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MOLECULAR DEGREES OF FREEDOM: RESONANCES AND ORBITING
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Studies of orbiting and other gross features of heavy
ion induced reactions show that molecular degrees of
freedom play a significant role. The formation of a
rotating dinuclear molecule appears as a general
feature, and the radii derived for these dinuclear
systems are larger than the radii of the conventional
nucleus-nucleus potential., These large radii for the
molecular bonding potential are similar to those
derived from systematic studies performed recently on
resonances in the 12C + 12C and 12¢ + 160 systems.

Molecular degrees of freedom might well play an important
role in the interaction between two complex nuclei. The
study of molecular degrecs of freedom can be carried out
along two different but complementary approaches. The tra-
ditional approach, that we label here "Microscopic™! entails
a detailed study of the many individual resonances of
nonstatistical nature that appear in scattering and reaction
channels of the colliding nuclei. The hope is that one can
eventually systematize these many “"fingerprints" and thus

build up a model of the underlying molecular structure. An

*Operated by Union Carbide Corporation under contract
W=7405-eng-26 with the U.S. Department of Energy.
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alternative approach--Macroscopic--involves a study of the
gross behavior system as a whole. This is done at the
expense of losing some of the more detailed information, but
because of its relative simplicity comparative studies
between different systems of heavy ions become easier. We
shall discuss some of the recent results from these two

approaches.
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Another recent example of precise 12C + 12C resonance
data appears in a study of the reaction 20Ne(q,12C)12C by
Charles Davis from the University of Wiscomsin.? His
measurements, made in 10 keV steps over the range of 20 to
26 MeV excitation in 2%Mg (the compound nucleus) with very
high resolution were followed up with a careful phase shift
analysis. All the resonances with a significant ff;_?:7?:;;
ratio are shown in Figure 2. The triangle centroids repre-
sent the energies of the resomances; while thelr areas are
proportional to the partial widths products. The well
established tendency of states with the same spin to cluster
over a limited energy range (~ 3 MeV c.m.) appears clearly

and is attributed by Davis et al. to barrier top resonmances

in the C+C exit channel,

A }rf\ N A AA & A LA

o | -

20 } , 'ﬁ.
R A
AT Pl
- H ,"l.‘ s 1 N § 43 s
Tl . pdEYTR '-\v)*\j\/ J VM

"J/"" 2N V
~
° (1) 15 1 7 IJl l" 2.0

€y (MeV)

FIGURE 2 Integrated yield curve for the 2%e(q,12C)12C
reaction with summary of resonance data.
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There is now an enormous body of data delineating the
properties of resonances in the 12C + 12C system. Erb and
Bromley* and Iachello’ have suggested two years ago a simple
classification for molecular resonances in the 12C + 1€
system in terms of a vibrational and a rotational quantum

number. The choice of energy functional
2
E(v,L) = =D + a(v+l2) ~- b(v+l2) + CL(L+1) (1)

represents an approximate expression for energy levels in
a bonding potential that can be represented adequately

around the region of its minimum at r = r, by
2 4
V() =V, + YoA(r-ry) + B(r-r,) + ... (2)

Iachello has also shown® that the expression (1) for energy
levels is appropriate for any Hamiltonian having certain
basic syzzetry properties [U(4) symmetry] that are a general
feature of rolecular interactions. The parameters used in
Figure 3 were those obtained by Erb and Brozley® from a fit
to 28 levels, of known spin, with spins ranging up to J=8
(full circles). The open circles correspond to resonances
in that energy range for which no spin assignment has been
made. Recently available data are also shown in Figure 3
together with an extrapolation of the trends derived for
lower srins. The resonances found by Davis EE.E£'3 fit into
the pattern nicely. At higher excitation energies the
resonances of each spin are more dispersed, mazking it more
difficult to discern evidence for the rotation-vibration
behavior. More work needs to be done to resolve a host of
questions concerning the higher-spin resonances. Assuming

the validity of this scheme the derived parameter values
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FIGURE 3 Classification of 12¢ + 12C resonances into
rotational &nd vibretiomal bands according to Erb et al.
(ref. 4). The triangles correspond to the new data from
ref. 3.

provide information on the position of the minimum in the
bonding potentizl and the barrier height. Figure 4 shows
the approximate form of this potential together with the
opticzl potentizl for a nonzero partial wave. The =inigun
of the molecular bonding potential lines up with the top of
the nucleus-nucleus potential barrier. Clearly this radius
is very large and the many suggestions to account for this
are as yet untested. One class involves excitation (virtual
or real) of the 12C to the first excited 07 state that has a

substantial extended 3a chain configuation. Such extreome
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deformations might be associated with the attraction at very
large radii.

