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MICROSCOPIC STUDIES OF PHOTOSPALLATION AND LIGHT-NUCLIDE RADIATIVE
CAPTURE WITH ALLOWANCE FOR THE INTERACTION OF .COLLECTIVE
AND CLUSTER DEGREES OF FREEDOM

V. S. Vasilevskii, G. F. Filippov, L. L. Chopovskiti,
and S. P. Kruchinin

lzvestiya Akademii Nauk S53SR. Seriya Fizicheskaya,
Vol, 50, No. 1, pp. 151-156, 1986 ;

upc 539.17.01

1. A particular place is taken amongst the resonant nuclear states excited b
magnetic radiation and charged particles by the dipole, monopole, and quadrupole. gi
sonances. Interest in these arose when various slgns of the glant dipole resonarce
observed [1-3], and Migdal [4] interpreted thls rescnance as the excitaticon of coll
oscillations in the nuclear protons. Since then, there have been numercus theoretic
studies on the dipole resonance {5,6] and also on the monopole [7] and quadrupole [§
Basic tasks in glant-resonance theory are to explain the nature of the resonances:
ifdentify themain factors determining their positions and widths. We therefore examin
far the published theoretical models are capable of dolng this.

There are two alternative vlewpoints on the nature of giant resonances. Whil
[4] and then Goldhaber and Teller [5] consldered the glant dipole resonance as &'s
which collective nucleon motion 1s exelted, Iin a long serles of theoretical papers
have been reviewed in [9-11], this same resonance was ldentified wlth the direct ex
‘tion of one-particle degrees of freedom in the nucleon system. In fact, at least:
first approximation, collective dipole excitation 1s a coherent superposition of .on
ticle dipocle ones £12], and, therefore, the two concepts are not mutually exclusive
ever, during their development there has so far been no substantial approach betwe
viewpolnts.

The milcrescople theory of collective excitations in nucleon systems [7,8,13- 151
based on the view that the collective modes of motion have a predominant role in’ ‘pr
ing the glant resonances, and 1t correctly predlicts the positions of the resonances
well as the relatively large pheotospallation cross sectlons, but 1t 1s incapable cf
producing the observed widths. A theory based on the shell model and concepts on:pa
hole states does not glve such large absolute photospallation cross sections, butlf
ables one to estimate the widths of the giant resonances from the random-phase method
that theory, the giant resonances should have fine structures, since the theory t a
such resonance as a set of a large number of particle-hole resonant excitations.

All known glant resonances lle in the region of the continuous spectrum for a nuc
system high above the threshold for decay on various channels. Therefore, In order:i:
culate the widths from the microscoplc thecry of collective excltation, it 1is necess
ineclude not only collective~motion medes but also modes related to nucleon-system de
on the open channels. So far, this step has not been taken, which has given rise to
ficulties in the microscople theory in the discusslon of the observed resonance widths

The maln purpose of this paper 13 to consider together the collective degrees.o
dom in the nucleus and the degrees of freedom of those channels on which the nucleu
decay. We restrict curselves to p-shell nuclei and quadrupole resonances in order t
the detailed calculatlons shall remaln fairly simple. Consequently, it is possible 4o

culate the effective photospallation cress sectlons for 6He, GLi, 7Li, and
partial states, as well as the corresponding radiative capture cross sections, and 5

also possible to show that the large wldths of the glant gquadrupolie resonances in the:
nuclides are a direct consequence of the strong coupling between the collective degre
of freedom and the cluster ones in the open channels. Finally, our approach leads
conclude. that there are narrow gquadrupole resonances, whose energies are some tenSiq
electron-volts. At such high excitation energles for the collective degrees offiee
the coupling of them to the cluster ones 1s weak, and therefore there 1s a delay iy
© 1986 hy Allerton Prass, Inc.
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‘of the collective excitavions over the open cluster channels.

According to the traditional shell model, each light nuclide shouldhave asizable
or of particle-hole excitations. However, wilth minor exceptions, all the excited

.5 predicted by the shell model lie in the continuous spectrum above the spallation
snold, where they can only be resonances. However, they are usually not observed by
ment even as resonances. One of the reascons for their absence from the spectrum 1s
the actual amplitudes of the cluster oscillations and the collective ones {quadrupole
qmonopole ones) in various states of light nuclides are much larger than is implied by
mates from the shell model. The cluster and collective oscillaticns disrupt the simple
structure of the particle-hole execitations, which leads in particular to an appre-

1e increase 1in light-nuclide binding energies and substantial change in the ground-
wave functions.

