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QUASIMOLECULAR :SINGLE=NUGLEON EFFECTS
IN HEAVY-ION COLLISIONS*

Karl iAJ: Brb

Oak Ridge:.National Laboratory
Oak Ridge, Tennessee 37831
U.S.A.

, Siﬂﬁi&?ﬁ%%iiél@’mofign in nuclei has *-~ditionally been studied
pith spectrogcopic tools such as one-step inelastic scattering and
hucleon transfer reactions, using both light- and heavy-ion reactions.
Such investigations have provided a wealth of information concerning
the structure of isolated nuclei. Much less well understood is the ex-
&enc to which the single-particle motion is modified in heavy-ion col-
hisions by the approach and proximity of the collision partner. There
ﬁs ample theoretical justification for expecting significant modifica-
;tions;in a variety of properties in low—energy collisions of heavy ions
when the collision time is comparable to or longer than the character-
istic nucleon rearrangement time.

In particular, the strong possibility exists that the modifica-
tions.to single-particle motion could include the formation of di-
puclear orbitals, in which the nucleon bonds to both collision part-
ners, and that this sharing of the nucleon would signal the (transient)
éxistence of muclear molecules. From a phenomenological point of view,
such molecules would be different from the collective nuclear molecules
discovered nearly 25 years ago by Bromley, Kuehner, and Almqvist.l)

But on a more fundamental leveal, the two kinds of structures bear a

close relationship, particularly when viewed in terms of the two-center

*
' Research sponsored by the U.S. Department of Energy under contract
tDE~AC05840R21400 with Martin Marietta Energy Systems, Inc.



_ ,—~cu15tions of potential energy surfaces relevant to collective mole-

tudies of single-particle molecular orbital effects would refine the

tails of the two—center model and provide better input for model cal-

culesa
1:1. MdLECULAR ORBITAL EFFECTS IN ELASTIC AND INELASTIC SCATTERING
! Adriano Gobbi and collaborators5) identified the phenomenon of
i
plastic exchange in measurements of 12¢ 4+ 13¢ elastic scattering angu-
har distributions (Fig. 1). They showed that the natural explanation
or tde observed rise in yield at the larger angles is in terms of the
kxchadge process 1llustrated schematically in Fig. 2. Direct elastic
i
cattéring is supplemented with the indistinguishable exchange process

n which the extra-core neutron is transferred from the 13C mucleus to

!
the 12C reaction partner. An extensive series of investigations was

carried out by von Oertzen, Bohlen, and collaboratorsG) to determine

l
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Fig. 1. 120413¢ gcattering data
(Ecm 9.88 MeV) showing evidence
for elastic exchange. From T
Gobbi,et al.s
! c) EXCHANGE (-8

] i _ |

l
, Fig. 2. Direct and exchange
! contributions to !2¢+13c
scattering.
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etood ;n terms of ordinary direct transfer, or whether the data con-

tained evidence for either enhanced or repeated transfer. Both of the

,faigffe;;processes would be natural consequences of the formation of
ﬁolecu}ar orbitals. These studies established elastic exchange as an
#mportant and very real physical phenomenon, but conclusive evidence
for mqlecular orbital enhancement remained elusive. For most and prob-
ebly all elastic scattering examples, alternate explanations involving
ﬁodified optical potentials, different spectroscopic strengths, etc.,
can be found that permit reproduction of the data without the enhanced
exchange and its concomitant molecular orbital implications.

g Striking evidence for the formation of nuclear molecular orbitals

in heavy—ion collisions appears in measurements and analysis of ine-

I |l
lastic scattering in the !3c+!2C gys- 1
Fem.7f9) In these studies the cross

: : L 6(6)/on(A
section (Fig. 3) for excitation of a .