The 12C + 12¢ system is the system for which the
largest body of detziled resonance data are available,
A feir zmount of data exist for the 12¢ + i6p system for
which 2 similar classification has been achieved.® There is
also an increasing body of data on 160 + 160 resonances
presently under investigation.7

The demarcation between "Microscopic” and "iacroscopic®
approaches to the study of molecular degrees cf freedom is
not a sharp one. A case in point are the striking inelastic
data reported five years ago by T. Cormier and collabora-
tors,8 2nd shown in Figure 5. These studies still involve
measurements of discrete transitions and their interpreta-
tion is frequently sought in terms of discrete resonances of
the ion~ion scattering. The observed excitation funection
structure appears in energy averaged cross sections and
frequently involves (as in Figure 5) a large part of the

total reaction cross section. Our present day knowledge of
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FIGURE 5 12C + 12¢ single excitation (27) and mutual
excitation (2+,2+) inelastic data (ref. 8).

the spins of some of the narrower resonances in this energy
range suggests that the spin assignment proposed for the
broad structure is only approximate, reflecting an average
trend. Several theoretical explanations (or models) were
suggested for the striking gross structure seen in these
data8:9:1051) a5 well as for similar features in the

160 + 160 system.l2 All these models relate the gross
structure in the cross sections to relatively narrow angular
momentum windows around the grazing partial waves. The
models differ in the underlying mechanism which creates the
windows., They also rely on angular momentum matching
between the elastic and inelastic channels. The essence of
these matching arguments for inelastic transitioms to well

matched channels is shown in Figure 6, taken from work by
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FIGURE 6 ~ Reflection coefficients and their derivatives
for 12¢ + 12¢ scattering in a strong absorption formalism.

Phillips et al.® The change in center-of-mass kinetic
energy equals approximately the energy difference between
the nucleus-nucleus potential for partial waves L and I~I
at the matching radius (I is the spin of the state excited
inelastically).

The situation is more complex for poorly matched
channels. Figure 7 shows the excitation functions for
inelastic scattering to the mismatched excited 0+ channel
and for the mutual excitation of both outgoing nuclei.l2
The simple matching arguments presented above do not repro-
duce these trends: note that the gross structure in the
(37,37) channel is not in phase with the single excitation
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data. Tanimura and Mosel h;ve shown that the introduction
of strong coupling between the different inelastic
cheznnels shifts the grazing partial waves so as to permit
reproduction of all these structures with their proper
phase. 10

When the coupling to inelastic channels is strong the
nuclei deform as they approach each other, inducing a change
in the interaction potential. The wave functions obtained
after solving the coupled channels equation were used by
Taninura and Mosell® to calculate this polarization correc-
tion. The resulting effective potentials for 160 + 160 are
shown in Figure 8 for five different inelastic channels.

The barrier heights for all channels are the same within
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FIGLRE 8 Equivalent local potentials for different

160 + 160 elastic and inelastic chamnels.
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%]l MeV--and the barrier top positions coincide with the
positions of the maxima in the inelastic cross sections.
This may be another indication that molecular bonding
reflects the behavior of the interaction at distances well
outside the pocket in the nucleus-nucleus potential and
close to the barrier-top region, rather than in the vicinity
of the pocket minimum.

The study of molecular degrees of freedom in systems
other than 12¢ + 12¢, 12¢ + 160 and 180 + 180 is considera-
bly more difficult, especially when spproached within the
“"Microscopic” zontext. At this juncture it has not yet been
settled whether the lack of intermediate width resonances in
the majority of reactioas between light heavy ions reflects
a diminished role of molecular degrees of freedom or simply
the availability of many open channels which have lzrge
parentzge with melecular configuration. Under such circum-
stances the resonance yields to individual channels mav be
small in comparison to the background from other processes.l3

For cases where this argument is true there sy be
clear advantages to be gained froz studying reacticn and
scattering yields in the backward hemisphere. A long-lived
rotating molecular state is expected to decay there with
nondizinished probability, while wost peripheral processes
are fcrvard or side-pezked. Backward and forward zngles can
be measured separately only if the systems have significant
asyzmetry between terget and projectile. A good exznple is
the 285i + 160 elastic scattering study reported several
years zge by P. Braun-Munzinger 35'31.1“ Shown in Figure 9
is the elastic angular distribution for 285i + 160 measured
over the whole angular range. The large cross sections at
backward angles are not expected for reactions with strong

absorption. The large magnitude of the observed back zngle
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yields precludes their interpretation in terms of scall
impact perzmeter phenomena immediately leading to the
suggestion, 15 that orbiting resonances of target plus
proiectile zare the source of these angle dependences. This
discovery led to a flurry of activityl® which revealed simi-
lar effects in many systems.

