fixed and the
detected ®Be particles appear as a peak in the sum
spectrum of the coincident o energies. Other pos-
sible processes give continuum shaped spectra.
Two ®Be detector systems were used in our mea-
surements. Each system consisted of two rectan-
gular silicon surface barrier detectors 300 um
thick, 30 mm high, 8 mm wide mounted with 4 mm
vertical separation.

A computer program was used to evaluate the
®Be detector efficiency and to optimize the geom-
etry. It was also useful in extracting absolute
cross sections. The geometry and efficiency cal-
culations were experimentally checked by overlap-
ping the angular range of the two ®Be detectors.

In order to match the ®Be efficiencies of the two
detectors, the distance to the target was 150 mm
for the ®Be detector placed at the forward angles
and 120 mm for the one at backward angles. In
this way the ®Be effective solid angle varied by no
more than a factor of 5 over the whole range of
bombarding energies and measured angles (Fig. 1).
This corresponded to a mean angular aperture for
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FIG. 1. Dependence on the 8Be kinetic energy of the
effective solid angle @ of the 3Be detectors. For the two
distances indicated, the full line shows the energy range
covered by each detector. The 8Be effective solid angle,
expressed in the laboratory system is defined as @
= f € d98se’ where € is the probability of detecting the
two a particles from the breakup of a 3Be nucleus emit-
ted in the solid angle dQg_ .

8Be detection varying from two to three degrees
in the c.m. system. The use of these rectangular
sized detectors allowed for an efficiency improve-
ment of a factor of about 10 with respect to that
obtained by Chevallier et al.!

For monitoring purposes and to get information
on other reaction channels a 1000 um, 50 mm?
silicon detector was mounted 200 mm from the tar-
get at 168° to the beam axis.

To measure the dead time each preamplifier test
input was fed from a pulser triggered by the digi-
tal output from a beam current integrator. In the
single and coincident spectra, this pulser peak was
used to measure the effective beam charge by
taking into account dead time and pileup effects.

B. Data acquisition

In the sum spectrum of coincident @ energies,
the ®Be ground state (g.s.) peak from the %0 decay
into two ®Be particles in their ground state can be
obscured by other possible processes, as for ex-
ample when the ®Be particles are emitted in their
first excited state or from the ®Be +a decay of
12C*, A two dimensional spectrum E,, versus
E,,, as shown in Fig. 2, gives more information
and allows better peak separation. The energy
resolution (~4%) needs at least 128 channels for
each dimension. This required too many channels
to handle simultaneously coincidence and random
spectra for two ®Be detectors. However, based on
the fact that the two dimensional spectrum is sym-
metrical with respect to the line E,, =E, (for
identical gains), and that over the whole energy

range of this study the maximum energy difference
between the two a particles from a ®Be (g.s.) decay
is nearly constant (=2 MeV), the occupied memory
size can be reduced by a coordinate change from
E,, and E,, into Z=E,, +E,,,A=|E,, —E,,|. As

a poor A resolution is sufficient, we can reduce
the two dimensional spectrum to 256X 4 channels
without losing information, as shown in Fig. 2.
The coordinate transformation is done through
standard hardware electronics. It allows the stor-
age of all desired spectra in the memory of a
Hewlett-Packard 2100 computer and on-line data
analysis.

III. RESULTS

Due to the fact that for the 2C(a, ®Be (g.s.))’Be
(g.s.) reaction identical particles appear in the
final state, the angular distributions are symmet-
rical about 90° (c.m.) regardless of the reaction
mechanism. The ®Be angular distribution mea-
surements were therefore limited to 6., < 90°
(612 =~ 60°). Moreover, as the two final state spins
are zero the angular distribution of ®Be (g.s.) nu-
clei issuing from a state of spin J has the form

FIG. 2. Schematic representations of bidimensional
spectra in the Ey XEq, and |Eq, —Eq,|X (Eq +Eq,)
modes. The group labeled ‘a” corresponds to the detec-
tion of ®Be (g.s.) nuclei from the ¥0*—8Be (g.s.) +®Be
(g.s.) decay; the groups labeled “b,” to the detection of
8Be (2.9 MeV) nuclei from the !%0*—8Be (2.9 MeV)+%Be
g.s.) decay. The group ‘“c” corresponds to the detection
of 8Be (g.s.) nuclei from the preceding decay and from
the 12C*—8Be (g.s.) +a decay.
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FIG. 3. Incident a-particle energy dependence at two angles of the differential cross section for the 2C(c, ®Be(g.s.))-

8Be(g.s.) reaction.

|P; (cosb)|?, where P,(cos6) is a Legendre polyno-
mial of order J. From the reaction symmetry J is
restricted to even values. This implies that an
excitation function at 90° (c.m.) will show any oc-
curring resonances.