1/2+ level of 13c at 3.086 MeV was
found to be significantly enhanced,

and the corresponding angular distri- == =
! . o(6) md/sr Ewm=7.8MeV

llbution nearly symmetric about 90°. 130,126,120)3C*(3.088MeV, 1/2%)

#oth of these findings emerge as !

characteristic features of the molec-

ﬁlar model calculations®) that de-

scribe the data. When the overall

f
system is in states of positive

parity, polarized molecular orbits

L
i B A

1
for the extra-core reutron are ‘orassamey, 5/2) ]

formed that have a greatly enhanced

| ' aoz2} -
density along the line joining the )
&entefs of the colliding nuclei. 395’; S W T A
<l d -
Figure 4 depicts the calculated den Fig. 3. 12¢+13C elastic and
sity from Ref. 8, and the similarity inelastic data from Ref. 8.
126-1-12¢ ohain i _ The enhanced and 90°-symmetric
po a linear " chain s re yields to the 3.086-MeV level
markable. Configurations of this are attributed to molecular

&§ﬁéﬁ§hﬁd&illy are. conducive .to . _. . . Orbital formation.

t
'
)

|
| !
Ao . — 1

:l Il'ffll . pxchatize. t in_ thi 1 simil ti ’ ij'j"' ”{"f:___



oo trdngferyi »In.addition, the positive

parity of the enhanced configuration

is copsistent with the observed

) iaiéﬁiér distribution symmetry about
90°. 0dd-parity states make little
contribution to the transfer pro-
icess,;because the corresponding

molecular orbitals have a density

node ﬁetween the two centers (Fig.

34).

Ehave ﬂsed the two-center shell mndel

éark, Greiner, and Sche1d10,11)

(TCSM) to predict molecular orbital

ieffecés such as nucleon promotion

‘and transfer in terms of real and

avoided level crossings in the two-

Ecente? level diagrams. A typical
flevel'diagram from Ref. 11 that is
grelevént to 170+12¢ interactions is reproduced in Fig. 5. For nucleus-
,nucleﬁs separations near 7.5-8 fm, the diagram contains an avoided

ilevel'crossing between the 9=1/2 branch of the ldssy level (carrying
the valence nucleon) in 170 and the 28y /2 level of the same nucleus.
iThus,ﬁcollision trajectories probing this region could result in the
;promotion of the valence muclecn via the nuclear Landau-Zener effect.

10 S )

Re.nel2c at ¢26.6fm

Fig. 4. Density distributions
of a molecular neutron orbit,
from Ref. 8. The top(bottom)
panels ccrrespond to states
having total parity odd(even),
that tend asymptotically to
P1/2 states in the separated
system. The neutron density
peaks on the line joining the
cores in the even state.

ECindr§ 35_31.12) have carried out a search for this process by measur-

ing the energy and angle dependence of inelastic scattering to the
0.87 Mev, 1/2% excitation of 179, Reasoning that trajectories having

iclassical turning points near the separation distance of the avoided
'croseing will be affected the most, and also that only one partial wave
iat a time can satisfy this condition, Cindro et al. argue that enhanced

;yield% and angular distributions characterized by

) - - _ 211/2
L = kR (2m(E VCB)/ﬁ] R,

'would be good evidence for molecular orbital and level érossing effects

@gpf@éﬁtygrcenterrshg}} model. Some of the data from Ref. 12 are sho
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;Fig. 5. TCSM level diagram for 12¢417g
jcollisions, from Ref. 11.

iin Fig. 6, where the close similarity
|betweEn the measured angular distribu-
‘tions and pure Legendre polynomial sha-
‘pes can be seen. These exciting recant
idata bupport the validity of the TCSM
;appro?ch and should motivate consider-

-able additional work along these lines.

/2. MOLECULAR ORBITAL EFFECTS IN THE l3c+l3c + 12c+l%C REACTION

. The single-particle molecular orbital effects discussed above
i should have particularly pronounced effects in rearrangement reactions,
!We have indeed found this to be the case in a study of the

? 13C(r3C 12C)l"C reaction carried out at Yalela) and discussed below.

For comparison, we note that a similar transfer process was
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Fig. 6. Angular distribu-
tions of three energies for
the 12¢(179,170% 0.87 MeV)
12¢ reaction, from Ref., 12,

The dotted lines are
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Pla (cosf) (bottom) shapes.
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studied -gome- timemgo—wi&h-a—bomba%diag—of—%&ﬂ-by——ﬂu—e&a%w—%?—‘ -

this relatively high energy there is too little time available for in-
‘ternal rearrangement of nucleon degrees of freedom to be significant. !