Figure 10 shows the elastic and inelastic excitation
functions for 28si + 12C measured close to 180°,15:17
There is plenty of gross and intermediate structure and much

of it seems correlated in the elastic and ine;astic channels.

13
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FIGURE 10 28si + 12C elastic and inelastic excitation
functions zt tackwzrd angles.

However, attempts to probe the analogy with 12¢ + 12
behavior by measuring integrated cross sections proved
disappointing. Figure 11 shows the results of a y-ray
measurement of the inelastic yield by Vandenbosch et al.l18
The total inelastic yield shows no significant structure.
This could mean either that the structure observed at back
angles does not reflect molecular degrees of freedom or that
the yield frem nuclear wmolecular procssses is distributed
over many exit channels and therefore (as discussed above)
is not discernible in the presence of the large ﬁackground.
Figure 12 shows spectra of 28Si + 12C peasured at back-
ward angles but over a large range of excitation energy.
The "anomalously large" elastic cross section at this back-

ward angle is dwarfed in comparison to the large inelastic



MOLECULAR DEGREES OF FREEDOM...

12, , 28,
=9 9 (geiza g2y ()4
= B 153’ Bem € 175 7

¢ 4 4 . -
2 .
2 , .
2- W _ -
O_: s e A
35l ' 1(9)7]
- O (gy=1.78.072%) LE T
< T = P
€ e+ E 8] -
‘; - .-><; '!-:'EE ®7=l‘44°
G = I n
R I5r" @a0o- G (99x2)
LI O I
wieoRr D 2907
5 "‘ b‘ . . , '":‘ ..‘,q....‘ﬁ" ‘ ‘®r' .J'
14 z0 23 35

Ecm. (M2V)

FIGLRE 11  Integrated cross section for 2833 + i2¢

inelastic scattering.

yields present. A similar situation prevails also for few
nucleon transfer channels. In our studies of the 285i + 12¢
and several other systems we have treated the entire yvield
shown in Figure 12 as originating from one process. This
process is depicted schematically in Figure 13: The two
nuclei (hard spheres) collide, clutch together, rotate for
a while and then separate. When separated the reéeding
fragments will be spinning around their own axes, this
results in a reduction of the relative kinetic energy for
the separated spheres. Clearly such a description can pro-

vide intuitive understanding of our observation but in a

15
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quantun mechanical system the macroscopic quantities must

be derived from microscopic distributions, and their most

probatle values should coincide with the expectation values

of semiclassical macroscopic quantities. Provided the

rotating complex lives long enough (~ 10719 sec) for many

nuclear degrees of freedom to equilibrate it can be con~

sidered a quasi or nuclear molecule.

In a series of
measurements carried
out on 28gi + 12¢
and several other
systems!? the energy
and angular distri-
butions of outgoing
products were
neasured in the
backwzrd hecisphere.
The kineticlenergy
distributions are
shown in Figure 14
for three outgoing
channels from
Si + C. The most
probatle kinetic
energies (maxima)
ware found to be
independent of
emission angle,

(see Figure 15) but
to depend linearly
on bombarding energy
(Figure 16). The
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FIGURE 14, Energy spectra for
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FIGURE 16 Dependence of most probzsble Q-value on bom-
bzrding energy.

