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D. K. Scott, D. L. Hendrie, U. Jahnke,” L. kraus'

C. F. Maguire, J, Mahoney, Y. Terrien,§ and K. Yagi”

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT

The reaction 1Z_C(IZC, 9Be)lso was studied at incident energies of

78, 104 and 187 MeV. Combined with the apparent high selectivity of the
reaction in exciting simple 3He cluster states, the systematic energy

variation of the cross section is used to select cluster states of pro-

3

gressively highér angular momentum.



" The discovery of oscillatory angular‘distributions'in one and two-
nucleon transfer reactiohs.with heavy-ions has led tb their widéspréad
application in supplemeﬁting our knowledge of nuclear strucfure derived
from conventional light-idn reactions.1 For multinucleon tfansfer
reactions, howéVer, the différential cross sections are often featureless
and serve as poor signatures of the J-value of a_state;z’s’4 Such
structureless distributions are not peculiarvto heavy-ion induced
transfef, éince‘in recent stﬁdies'of the (a, p) reaction at high energy5’6,
- J-values had to be assigned from the theorétical prediction of thé magni-
tude rather than the shape of the differehtial'crpss section. Potentially, .
however, these multinucleon transfers can uhiquely give us information
on new types of correlafion in nuclear motion in areas inaCcessiblé in
general'with'conventional light-ion reactions. The nature of these states
is currently the subject of much study in heavy-ion research.7 of
particulér interest is the comparison of theoretical predictions of
cluster structure bésed on the shell-model2 or on the recent-folding
potential model which has been used to generate cluster rotational bands

12 16O cores.8’9 This latter

for three and fouf nucleons outside ~“C and
approach appears highly successful for light ndclei and, extended to
other regions of the periodic table, introduces an interesting'area for
sbectroséopy with heavy-ions. In this letter we describe a methodvof
combining the high selectivity of the reactions with a study of fhe
variation of the cross sections over a wide range of'energyzo to select

~states of progressively higher spin in the rotational band.



To initiate this work we chose the reactions 12C(lZC, 10Be)MO and

12C(lZC, 9Be)lso; the latter reaction was known to be favorable for
spatially symmetric'SHe tranSfer.11 The reactioﬁs were studied using
the Berkeley 88" Cyclotron, and the QSD spectrometer to detect the reaction
products. The three-nucleon transfer was done at three bombarding energies
of 78, 104 and 187 MeV. The spectrum, taken at 187 MeV, in Fig. 1,
illustrates.thé pronounced excitation of states at 15.08 and 12.87 MeV,
which have been assigned J" = 13/2" and 11/27 on the basis of reaction
systematics and theoretical predictions. 2’9_ In the cluster model these
states correspond to 3He orbitals with L = 6 and 5, and are the upper
members of rotational bands with 2N + L = 6 and 5; where N.is the number
of nodes in the wave function of tﬁe’cluster.9 As the incident energy
is decreésed, states of lower spin become strongly exéited. This effect
is illustrated in Fig. 2, which shows that at the lowest energy of 78 MeV,
representative states of J' = 1/2°, 5/2+ and 13/2+ are excited with com-
parable intensity, whereas at 187 MeV there is a factor of 103 between
the cross sections for the 1/2 and the proposed 13/2+ state. This vari-
ation, if accounted for by reaction dynamics, can be used to infer
J" valueé. |

We describe the reaction by a semiclassical theory2’12 which gives
the transition probability (P) from an initial cluster state in the‘
projectile with OY?ital and magnetic quantﬁm numbers (lel)kand SpectroF
scopic ampiitudé Sl, tq a final state (szz) of amplitude SZ. The orbit

of the projectile is assumed to follow a straight line. Then
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P = S5,| Y@l (5',0), IYiz (E.’O)l exp [‘ (‘F—)-* <i7§%5—> (1)

where R = R1v+ Rz; vy is related to an average of the binding energies €

of the initial and final states, according to y?2 ='ZE§ , where m is the
‘ h

transferred mass. The quantitiés AL and Ak are defined by:

Sy g .l |
AL = X, - X + 5 k(R - R, + Qugg/tv (2)

i

Ak

Ky AR - A/R, | e

Here v is the relative velocity of the cores in the region'of trahsfer,
kg = mv/h and Q ¢¢ = Q - (zfzf‘- Zizi)ez /R. The semiclassical
transition prdbabiiity (Eq. 1) has a structure which parallel§ that given
by the full finite-range DWBA amplitude in fhé'iimit of small binding
energy. In that case Na'garajan13 has shown that thé six dimensional
integral of the DWBA‘separateé into a product of two three-dimensional
integrals whose arguments are of the same form és the terﬁs in Eq. 1. |
The transfer probability is lafge only if Ak, AL ~ 0, corresponding
approximately to conServation of linear momentum along.the incident
direction, and to conservation of angular momentum of the transferred
particle. The conditions (2) and (3) relate the energy dependence to the
J-valﬁe of the state. Total transition probabilities between states
(jlzl) ~and (jzlz) were calculated by summing over the fihal AZ and
averaging over VAI, weighted by coupling coefficients for the:particle

spin and angular momentum. Details of the bound state wave functions



are ignored, apart from the spherical harmonics in Eq. 1 ( which enter
with fixed arguments because the reaction is confined to the reaction
plane in the region between the nuclei) and tﬁe parameter”vgﬁhfor which
we used an average value of 2.5. _