A. Excitation functions

Two excitation functions at 90° and 48.6° (c.m.)
were measured simultaneously for the 2C-

(@, ®Be (g.s.))®Be (g.s.) reaction from E, =17-33
MeV. Steps of 10-40 keV with thin targets were
taken in some regions where narrow resonances
could be expected, while 100 keV steps were used
otherwise. The 48.6° angle, which corresponds to
a zero of P, (cosf), was chosen to identify any J"
=8*level. A contribution from such a state should
appear preferentially at this angle because the L
=6 contribution was found to be dominant up to E,
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FIG. 4. Incident o-particle energy dependence at 0y, = 168° of the differential cross section for the !2C(x, @’ )!C re-

action.
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=19 MeV (Ref. 2). The measured excitation func-
tions are shown in Fig. 3. Due to better known
geometry and target thickness estimation, taking
into account carbon buildup, both absolute and
relative cross sections differ slightly from our
earlier work.? Below E, =19 MeV and at 90°
(c.m.) the results are in good agreement with those
of Martin and Ophel® and differ from those of
James et al.® by about 20%. Our absolute cross
sections are estimated to be accurate to within
20%.

Excitation functions corresponding to the elastic
and inelastic a channels from the monitor placed
at 168° are represented in Fig. 4. They show no
strong interchannel correlation, except for a nar-
row resonance at E, =22.30 MeV (E, =23.88 MeV)
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FIG. 5. Energy dependence of the differential cross
section of the 12C +& reaction for several decaying chan-
nels around the J™ = 6* level in !0 at E, =23.88 MeV.

The solid lines are the results of calculations done with
the parameters of Table I (see Sec. III A). The dashed
lines are to guide the eye.

found previously by Hayward and Schmidt’ in elas-
tic @ scattering and which corresponds to a J"=6*
level.* The decays of this level were measured
simultaneously in the 2C + a,, 2C+a,, *C +a,,
8Be (g.s.) +%Be (g.s.), and !N +p channels. All the
resulting excitation functions show a resonant be-
havior (Fig. 5). It should be pointed out that this
level has both a proton and a ®Be width. Such a
situation has already been observed for a J"=4*
state excited at E, =14.52 MeV (Ref. 1). The anal-
ysis of the elastic scattering data (Fig. 5) using
the phase shifts determined by Carter® leads to the
ratio I, /T =0.06+0.02 for the J" =6" level. If we
describe in a crude way the resonance at E,
=22.30 MeV in the 2C + a, and ®Be (g.s.) +°Be (g.s.)
channels through Breit-Wigner shapes, we can
deduce approximate values for I‘BBe and I, by
taking into account the theoretical forms of the
angular distributions. The results for the J"=6*
level are given in Table I.

B. Angular distribution

Since our earlier work? most of the ®Be (g.s.)
angular distribution measurements were extended
to 10° (1ab) (~17° c.m.). The measured angular
distributions are shown in Fig. 6. Their shapes
vary slowly with incident energy even when the ex-
citation functions (Fig. 3) show resonancelike
structure. The number of minima between 0° and
90° increases from 3 to 4 while their positions
shift from the zero of P, (cosé) to those of P, (cos#)
for increasing bombarding energies.

Despite the low efficiency for detecting Be(2.9
MeV) (®Be nuclei in their first excited state) which
was about 300 times smaller than that for detecting
8Be (g.s.), it was still possible to measure some
such angular distributions. In calculating the ef-
ficiency for the ®Be (2.9 MeV) detection, we as-
sumed an isotropic correlation between the ®Be
(2.9 MeV) and the emitted « particles. In the en-
ergy range of the measurements E,=19.1-22.3
MeV, large cross sections are observed as can
be seen in Fig. 7. Some angular distributions are
strongly peaked near 90° (c.m.) and, as with the
decay to ®Be (g.s.), show a weak energy depen-
dence.

TABLE 1. Parameters of the J"=6" level at E,=23.88
MeV in €0,

E, r Tg, Lo, Ty,
(MeV) (keV) (keV) (keV) (keV)
22,295+ 0,015 2565 =35 1.5%0.5 ]

22.309% 0.007 2 2642

2 Reference 6.
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IV. ANALYSIS L max
o(B)=41 Y lay(®)I. (4.2)
even L

For the *((a, ®Be (g.s.))®Be (g.s.) reaction a

general expression for the differential cross sec- In this decomposition, each term represents the

e .8
tion is L-partial cross section.
do Lmax 12 2 The differential cross section can also be ex-
E(E’ 6)= C§L ay (E)2L+1)""Py(cos0) | , pressed linearly in terms of even Legendre poly-
41 nomials. However, as the coefficients of this de-
(4.1) composition have no unique interpretation in terms
where the @ (E) are complex numbers. of L-partial cross sections (except for the highest
From (4.1) the total cross section is L value), formula (4.1) was used in a nonlinear
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FIG. 6. Angular distributions in the c.m. observed at several bombarding energies for the 12C(a,*Be @.s.))’Be(g.s.)
reaction. The solid lines are the results of a nonlinear fit to the data with formula (4.1) (see Sec. IV). Here, EB stands
for the a bombarding energy.
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FIG. 7. Angular distributions in the c.m. measured at
several bombarding energies for the 12C(a,%Be (2.9
MeV))®Be (g.s.) reaction.

fitting program.