angular distridbuticn of the integratcd yizld is izotrepic
(Figure 17). A simple quantitstive analysis of the dzta
shown in Figure 16 (bombarding ensrgy dependence) with the
classicel formulae listed in Figure 18 (all the classical
macroscopic quantities are identified with the maxima of the
measured distributions) yields, among other results, infor-

pation on the radius of the dinuclear system before scisqion

19
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and these results zre shown in Table 1I. These rrdii mayv bz

interpreted with the aid of Figure 19, which shows &

285i + 12¢ nucleus-nucleus potential. One can see that the
radius at which the dinuclear system is formed (or
separates) 1s outside the well of the nucleus-nucleus poten-

tial very close to the top of the barrier of that potentiai.
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The macroscopic study of the molecular degrees of
freedom is seen to yield results that agree with these
obtained from the "microscopic" study namely that the radius
of "molecular-bonding” has to be large and is located near

the top of the normal nucleus-nucleus potential. Similar

22
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studies on other systems such as 12C + 20ye,20 12 + 2upg, 20
160 + 274120 and 12¢ + 295120 have shown very similar beha-
vior at backward angles, suggesting that dinuclezr motion of
the type described here is prevalent and probably the rule
rather than the exception for light systems. Whether such
degrees of freedom can couple to particular states in the
composite systems and produce narrow resonances way depend
on the structure of the colliding nuclei and the compound
systen formed. Data on heavier systems such as 2%Mg + 2%Mg,
28g4 + 2881 and other sytems2l suggest that such narrow

resonances are not limited to light systems alone.

REFERENCES

1. D. A, BROMLEY and K. A. ERB, Heavy Ion Resonances,
edited by D. A. Bromley (Plenum Press, N.Y., 1983, in
rress) and Proceedings of the Conference on Resonances
in Heavy Ion Collisions, edited by K. Eberhardt
(Sgringer Verleg, Berlin-Heidelberg, 1982).

2, ©. J. LEDCOUXN, ¥. J. BECHARA, C. I, GHDONEZ, H. 4.
AL-JUWAIR and E. R. COSMAN, Phys. Rev. C, 27, 1102
(1983).

3. C. DAVIS, Phvs. Rev. C, 24, 1891 (1981).

4, X.A. ERB and D. A. BROMLEY, Phys. Rev. C, 23, 2781
(1981).

5. F. IACHELLO, Phys. Rev. C, 2778 (1981).

6. D. A. BROMLEY, Resonances in Heavy Ion Collisions,

P. 3 in ref. 1,

7. M. GAI et al., private communication and Phys. Tev.
Lett. 47, 1878 (1981).

8. T. CORMIER et al., Phys. Rev. Lett., 38, 940 (1977)
end Phys. Rev. Lett., 40, 924 (i978).

9. R. L. PRILLIPS et al., Phys. Rev. Lett., 42, 565 (1979).

10. U. MOSEL, O. TANIMURA and R. WOLF, "Nuclear Molecular
States,” preprint, June 1982,

11. Y. ABE, Y. KONDO and T. MATSUSE, Prog. Theor. Phys. 59,
1393 (1978).

12. W.K. WELLS, D. P. BALAMUTH and D, P. BYBELL, to be
published and as quoted in ref. 10.

23



13.

14,

15.
16.

17.
18.
19.
20.

D. SHAPIRA AND K. A. ERB

D. L. HANSON et al., Phys. Rev. C, 9, 1760 (1974).

R. L. VANDENBOSCH, Ph_;—_ézs. Lett., 87B, 183 (1979).

S. THORNTON, Proc. 18th International Winter Meeting,
Bormio, Italy, (University of Milan Press, 1980).

P. ERAUN-MUNZINGER et al., Phys. Rev. Lett., 38, 944
(1977).

J. BARRETTE et al., Phys. Rev. Llett., 40, 445 (1978)

P. ERAUN-MUNZINGER and J. BARRETTE, Phys. Reports, to
be published.

M. R. CLOVER et al., Phys. Rev. Llett., 40, 1008 (1978).
R. VANDEKBOSCE et al., Phys. Rev. Lett., 46 5 (19¢&1).
D. SHAPIRA et al., “Phys. Lett., li&o, 11l (19 2).

Work dome in collaboration with J. Ford and J. Gomez del
Cempo (ORNL), S. T. Thornton, R. Cecil and R. A. Parks
(University of Virginia), R. Novotny (MPI, Heidelberg),
D. Schill (GSI), B. Shivakumar (Yale University), J. C.
Peng and J. D. Moses (LANL) and published in Phys.

Fev. C, 21, 1824 (1980), Phys. Rev, Lett., 43, 1781
(1979), Phys. Rev. C, 26, 2470 (i982) and private com-
munication.

A, GLASSNER, Diplomarbeit, T.U. Munchen, Germany.

R. EEZTTS, contribution to this conference.

DISCLAIMER

This report was prepared as an account of work sporsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal Hability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the ;
United States Government or any agency thereof. j

24