[P
.——As”a consequence, neutron transfer having appreciable parentage should

proceed as a direct, one-step process, and be well described in terms

of the DWBA. The reaction actually studied in Ref. 14 was 13¢+12¢

Eelastic scattering, but the measurements were carried out in an angu-
‘lar region where the cross section is dominated by the neutron transfeq
;amplitude, i.e., by the amplitude for 13¢(12¢,13¢)12¢, The reaction

;invol\?res angular momentum transfer '3C('ZC I3C)|2C
jof both A% = 0 and A% = 1, as the ! —
A ‘ |
;neutr?n is exchanged between P1/2 100 E=87 MeV —
lorbits. DeVries!S) showed that the -
fincohérent addition of the two —\\
s'c‘.oni:r:'l.but:l.ons, each of which sepa- —*
10

rately leads to highly structured
sangular distributions, nicely re-
;produces the observed rather flat

}angulrar distributions, as may be
|seen in Fig. 7. 1Inasmuch as a

fstrai’ghtforward finite-range DWBA

]

do/dQ (mb/sr)

™ without Recoil

;calcu.llat:l.on, using standard param- A )" 920 ont
‘eters' and spectroscopic strengths, 10 _:_:_!f!::‘h- i- =

‘ , AR

'provides a good account of the py/; —"|_I'|',"!"." \“Cg';‘ngleB"AS'
'neutron transfer between !3C and y ‘-\',-"'I ‘,\L\mﬂl Recoil
12 at high energy, any deviations | ‘{:,';!\f(_“}
;observed at lower energy will be :----£=0:“',':" i ‘I-" ~
'ev:ldence for changes in the reac- el K ij"\l_‘\'__
;tion mechanism. Y H "‘ ;’,“

] In our study of ’ 10° 20° 30°
1 13¢( 13¢,120) 14¢, the balance be- 6c.m.

‘tween the A%=0 and Af=l transfer Fig. 7. Direct nature of

1 contr;ibutiong_ would be changed :::‘:::: i:;“::i:‘g’y?t gtj;zh::ta
jsignificantly if, for example, our are from Ref. 14 and the

fFEﬁ“oiE%.561"ibombarding,-energies near. . . Ccalculations from Ref. 15.




%hewCéuldmbsbarriét‘enabled molecularnerﬁital-formatioﬁ—dufigé the
%elatively long collision times available. The polarization phenome-
non typified in the lower panel of Fig. 4 and discussed above would
/,“éfEsﬁkly favor AL = 0, since the enhanced neutron density on the core-
core axis carries an orbital angular momentum of zero. Moreover, any
@ixing of the asymptotic configurations in the linear-combination-of-
?uclegr-orbitals (LCNO) model tends to reduce13) the binding energy '
'diffe#ences between entrance and exit channel for configurations
fhaviné channel spin S = 0, bu* to leave it essentially unchanged when
s = 1. For pj/2 to py/2 transitions leading to the 12¢414¢ ground
gstate’exit channel, S=0 configurations contribute only to A&=0 trans-—
ifer, énd S=1 only to Af=l. Thus, molecular orbital effects of this
ltype éould reduce the effective Q-value toward the optimum value

| .
}(Qo =0] for Af%=0 transitions and leave it unchanged for A&=l.

Pt,
Our 13c(13¢,12¢) 1% measurements covered the range of bombarding

ienergies from just above to approximately four times the Coulomb bar-

!
irier [8 < Ecm <25 MeV]. Energy-angle surfaces constructed from the

zmeasufed and DWBA yields ace compared in Fig. 8. Throughout the entire
: ! N -
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!énérgfhtdhgé~uhdétiéonsideration,—the«measured~anguiarméiétributions
for the ground-state reaction are highly oscillatory, while the full
finité-range, properly antisymmetrized DWBA calculations are relati-
P mggigﬂfeatureless. To fix the optical potential for the calculation,
we carried out an extensive series13) of 13¢c+13C elastic scattering
measurements over the energy range 7.25 < Ecm < 35.5 MeV and deter-—

mined: the following optical-model parameters:

0o~ 16.0 MeV I, = 1.35 a = 0.45

v
| W= 0.22E_ r, = 1.35 a, =0.30
§Sma11:changes in the parameters failed to improve the agreement be-
étween?the DWBA calculations and the transfer data. From a pbenomeno-—
élogicél point of view, the basic problem with the DWBA is its failure
'‘to prédict the correct Af%=0 to A%=1 ratio. As Fig. 9 shows, each of
fthe two cross-section componments is highly oscillatory, but with
gphasiﬁg that results in featureless angular distributions when they are
'combiﬁed.
E We attempted to extract the ratio of A%=0 to A%=] strength direct-
fly frém the data for comparison with theoretical models, using a phase
shift:analysis. The ratio could not be determined unambiguously,

|
Elargely due to the fact that the contcibuting spherical harmonics are
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[Fig. 9. Comparison of individual Af%=0 and A%=l contributions to the
ERDOF PAGE . total DWBA shown in Fig. 8.
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;not}fm:‘chﬂgonaibl-'o@ér’l‘t";he iimite&-.-;n"guiar- range 30° < 8 < 90° where the
/data exist. We did find that an enhanced role for the Af%=0 component
g recjuired for an 1mproved fit, and, in fact, at most energies ade-

,-ﬁgyate fits to the angular distribution data could be obtained assuming
m 8%<0 transfer. Ome such example is shown in Fig. 10.

The angular distcsibutions from the 1?’C(13C,12C)1“C ground—-state
§react1.on at relatively low energies thus require a different balance
1n the angular momentum transfer than is predicted by the DWBA, and th
1required change is qualitatively comnsistent with the A&L=0 enhancementsj

expected from the systematics of known molecular orbital behavior
(Fig.'lf). The energy depen- Y
'dence | of the data provides Be(BelZc)ae ]

;anothler important piece of in- : Ecm.ﬂ‘sw 1

formation. Our measured 90° F .
gexcitetion function is plotted i .
togetber with DWBA calcula- [ r\ N
tions in Fig. 11. The ap- E | \/ :
iparently periodic oscillations Y -

Iin the data are absent in the
|ca1cu1ation, but perhaps more
lsignificantly, the measured

Ecross: section at the peaks of

do/df} {mb/sr)
o

gthe oscillations remains rela-

—;—-=t.|.,'_;. T
)

tivel& constant over a wide Jf

energy range, while the DWBA ] ! 4

iyields generally decrease with i Y. ,’ \
‘increasing bombarding energy. o EEEE";’ ! v"_-’?,'_:
iUsing:a two—pole parametriza- r , l ?;- i
tion suggested by Carlson and e e e i T eo? ”;
McVoyi, 16) Korotky!3) first 8 :
gsimul:ated the DWBA Af=0 results

;and then showed that a much im- Fig. 10. The measured

; | 1
|proved fit to the 90° excita- Sc(13c,12¢) 1% angular distribu-
tion (top) is better reproduced by

Iti°“ function data (Fig. 12) the A%=0 DWBA component than by
tr\D (_‘L PAGE _ the total DWBA.
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Fig. 11. Excitation func-
tions at 90° measured and i
calculated for the i
l3C(13C,lZC)“’C reaction. g
The DWBA fails to reproduce |
the structure in the data,
and seriously underpredicts
the cross section magnitudes.

Fig. 12. Excitation func-

_ tion calculations for the

13¢(13¢,12c) 1% reaction
using the two-pole model.
Only A%=0 angular momentum
transfer is considered. The
lower panel shows a calcula-
tion using the asymptotic
Q-value. The upper panel
shows the effects of reducing
the (effective) Q~value in
the model calculation.
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rcould .ibe:; rachieved:. by reducing -the--separation beEween»the poles~and—~jtq~
moving them closer to the real axis. These shifts correspond to a re-
duction of the effective Q-value in the region of the barrier and an

__1pcrease in the collision delay

‘time, precisely as would be expected 1 mév:é ﬂ;ﬁmécméﬁnq

‘1f molecular orbital formation were ol— G290° , €=0.65
-a dominant aspect of the reaction. t —
Taken together, these experi- g 6! Peee €XP.
—
‘mental findings--greatly enhanced E
o 42
A£=0 transfer, evidence for a re- = 0
@
vduced effective Q-value, and in- Poke
10 20 30
,creasgd collision time-—-leave little w? CENTER ‘OF MASS ENERGY r
gdoubtfthat single—-particle molecular Lcﬂ’c?c)“c
ieffeci:s are at work in the reaction |o3i E.;m"55MeV
3¢ 13,120y th¢ at low bombarding

energies.