In Fig. 8, we show the total and partial cross
sections deduced from the angular distributions
measured in this work (Fig. 6), in the work of
Chevallier ef al.,' and that of Martin and Ophel.?
Several sets of a; (E) values corresponding to
about the same minimum y? value were obtained
for each angular distribution. The origin of this
multiplicity arises from the fact that there is at
least one ambiguity in the formula (4.1) for L
< L.« and also because it was not possible to mea-
sure data in the very forward angular region. For
each measured distribution we have indicated the
extreme values for the total and L-partial cross
sections by a vertical bar in Fig. 8. These bars
correspond to the a, (E) values giving the lowest
x? values. The importance of the forward angle
measurements can be seen particularly in the re-
sults deduced from the work of Martin and Ophel?
(vertical dashed bars), where the angular distribu-
tions were given only for 6., >35°.

At least three different L values were necessary
to explain each measured angular distribution.
This excludes the possibility of a one level inter-
pretation of the data. The a,(E) coefficient cor-
responding to the highest L value always becomes
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dominant while the others are involved mainly
through cross terms. The phases of these coeffi-
cients are found to be nearly constant. Even when
passing through structures no discontinuity ap-
peared.

V. DISCUSSION

We consider here our data together with previous
results' obtained in the incident energy range E,
=12-19 MeV. From a similar decomposition of
the cross sections, resonances for spins J =2-6
were observed to lie approximately on an J (J +1)
line.! This suggested the existence of an %0 rota-
tional band with a very high moment of inertia, in-
terpreted later as an 8 particle-8 hole band.® One
purpose of this study was to locate its J™"=8* mem-
ber.

A. Search for aJ"=8"level

The excitation functions measured in the energy
region E, =18.5-21 MeV in 5 to 20 keV steps failed
to show evidence for such a state. The same con-
clusion is reached after a search for an L=8 term
in the angular distributions. Up to E, =20 MeV no
evidence for such a term is found. About this en-
ergy, a weak but slowly increasing L =8 compo-
nent appears and becomes dominant at E, =23 MeV
(Fig. 8). Above E, = 27 MeV the nonlinear fit in-
dicates the presence of an L=10 component. This
implies that if a J"=8* level belonging to the pre-
dicted 8 particle-8 hole band exists below E, =20
MeV, it would have a very different width from
the other members of the band. One possibility to
explain this difference in width is that the forma-
tion of this level might be inhibited either in the
entrance or outgoing channels.

To test this hypothesis we report in Fig. 8 the
energies corresponding to the grazing angular mo-
mentum given by the semiclassical formula

L(L+1)=FR%*(1 -21/kR), (5.1)

where R =R ,(A,"/* +4,%), and k and 7 are, respec-
tively, the wave number and the Sommerfeld pa-
rameter for the considered channel. In the en-
trance channel (R,=1.4 fm) the possibility of an
inhibition for L =8 is important below E, =20 MeV.
In the ®Be (g.s.)+°Be (g.s.) exit channel, the ob-
served structures appear for each L value about

5 MeV below energies calculated with formula

(5.1) and R,=1.4 fm. However, the agreement be-
comes quite satisfactory (Fig. 8) if we use a larger
radius parameter R,=1.8 fm, which might take
better account of the loose a-cluster structure of
the ®Be nucleus'® and of a 4« linear configuration
breakup of 60 into two ®Be. Hence, no particular
inhibition can be expected in the outgoing channel.



B. Reaction mechanism

The broad structures observed for L=0-8 (Fig.
8) are characterized by their appearance near the
energies corresponding to the grazing angular mo-
mentum for the outgoing channel and by their ener-
gy localization for each L value. This behavior,
where a single partial wave dominates within a re-
stricted range of energy, is typical of a surface
mechanism and can be explained by the formation
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of quasimolecular states. This hypothesis is
strengthened by the low cross sections for a direct
mechanism estimated by extrapolation from higher
incident energy results'! (E, =65 MeV). These
cross sections are about an order of magnitude
lower than the observed ones.

