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LOW-ENERGY HEAVY-ION REACTIONS: SOME RECENT DEVELOPMENTS*

G. R. Satchler
Oak Ridge National Laboratory
Oak Ridge, TN 37831, U.S.A.

1. INTRODUCTION

Low-energy nuclear physics is alive and well! Especially is this

true for the study of low-energy heavy-ion reactions.1-5) (We take low

energy to mean energies in the vicinity of the top of the Coulomb bar-

rier between two ions.) In recent years, the broad range of phenomena

contained in this category have come to be seen as interconnected.

Measurements are now being made of many aspects of a system, such as

elastic, inelastic, transfer, and fusion reactions, and coherent theo-

retical procedures have evolved which take them all into account. It

is not possible here to describe in detail all these developments, but

a few topics have been selected to illustrate the overall situation.

The common thread that runs through modern descriptions of these phe-

nomena is the recognition of the importance of the couplings between

many channels, either implicitly (as in recent improvements in our

understanding of the optical model) or explicitly through the solution

of large coupled-channels problems. These couplings result in impor-

tant multi-step contributions to reaction amplitudes in addition to the

one-step amplitudes that were traditionally evaluated by methods such

as the DWBA, barrier penetration models, etc. At first this seems a

nuisance, but the study of these terms and their interferences can

yield interesting information.

There are many approaches to these problems which fall into three

broad categories. The most microscopic approach can be represented by

*Dedicated to the memories of Taro Tamura and Lionel Goldfarb.
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coupled reaction channels (CC) in which the various channels are

treated in detail and at various levels of approximation. Clearly this

becomes cumbersome and impractical if there are a large number of con-

tributing channels. More macroscopic models (e.g., neck formation6'

during fusion) may then be more appropriate. These may be regarded as

treating many such transfer and inelastic couplings in an average (and

probably more meaningful) way. Finally there are the simplest models,

typified by the optical model, which include the channel couplings im-

plicitly. To be useful, the application of these models must be in-

formed and guided by our knowledge and intuition about the underlying

processes, and not used in an ad hoc manner. Of course, most applica-

tions contain features from more than one category (such as in a limi-

ted CC problem in which the optical potential matrix used contains im-

plicitly the effects of all the neglected channels).

We address three areas: (i) behavior of the optical model at low

energies and associated phenomena, (ii) fusion at near- and sub-barrier

energies; where does fusion occur?, and (iii) recent examples of expli-

cit coupled—channels effects at low energies.

2. THE OPTICAL MODEL

2.1 Light Heavy Ions and Deep Potentials

It has been established7*8' in recent years that the scattering of

light heavy-ion systems, such as 12C + 12C and 12C + 1 60, at energies

E/A £ 10 MeV, can be described by optical potentials with a deep real

part (similar to those provided by typical folding models9)) and a

moderately weak imaginary part that allows some sensitivity to the

interior region. This was possible because of the observation of

refractive effects such as a residual "nuclear rainbow" or farside-

dominance. Currently these studies (greatly assisted by a continuing

supply of extensive measurements and detailed analyses, such as those

recently made10) on 160 + 12C at Sao Paulo) are being extended to low

energies, where such clear refractive signatures cannot be seen and

optical model analyses are very ambiguous. However, it can be seen8'

that a smooth extrapolation of the deep potentials from higher energies

can reproduce these data. Further insight is obtained from the
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observation of molecular reso-

nances'*' 5) (further evidence of a

partial transparency) and the use

of the cluster model to guide in

the selection of potentials which

generate wavefunctions with the

appropriate (Pauli-allowed) number

of radial nodes**» 5» n - l l 0 (Fig. 2).

The latter condition requires deep

real potentials;* this has also

been deduced explicitly from micro-

scopic (RGM) calculations13) of

160 + 160 scattering.

_ Resonance Bands

102

10

101

10'

^ 101

Q

10 J

= 80-3°

= 90.0°

15 20 25 30 35

(MeV)

Fig. 1. Elastic excitation func-
tions12) for a deep (solid) and
shallow (dashed) potential.