An extensive dynamic two-center

fshell;model calculation for this re-

action nas been carried out recently

iby Kaﬁnecke, Greiner, and Scheid.!7)

'The optical-model parameters deter-

iminedjby Korotky and listed above

fwere used, and couplings among neu-

itron states that tend asymptotically

)
to py/2 and s,/ orbits weve in-
cluaed in the calculation. With the

proper choice of a neck parameter
that determines the height of the

two-center potential at a point mid- Yao 60 80 100
rway between the cores (i.e., € = - CENTER OF MASS ANGLE

DIFFERENTIAL CROSS SECTION (IN MICROBARNS)

’0.65), a rather good reproduction

of our transfer reaction angular Fig. 13. Data (dashed lines,
Ref. 13) and TCSM calculations

(solid linesi Ref 17) for
may be seen in the lower panels of yields from !3c+!3Cc inter-

Biﬁ ‘13'Aﬁln.addition, the general . __actioms.
: |

!

o I

ldistribution data is achieved, as
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Ifeatures: of i thé élastic scattering (Fig. 13, tdp panel).an&iiﬁgagféfn
ireaction excitation functions (Fig. 14) are described reasonably well,

The molecular orbital model as implemented by Konnecke, Greiner, and

,hiéiﬁéia thus provides additional quantitative evidence that neutron
transfer in the !32+13¢ system at low bombarding energies is governed

by a molecular orbital rather than a direct (DWBA) mechanism.

dc‘

200

100

FA Y SR R W
5 EnlMeV]

Fig. 14. 13¢(13c,12¢)l%c 90° excitation function data
(dashed lines, Ref. 13), DWBA calculations (dash-dot
l1ines), and TCSM calculations (solid lines, Ref. 17).

These successes render it especially important to compare the in-
.elastic yilelds from the calculations of Konnecke with new inelastic
,8cattering data from Pennsylvania. Balamuth_gg'gl.le) recently
Emeasured the yields from single and mutual excitation of the predomi-
inantl& single-particle p;/; to s,/, transitions in the 13c(13¢, 12¢)14¢
system, with results shown in Fig. 15. The cross section for mutual
excitation of the 3.09 MeV 1/2% level is approximately 25 times smal-.
}ler than the single excitation of the same state, whereas the TCSM cal-
fculat#ons of Terlecki.gg_gi.lg) predict that the two should be nearly
lequali, I'Balamuth found that the difference persists over the bombardin

- | al
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'%hétgyffange;’s < E‘ < 25 MeV. The discrepancy’ may iudicate that the]
transfer coupling, which was included in the calculations of Konnecke f
et al. but not in the earlier work of Ref. 19, is a particularly imporT

..\_A- -

. -taft ingredient in the model calculations. !

H
|
(

10000 | T T T | | T T T

= E
= 3
- .
B m |
{000 | -
- ¢ 5 ]
'?L / 3
' e
= 1005— / 5} } iE
bl ¥ - H f ]
'Ud - ] } -1
o N ! ]
! i
L Tt
IOE- } -3
1Y IS TN SN SN RN RN DU N N
. 10 14 18 22 26
; .Ecm(Mev)
Fig. 15. 13c+!3c single (filled circles and solid
reurve) and mutual (open circles and dashed curve)
inelastic excitation functions (90°) to the 1/2+
3.09-MeV level, from Balamuth et al. (Ref. 18).
'The calculations are from Ref. 19.

;3. SUMMARY AND CONCLUSIONS

S?veral experimental exauples have been discussed to illustrate
%that single-particle molecular orbital behavior has become an estab-
glishe? reality in nuclear physics over the last several years. Theo-

retical progress is discussd in more detail in these proceedings by

5Prof.;Scheid. Measurements and analyses of inelastic scattering in th
F13412¢ ang 1704.12¢ systems, and of neutron transfer in the
UL30($30'1?C)1“C reaction, show that the motion of valence nucleons canJ

|
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be strongly: and simultaneously influenced by beth coellision partﬁers

in heavy-ion collisions. This behavior is characteristic of a molecu-

lar (single-particle) rather than a direct (DWBA) mechanism: it demon-;

.Létfafes that the single-particle analog of atomic molecular motion

plays an important role in nuclear reactions at bombarding energies
near the Coulomb barrier. Such behavior may be even more pronounced

in the collisions of massive nuclei that will be studied with the new

.generation cf heavy-ion accelerators.
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