A similar situation where resonancelike struc-
tures are observed near the Coulomb barrier is
encountered in the study of reactions like *C +'2C
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FIG. 8. Total and L -partial cross sections of the 12C(a,®Be (g.s.))’Be (g.s.) reaction for E, =12-33 MeV. The solid
lines are to guide the eye and correspond to the general trend of the measured differential cross sections. The dashed
lines correspond to the results of a statistical Hauser-Feshbach compound nuclear calculation done with the parameters
given in Table II. The solid and open triangles represent, respectively, the energies corresponding to the grazing angu-
lar momentum (see Sec. V A) for the entrance and outgoing channels. The arrows show the position of the J™ =2+ —-6*
levels of the 8 particle-8 hole band (Ref. 5) and the predicted position of the J™ =8* member of this band assuming a
J (J +1) rule. The solid bars correspond to the decomposition of the angular distributions measured in this work and by

Chevallier et al. (Ref. 1). The dashed bars correspond to the decomposition of the measurements of Martin and Ophel
(Ref. 2).
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TABLE II. Optical model parameters used in the Hauser-Feshbach calculation. The level
density equations and the related parameters are those defined by Gilbert and Cameron (Ref.
19). The forms of the potentials are defined in Ref. 20.

U Ry 2 ay wb Ry 2 Ay Vs.o. R s.o.“l Gs.o. E, ¢

Channel  (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV)
15N +p 50.99 1.25 0.65 13.5 1.25  0.47 5.5 1.04 0.65 9.16
150+n 484 1.25  0.65 8.5 1.25  0.98 5.5 1.25 0.65 9.61
UN+d ggd 1.15 0.81 12 1.34 0.68 9.71
Bc+3He 158° 0.93 0.81 6.8 2.25 0.65 6 0.93  0.81 9.50
13N+t 1504 1.24  0.68 20 1.45 0.84 8.92
204+ g 1854 1.4 0.52 25 1.4 0.52 16.11

'Be+%Be 10.6f 1.4 0.45 0.1 1.4 0.45 16.93

2 R=RyA,!/3 except in the *Be + *Be channel where R=Ry(A,1/3+A,1/3) (A, and 4, are, respec-
tively, the mass number of the light and heavy particles in the considered channel).
lomb radius is equal to the radius of the real well.

b The imaginary well is of the surface type for the ¥N+d and !°N+p channels, of the Gaus-

The Cou-

sian type in the 10+n channel, and are of the volume type in all others.
¢ Energy above which continuum level densities are used.

4 Reference 20.
€ Reference 23.

f The 8Be + ®Be optical potential is adapted from the one used by Maher et al. (Ref. 21).

or 2C +1%0 (Ref. 12). Most of the models devel-
oped to explain such behavior are based on two dif-
ferent hypotheses. The first assumes the forma-
tion of a-particle molecules.!*''* The conditions*
for the existence of these molecules are also ful-
filled for the ?C(«a, ®Be (g.s.))®Be (g.s.) reaction.
However, the lack of apparent correlations with
other exit channels like *C +a,, ?C+a,, and '2C
+a, disfavors this hypothesis in our case. The
second possibility is based on the creation of qua-
simolecular states. Several tentative interpreta-
tions to reproduce the observed resonancelike
structures have been done with optical model cal-
culations using very shallow potentials.'*-1® We
have made such an interpretation for the 2C-

(a, ®Be (g.s.))®Be (g.s.) reaction by using a sta-
tistical Hauser-Feshbach model calculation with
the parameters given in Table II. This calculation
is not well adapted to all the incident energies of
this study due to the small level densities and
number of open channels in the '®0O nucleus for
lower excitation energies. The heavy-ion optical
potential used to describe the ®Be +®Be scattering
must have a very small imaginary part in order
to reproduce the observed structures which are
only produced by the transmission coefficients
relevant to the outgoing channel. In Fig. 8 the cal-
culated curves (dashed lines) are compared to the
experimental data. The similitude between the
broad predicted structures and the behavior of the
experimental cross sections is in surprising

agreement with the nuclear molecule hypothesis.
Recent results obtained for the *0(a, °Be)'2C re-
action?® show a different behavior which could im-
ply that the structures are due to the simultaneous
presence of two 8Be nuclei.

VI. CONCLUSION

In the energy range E, =17-33 MeV of this study
only one narrow resonance, corresponding to a
J"=6*1evel, is found at E, =22.30 MeV. Below
E, =20 MeV the existence of a J"=8"* level cannot
be definitively ruled out, as it may be possible
that the limited amount of angular momentum in
the entrance channel inhibits the formation of such
a level.

The analysis of the measured angular distribu-
tions allows the extraction of L-partial cross sec-
tions. The broad resonant structures observed
near the Coulomb barrier in the outgoing channel
are characterized by the successive appearance of
L=0 to L=8 components and the energy localiza-
tion of these structures for each L value. They
are related to the exit channel and may be attrib-
uted to the formation of nuclear molecules. How-
ever, the different behavior observed recently®
would make it interesting to study other (a, ®Be)
reactions where 4n nuclei are involved.

We wish to thank Dr. A. Pape for critically read-
ing the manuscript.
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