Fig. 2. Resonance bands for the
160 + 160 system.12)

2.2 Threshold Anomalies (TA)

The "threshold" energy for heavy ions is associated with the top

of the Coulomb barrier, below which nonelastic channels become effec-

tively closed and the reaction cross section decreases rapidly. The

These results do not necessarily invalidate the use of shallow real
potentials, because there can be a phase shift equivalence between
deep and shallow potentials. However, the deep potentials (which are
local and, at roost, only weakly L- and E-dependent) have shallow
equivalents that must be strongly L-dependent, have repulsive cores,
and may be singular. Further, the wavefunctions they generate must be
interpreted differently.13*15)
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original "anomaly" (Fig. 3) was observed16""18) as a striking increase

3.0

60 80 100 120 140 160 180 200 220 240

ELAB (MeV)

Fig. 3. Values of the optical potential in the sur-
face region and a dispersion relation fit.21)

(by nearly a factor of 2) in the strength of the real optical potential

required to explain the elastic scattering as the energy dropped down

to the Coulomb barrier.* This was seen17*18) to be accompanied by an

equally dramatic decrease in the strength of the imaginary potential;

however, this was understandable as the absorption into nonelastic

channels was cut off by the Coulomb barrier. It was soon realized21)

that these two behaviors are connected by a dispersion relation22) be-

tween the real and imaginary parts of the potential, U. If U(E) -

V(E) + iW(E) and V(E) V Q + AV(E), then

AV(r;E) L fw(E;ir)
V E'-E

dE' (I)

The analogous phenomenon for nucleons has long been known, but occurs
for energies near the Fermi surface.19) The use of the dispersion
relation (below) has now become an important constraint to be imposed
- optical model analyses of nucleon scattering.20)on
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(There is a complementary relation23' in which AV and W are inter-

changed.) Any rapid change in W(E) that is localized in E will be

accompanied by a rapid change in AV(E) in the same E region. The vari-

ous parts of U will exhibit some "spurious" E dependence that arises

from nonlocality, but it is usually assumed to be negligible. ' This

will have to be reconsidered if more precise data become available.

The dispersion relation (1) is an expression of causality; a scat-

tered wave cannot appear before the incident wave interacts. By

Fourier transform, the energy dependence of U(E) translates into a non-

locality in time, U(t,t'), in a time-dependent description of the scat-

tering.21^ Causality demands t'< t, and the analytic properties im-

plied by this lead to (1). This property is nicely displayed in semi-

classical calculations24) of U using time-dependent perturbation

theory. Excitation at time t' can only be de-excited at times t > t'.

A recent development is the recognition25^ that the dispersion re-

lation (1) applies to each element (diagonal and off-diagonal) of the

potential matrix that appears in a coupled-channels description. Thus,

in principle, a threshold anomaly could also appear in the coupling

interaction needed to describe nonelastic scattering.26'

It was also quickly realized (and shown by explicit CC calcula-

tions27~29>31') that the TA is simply an expression of the effects of

couplings to nonelastic channels. At higher energies these interac-

tions are sudden and lead to absorption (i.e., they generate W) but

near and below the Coulomb barrier, they become more adiabatic. W de-

creases because absorption is inhibited, and virtual excitations result

in a real ("polarization") potential AV. This interpretation is rein-

forced by the explicit extraction of equivalent local potentials (Fig.

4) from the CC calculations.28»30»31»50) It also leads us to recognize

that the TA and the enhancement of sub-barrier fusion have a common

origin.

2.2.1 Elastic scattering. There are now several exam-

ples 1»2» 1 6- 1 8» 2 9i 3 2) of the anomaly for light and moderately light

heavy ions (e.g., Fig. 5). (It remains an experimental challenge to

demonstrate it for heavier systems.) One feature that has not been ex-

ploited is that the dispersive term AV in (1) will, in general, have a



-6-

exploited is that the dis-

persive term AV in (1)

will, in general, have a

radial shape different from

V ; consequently, the shape

of the full real potential

V * V + AV can change as E

varies across the anomalous

region.20'33^ Amongst

other effects, the shape of

the Coulomb barrier will be

modified and this can

change the spin distribu-

tion of fusion.31*) It is

difficult to confirm these

shape changes experimen-

tally (because of the ambi-

guities in extracting opti-

cal potentials at low ener-

gies), but they have been

observed theoretically

(e.g., Fig. 4) in the re-

sults from CC calcula-

tions.30.31.34)

Measurements of the

scattering of polarized
6»7Li have been made for

some time;35) now 23Na is

also available.36) These

are becoming rich sources

of new information. Some

results, particularly of

tensor analyzing powers,

can be understood in simple

terms as due to the

o.o-

-0.5-

CO

cc
-1.0-

-1.5-

-2.0

80MeV

- 86MeV

96 MeV

102 MeV

12.0 12.5 13.0

r(fm.)