'The results of the calculations for the 1/2°, 5/2+ and 13/2" states
are éhown in Fig. 2. One overall normalization was applied in comparing
theory and experiment, and equal spectroscopic factors were assumed for
all states. The general trend of the data is accounted for by the model,
in particular the Strong‘enhancément of the 15.08 MeV state over the
ground state (J" = 1/27) at the incident energy of 187 MeV. This
observation is consistent with a high spin assignment'(13/2+) to the
15.08 MeV state. It appears, in fact, that there is-a sYstematic
variation in the maximum of the cross section which moves progressively
to higher.energies the higher the J-value of the state. |

, Thé enhancement of the 13/2+ state may also,Bé due to a larger
cluster spectroscopic factor. Indeed both the strongly excited states
at 15.08 and 12,87 MeV may be examples of threshold ciuster.or molecular

14, ls since they lie just above the threshold of 12.07 MeV for

0o~ 12C + 3He. Intuitively the cluster model is expected to

states,

the decay 15

give a good description when the clusters are well separated but when
they overlap so that antisymmetrization becomes important, the cluster
shell model pictures become equivalent.16

The next member of the 2N+L band is predicted by the folding model 9

at approximately 10.9 Mev (J" = 9/2+) in the analog nucleus 15N.

Recently 17,-é three particle four-hole state of J" = 9/2+_was indeed
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"discovered in 15N at 10.693 MeV, coinciding, within experimental errors,

with the state selectively excited at 10.78, 10.73 MeV and 10.704 in three
nucleon transfer reactions on 12C induced by 10B 18; 6Li ? and o particles
respectively. The first two reactions also identify the analog excitation
in 150 at 10.47 and 10.50 MeV, in good agreement with the excitation we
observe at 10.42 MeV (see'Fig; 1). This.state we therefore associate |
with the above 3p-4h configuration, and it probably corresponds to the
9/2+ L=4 cluster state, since the overlap of the shell model and the
foldlng potential model is expected to be large for this conflguratlon ?
As Fig. 1 shows, we also observe a selectlvely excited state at 11.66
MeV in 15O, the intensity of which was found to increase relative to the
10.42 MeV, 9/2+ state between 104 and 187 MeV incident ehergy, implying
a higher orbital than L=4 for this state. (At thevincident_energy of
approximately 10 MeV/nucleon of the reéctions induced by 10B and 6Li,
this state was only weakly excited.) Tehtatively, therefofe, we assign -
this excitation to the 9/2;, L=5 configuration predicted by strong and
weak coupling SU, models 2 at 11.7 and 11.3 MeV respectiveiy. A 9/2”
state in 15N at 11.95 MeV has also been inferfed from a study ofvthe

systematics of the 13C(a,d)lSN Teaction 19

the 12C(a,p)lSN reaction.5 Although the SU3 models give rise to appre-

, and from a DWBA analysis of

ciable cluStering in this configuration, no such state is predicted by
the folding model at this regien of excitation. Instead, cluster states
with J" = 9/2" and 11/2+ are predicted_to lie at over 20 MeV in excitation 9

since these are the components of the 11/2 and 13/2+ states raised to

‘high excitation by the t or 3He spin-orbit potential;_ A more detailed

>
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study of the energy variation of states excited in the region of 10 and
20 MeV could possibly provide a test of these different approaches to
clustering phenomena. The experimental identification of states abéve
20 MeV would call for even higher incident energies than the 15 MeV/nucleon
of the present experiment.
| The technique of energy variation is particularly -useful for

distingui;hing states of different L-orbitals lying close in excitation.
A case is illustrated in Fig. 3, which compares spectra at 114 M’eV2 and
187 MeV for th-proton cluster states, assigned 3 and 4" in Ref. 2 and
lying near the threshold of 6.57 MeV for the decay 145,12 & Zp; The
relative intensities of these L=3 and 4 orbitals reverse at the higher
energy, in agreement with the above aésignment.-f: |

We havé shown that the energy variation of multinucleon tfaﬁsfer
reactions cah be a useful technique for identifying cluster states; The
measurement of the differential cross sections in muitinucleoﬁ transfer
reactions with light or heavy-ions does not appear to Be a unique method
of assigning J values 2-6 unless supplemented by varying the bombarding
energy over a wide range. The location of similar states in other
target nuclei and transfers of more massive clusters are potentially
interesting extensions of this technique using high energy accelerators
of readily variable energy. The approximate formalism.of the reaction
mechanism described here, whether of semi-classical or DWBA theory, will

simplify the task of conducting surveys in order to discover the interesting

interesting areas for investigation 20.
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FIGURE CAPTIONS

Energy spectrum for the reaction 12C(l_ZC, 9Be)lSO at

E, = 187 MeV and eL= 8.

L

The energy variation of the relative differential cross
sections for states of different J" excited in the
reaction 12C(IZC, 9Be)lSO. The dotted lines are to guide
the eye through the experimental points, and the éolid

lines are the theoretical predictions based on Eq. 1. -

+

excited in the reaction 12C(IZC, 10Be)ld_'o at 114 MeV

(Ref. 2) and 187 MeV.
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