13.5 14.0

Fig. 4. Equivalent local polarization
potentials for 1 60 + 2 0 8Pb at various
energies.31)

E(MeV)

F i g . 5. Example of TA for 1 6 0 + lt|<4Sin
deduced from elastic and fusion data. 3 * )
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alignment of the deformed shape of the projectile.37) These "sh.̂ p'* ef-

fects" imply relations between the components of the tensor analyzing

powers which are found to be satisfied approximately.37) Detailed

analyses of vector analyzing powers

(Fig. 6) show that the effective

spin-orbit interaction for these

ions arises predominantly from vir-

tual excitations.37*38) That is,

it is primarily a channel-coupling

effect and thus also satisfies the

dispersion relation (1). Conse-

1

0.1

0.01

-O.O5

-O.!O

58Ni(7Li,7LO58Ni

, = 20.3M,V
quently it may exhibit a TA.

2.2.2 Nonelastic scattering. The

best-known example of the TA for

reactions is the enhancement of

near- and sub-barrier fusion,

discussed below. Effects can also

be expected in specific peripheral,

or direct, reaction channels.25)

Inelastic scattering to a 2 + or 3~

state is particularly useful

because interference with Coulomb

excitation provides a sensitive

indicator of the nuclear interac-

tion in this energy region.26) If the excitation is strong, it is

thought appropriate to use a deformed optical potential to provide the

interaction,39' thus implying that the off-diagonal coupling should

follow the diagonal, or elastic, one across the anomalous region. This

h;;s been tested in at least two cases, 160 + 208pb26,«t0,M) a n d 16Q +

92Zr.**2) The overall TA behavior seems to be confirmed in the former

case (Fig. 7); possibly the inelastic anomaly is even stronger than the

elastic one. Preliminary analyses'*2) of the 92Zr data show that some

anomaly is present, and also suggest the possible importance of

coupling to transfer channels.

0° 30° 60° 90° 120° 150° I8O
0cm

Fig. 6. The solid and dashed
lines include virtual excita-
tions; the dotted line omits
them.38)
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70 80 90 100 110 70 80 90 100 110

iab (MeV)

Fig. 7. Transition potentials for 160 + 208Pb (3~) excitation.
Dotted line shows variation for the elastic potential, Fig. 3.

3. SUB-BARRIER FUSION

3.1 Introduction

A "hot" subject in recent years has been the enhancement of sub-

barrier fusion over what is expected for the simple penetration of a

potential barrier. 1»1*3) Figure 8 shows the canonical example.**3) This

problem is of interest because it is sensitive to the conditions occur-

ring just prior to hard contact between the two nuclei. It is now ac-

cepted that various internal degrees of freedom are involved in crucial

ways; in the present context, we would say that CC effects are very im-

portant. 1-3> 27,28,'tl,'t3) M y personal view is that the degrees of free-

dom of the combined system, best described in macroscopic terms such as

"neck formation",6^ determine the fusion path after the degrees of

freedom of the separated nuclei have been invoked. The latter should

be regarded, perhaps, as providing doorways. In any case, fusion

"occurs" at the boundary between the two regions where one or other of

these complementary ways of viewing the system is most appropriate.
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3.2 Where Does Fusion

Occur?

A critical question

at present is: "where is

fusion initiated?". It

has been popular to

assume that first the

nuclei have to fully

overcome a potential bar-

rier (albeit a multi-

dimensional one if CC ef-

fects are included) be-

fore fusion occurs.1*3'

This assigns the region

of strong interaction to

10 V
90

90 95 ' 95
Etm(McV)

Fig. 8. Fusion of Ni isotopes; solid
lines are single barrier penetration
predictions. **̂ )

radial separations £ r (A, 3 + A*/3) with r_ ~ 1 fin. However, recent

applications of the optical model by Udagawa et al.1*1*) to describe

simultaneously fusion and elastic scattering indicate much larger

radii, r ~ 1.4 to 1.5 fm, near or even beyond the top of the conven-

tional Coulomb barrier. Also, semi-phenomenological analyses of fusion

for a large number of systems,**5) based upon a distribution of poten-

tial barriers, find a strong correlation of the enhancement with the

separation energy of the least-bound neutrons of the target and/or pro-

jectile. When this is expressed as the distance of approach at which

neutron flow between the ions may occur freely, it supports the notion

of fusion being initiated at large radii. (This work1*5) also suggests

that the probability for fusion increases slowly as the nuclei approach

more closely, instead of occurring rather suddenly as assumed in the

optical model studies. ****)

In this approach,1*5^ the effects of couplings to collective states

(predominant in most CC analyses) are relegated to lower energies where

a £ 10 mb, say; neutron binding appears to be the dominant Influence

for 10 < o<J 100 mb. (However, this does not necessarily imply that

one- and/or two-neutron transfer cross sections are large, or that cal-

culations coupling in these channels alone will provide the observed
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fusion enhancements.) The lack of correlation with collective deforma-

tion is illustrated in Fig. 9 which compares a closed-shell spherical

target with a well-

deformed rotor [&2
 a

0.25); the overall

enhancements are rather

similar. l*5)

3.3 Some Recent CC
Results

An encouraging trend

in recent experiments is

for measurements to be

made on most, if not all,

of the interrelated pro-

cesses for a given sys-

tem: elastic and inelas-

tic scattering, transfer

reactions, and fusion, as well as studying their variation across an

isotopic sequence. Studies of the various Si, S + Ni systems provide

good examples. 1+6»lt7) Such data help to reduce some of the arbitrari-

ness in our use of theoretical models; some CC analyses of these sys-

tems have already appeared. If7»t|8) The results of these calculations,

as well as some for 33S + Zr systems'*9) and for 58Ni + 6**Ni,50) empha-

size the need to include couplings to transfer channels. (We note

that, far below the barrier, neutron transfer is the dominant contribu-

tor to the reaction cross section for the lower partial waves which are

involved in fusion. Coulomb excitation cross sections may be much lar-

ger, but they are spread over many high partial waves.51) The fusion

enhancements for isotopic sequences are seen to be correlated with the

cross sections for neutron transfer"*6"1*9) while it is also noted that

the largest effect on fusion can come from coupling to two-neutron

transfer even though the corresponding transfer cross sections are

appreciably smaller than those for one-neutron transfer. **8»1*9)

Quite complete CC calculations have been made27* 28»'*1»51) for
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160 + 208pb> l n c l u d i n g a l l t h e t r a n s f e r a n d inelastic channels known to

be strongly coupled. Generally good agreement with measured cross sec-

tions was obtained. The transfer couplings were found to be rather

more effective than the inelastic couplings for enhancing fusion.

3.4 Fusion with Polarized Ions

One interesting recent development is the measurement36»^2) of

fusion with aligned 23Na ions on *»8Ti and 206Pb, which yields the ten-

sor analyzing powers as well as the cross sections. Good agreement was

obtained for the Pb target3G> when an energy-dependent optical poten-

tial was used (Fig. 10). This potential, which exhibits a TA, was

deduced from analysis of quasi-

elastic data. 36> 1000 n

3.5 Spin Distributions

A critical test of any model

of heavy-ion fusion is that it re-

produce correctly the distribution

of spins of the compound

nucleus.53"55^ If we ignore any

spin of projectile or target, this

is the same as the partial wave

distribution

(2)

95 100 105 110
E C M / M e V

(IT*2) £(2L+1)T(E).

The first moment <L> can be in-

ferred from Y-ray multiplicity

measurements, while fission angular

distributions can be used to deduce

<L2>.56) More detailed measure-

ments and analyses may yield55) the

full distribution cJp.(L). Such

1.0

0.8

2 ° 0.6

Q2

nn

*™ ^ ™ ^™* ̂ ™

;

- w
95 100 105 110

Fig. 10. Fusion of polarized
23Na on 208Pb. Solid (dashed)
curves for energy-dependent
(fixed) potentials.3*)
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measurements provide much more

information than a itself;

very different o (L) may be

found (e.g., Fig. U ) which

sum to the same o . Channel-
r

coupling effects which enhance

a may also strongly modify

the shape of ap(L) (Fig. 11)

and always increase the

moments <L > at energies in

the vicinity of the Coulomb

barrier,53»5£O although they

tend to the same limit at very

low energies (Fig. 12). How-

ever, a problem that re-

mains55*56^ is that CC calcu-

lations tend to give <Ln> that

are smaller than those deduced from the measurements at sub-barrier

energies (Fig. 12).

«o

Fig. 11. Spin distributions 5<*>
foi ^Ar + *22Sn at 107.5 MeV.
Solid and dashed curves are
with and without couplings.
The dots give the same op by
reducing the barrier height.

125

cm (MeV)
145

Fig. 12. Mean L for fusion of 58Ni + 100Mo.5S) Solid
and dotted curves are with and without couplings". The
coupling strengths were increased by 50Z for the dash-
dot curve.
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The spin distribution is also affected by where one assumes the

onset of fusion to occur. The CC calculations just mentioned assume

that this does not happen until the barriers are fully penetrated (r ~

1.0 fm, say). Broader distributions result if one allows fusion to

begin at larger radii (rp £ 1.4 fm, say)**
1**1*5.57) and the low-energy

limit is increased (Fig. 13). The distribution-of-barriers model1*5) is

also able to reproduce the measured o_(L) qualitatively;55) this model

also implies some fusion at large radii.l|5)

Fig. 13. As Fig. 12,
but optical model
calculations55) with
rp = 1.0 (dotted
curve) and rp = 1.44
fm (dashed curve).

125 145

=cm

Despite the many apparent successes of CC analyses of fusion data,

there remain a number of problems, and it is not entirely obvious to me

that we have fully identified or accounted for all the degrees of free-

dom that are relevant to fusion.

3.6 The Optical Model of Fusion

Any CC problem, however extensive, can, in principle, be re-

duced22) to an effective one-channel optical potential, U(E) - V(E) +

i W(E) which describes the elastic scattering, while the expectation

value of W gives the reaction cross section. Formally,51*59) W can be

decomposed, W(E) = Wp(E) + WD(E), where the expectation value of W

gives the fusion cross section and that of W gives the cross section

for quasielastic or "direct" reactions. This is the formal basis of

the Udagawa et al.4I+) (UT) optical model. If W is confined inside the
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Coulomb barrier, and the peripheral damping due to W is neglected,

this model is equivalent to the original one-channel barrier penetra-

tion model1*3), except that the real potential V(E), and hence the

barrier height, is allowed to be E-dependent. Then V(E) follows the

TA, and it was at one time speculated515 t> ,t this was sufficient to

describe the fusion enhancements in this E region; however, as in Fig.

11, it does not give broad enough spin distributions.51*) The UT model

goes beyond this by allowing W to extend to larger radii, into the

barrier itself, and this does give broader o (L) (as in Fig. 13). Once

we relax the constraint of confining W_ to small radii, a variety of

a(L) shapes, and large values of <Ln>, may be obtained59) (Fig. 14).

A plausible interpreta-

tion59) of a large radial ex- 4.0

tent for W is that it is due

to the multistep contributions

to fusion that were described

explicitly in CC calculations.

Formally,51'58) W itself may

be decomposed, W (E) = W (E)
F oF

+ W _(E), where W _ is the
pr OF

"bare" fusion absorptive po-

tential to be used in CC cal-

culations and W is the addi-

pF

tional "polarization" term

that ar *ses when the CC equa-

tions are projected onto the
elastic channel. Thus W _

pF

accounts for fusion that

occurs after nonelastic tran-

sitions into various direct

channels, transfer or inelas-

"1 T i—r
*Ni

88MeV

POTENTIAL UT

<L2> = 157

7

1.5
POTENTIAL AI

<L> * 24.4
<L2> = 892

10 20 30 40 50 60 70 80 90

0.5

Fig. 14. Example of a spin distribu-
tion when Wp is allowed to have a
small surface component with the same
shape as Wp.59)

tic. This would be expected to be more peripheral than W , especially

at sub-barrier energies, so that the W in an optical model description

could extend into or even beyond the barrier even if the bare W _ were
oF

confined inside.
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An optical model for fusion is attractively simple, and may pro-

vide some insights that are not immediately obvious from the more ex-

plicit CC models, such as the radial location where fusion is initi-

ated. Whether it is useful for the detailed analysis of fusion experi-

ments depends upon how well the various parameters of the model can be

determined by the elastic scattering and fusion data, not to mention

whether a simple local and L-independent potential is adequate for this

purpose. These are the questions faced by any optical model.

4. SOME SPECIFIC MULTISTEP REACTIONS

4.1 Transfer Reactions to High-Spin States

There is a growing program of studies of one— and two-nucleon

transfers between heavy ions (e.g., ranging from Ni + Dy to Pb + U) at

near-barrier energies.60) These use Y-ray measurements in coincidence

with the scattered ions to obtain high resolution. The basic process

(Fig. 15) is multiple (predominantly Coulomb) excitation of the target,

then nucleon transfer followed by multiple excita-

tion of the residual nucleus. ' In this way, the

nucleon transfer is achieved with little or no

transfer of angular momentum, but large amounts of

angular momentum can be transferred during the

Coulomb excitation phases so that final states

with high-spin I can be reached (e.g., I < 28 have

been seen with Pb + U). The transfer is most

likely to occur61*6^' between states with spin

~ 1/2 I, thus providing a unique probe of, e.g.,

the pairing structure of high-spin states and such

exotica as the Berry phase, diabolical transfer,

and a nuclear SQUID.63) ENTRANCE EXIT

17f4.2 Strong Coupling for l'O + 208Pb

The nonelastic interactions of 170 with 208Pb

near the Coulomb barrier, both inelastic and

transfer, have been studied in detail, and shown

Fig. 15. Multi-
step transfer to
high spin.61)
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to be strongly influenced by multistep (i.e. CC) contribu-

tions. »"' The measurements can be understood in terms of a three-

body model: 208Pb, 1 60, and a valence neutron. A crucial role is

played by the l/2+, 0.87 MeV excited state of the valence neutron in

1 70. Figure 16 shows the full coupling scheme used, while Fig. 17

shows the effect of omitting the roultistep terms. The major part of

the l/2+ inelastic excitation is via neutron transfer to the single-

particle states of 209Pb and recapture into the l/2+ state of 1 70.

Correspondingly, the 208Pb(170,16o)209Pb transfer amplitudes receive

important contributions from first exciting the l/2+ state of 1 70,

which may then provide a better overlap with the final 209Pb states.

Indeed, most of the effects on the transfer can be reproduced by using

a simplified three-channel model61*'65' rather than the full coupling

scheme of Fig. 16. Such analyses provide insights into the polariza-

tion potentials which are equivalent to these multistep processes (they

appear to be predominantly imaginary,6lt>65) rather than the real poten-

tials encountered in the main TA), and lead to a deeper understanding

of strong—coupling effects.

The changes induced in the transfer cross sections persist to

higher energies (e.g., Fig. 18) and are characterized by a shift of the

angular distribution peak to smaller angles, as well as a small de-

crease in its magnitude, compared to predictions using the DWBA. Such

shifts have been observed in a number of heavy-ion transfer reactions,

and here are seen to arise from a polarization of the system. See 50)

also.

Fig. 16. Coupling
schemes.
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4.3 Other Examples

Other cases of specific

strong-coupling effects that

might have been discussed in-

clude analogous multistep

transfers in light sys-

tems66'67) like 12C + 13C.

The importance of the coupling

to transfer channels when

there are loosely bound

valence nucleons had been

realized long ago68'59) for

the inelastic scattering of

1 8 0 . More recent examples of

this have been encounteredt|2)

for the scattering of 16»180

from 92Zr. The interference

with Coulomb excitation plays

a vital role in providing a

sensitive probe for these

additional nuclear amplitudes,

5. TECHNICAL ADVANCES IN CC
CALCULATIONS

ISO

•60 ISOThis is not the place to

go into details (see 62,70-7<t)

and other references cited

there), but attention should

be drawn to new developments

and approximations that have

evolved in recent years for

the handling of the complicated coupled channels problems that we have

been discussing. These are largely based upon the existence of two

disparate time scales (collision time vs. response time) and the terms

"adlabatic" or "sudden" are invoked (either may be used to describe the

Fig. 17. Upper: excitation of
170(l/2+); lower: transfer to
209Pb(l/2+), at 78 MeV. Solid
(dashed) curves are with (without)
multistep effects.
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same situation, since what

is adiabatic with respect

to one time scale is sudden

with respect to the other).

In the present context, the

adiabatic (sudden) approxi-

mation means neglecting

nuclear excitation energies

(especially for rotational

nuclei). Great simplifica-

tion can also be obtained

if certain Coriolis terms

are neglected (isoc«=mtrifu-

gal or rotating frame

approximations). The re-

sult is a partial (some-

times total) decoupling of

the coupled equations,

greatly reducing the size

of the problem and thereby

making it feasible to

handle a larger number of degrees of freedom. Further, additional sym-

metries may emerge, e.g., tidal symmetry, associated with a conserved

quantum number, the tidal spin.73)
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