Dominant-mode collectivization oeccurs also for those states in ligh$ nuelides that
ar. as resonances in reactions. Otherwlse, it is difficult to explain why $Shey do not

instantly on open channels, which aiways include a nucleon-escape channel in the
i'of the glant resonances,

- Clearly, the narrow resonances must be closed-channel mode excltations, and also weak-
supled to the open-channel modes. At relatively high energies, the only closed channels
‘Hose in which the excitation energy 1is uniformly distributed over all the nucleons,

the channels for the collective degrees of freedom. However, if the amplitude of the
tive osclllations 1s not too large, the collective resonances may be extremely broad
oceurs for the glant resonances}, slnce the collective-mode channels overlap heavily

he open decay channels for small collective-osecillation amplitudes.

herefore, in simulating glant resonances as large numbers of particle~hole resonant
tations, we should be able to answer a difficult question: why in general can particle-
‘excltations become resonances at high energies above the nucleon-escape threshold?

ote that the question does not arise in the microscopilc theory of collective excita-

The explanation for the widths of the glant resonances in the mieroscopie theocry is
lows. The interaction between a nucleus and electromagnetic radiation or charged

icles {(electrons, protons, etc.) means that the energy of the Y rays or charged particles

ransmitted directly to the collectlve degrees of freedom {dipole, quadrupole, or monoc~

e ones), and, theréfore, collective oseillatlons are excited.
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Fig. 1. Collective-excltation and resonant-state spectrum for “He( Li):

RGM 1scalculation inthe clusterbasis, Sp(2,R) in the collective basis, and
RGM + Sp(2,R} calculation incorporating the coupling between the cluster
and collectlive modes. The energles of the levels and the resonance widths
(numbers in parentheses) are given in MeV.
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. The energy required to exclte the corresponding collective modes can be estimateq
if we neglect the transfer of excitation energy from the collective modes to all othen
modes within the framework of the microscopic theory. That procedure has been used'rs
peatedly for monopole and quadrupole modes £7,8,13,16~-181, and it gives the correct ps
tions for the monopole and quadrupole resonances, but it leaves asilde the guestion of:
widths. Giant-resonance dissipation is a consequence of the nueleus goling over to g
lying far above the threshold for decomposition on various channels as a result of the
transferred energy. The collective-mode channel is closed. Therefore, while the exci
tion energy remains localized in the collective degrees of freedom, the nucleus does' ng
break up, but this cannot last 2 long time. The collectlive channel 1s coupled to othen
channels, which are open at the excltatlon energy taken up by the collective mode. -
the coupling 1s strong, which ultimately results in considerable widths for the gilan
sonances: the excitation energy passes rapidly from the collective modes to the opers
channel ones and the nucleus rapidly breaks up. B

In general terms, this is the interpretation of the giant resonances and thelr:
which is confirmed by calculations for light nucllides. The main result from the micr:
scopic theory that is accessible to experimental test Is that a glant resocnance 1s g
having a large width. Against the general background of such a state, there may or may
not be peaks from a small number of narrow resonances responsible for a certain part of
the sum rule. We have mentioned above the possible origins of the narrow resopnances
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Fig. 2. Cross sectlon for the g(Es 0+-2+) quadrupcle photospallation

of 6Li; E 1g the energy of the escaping a and d fragments. Dashed
line RGM, solid line RGM + Sp(2,R). :

Fig. 3. <Cross sectlon off2 t--3-) of the quadrupole photospallation
of 'Li3 B is the energy of the o« and t fragments.

3. The nuclear wave functlon 1s represented as an expansion in terms of two seté
multiparticle oscillater functions: :

lF-.Zcf"'[v,mHZc,amn,:. bR (1) .

The first set of functions {|v, col>} constitutes the basisof the irreducible represen
tion of the cinpleetlc group Sp(2,R) and 1s adapted for describing collective quadrupo
exeltations. if we restrict ourselves to this basis, we get the Sp(2,R) mlcroscopic:m
first realized by Arickx, et al., [15,17]. The second set of functions {|n, e¢l>} is. th
cluster-model osgcillator-function hasls, or, in other words, the basis of the resonant
gioup method RGM, which reproduces the motion of the fragments (clusters) on the rele
channel, i

Before we discuss the theoretical calculaﬁion%, we note that the expansion . of Ci)
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aorporates 25 ecollective-basis functions and 100 cluster-basis ones. Those numbers
pasis functions enable one to reproduce the nucleon-system wave functions closely for
internzl and external regions. The interaction between the nucleons is representged
he first form of the Brink-Boeker potential [19]. The oscilllator radius is the same
she cluster and collective bases, and 1t was chosen for the condition for minimum

shold for each of the nuclides.

45 the Coulomb interaction between the brotons is not incorporated, and as the even
odd components are equal in the Brink-Boeker potential, the thresholds for the o+ 2n
‘g + d reactions (and alsc fecr o+ t anda + *He) are the same, and, consequently,

ame appliles for the oscillator radii ry for 6He and 6Li (7Li and TBe}. For the same

P“’ the results obtained for 6He (7Li) apply also to 6Li (TBe).

v #igure 1 shows the spectrum of resonances and collectlve excitations for 6He (ELi)
ved in various approximaticons. The cluster basis {RGM) enables one to describe the
d: and rescnant states (2+ state in this case) due £o the existence of & centrifugal
ier. The coliective functions (Sp(2,R)) provide a set of vibrational excitations

+
O+,2+ for 6He) as well as the rotatlonal excitations (2. for 6He), in addition to

opalous-parity states (ﬁT = 1), The first O+ ané 2+ vibrational excitaticns in even

suclides or the 1 and 3 ones 1n odd ones are usually identified in the microscopic

sory. with meonepole and quadrupole giant resonances, because they are linked to the ground
es: by large matrix elements for the monopole and quadrupole transition operators and
ust conslderable fractlons of the monopole and quadrupole sum rules with their energy

If on the other hand we incorporate not only the collective mode but also the cluster
(RGM + 3p{2, R)), then the above vibrational collective excitations dissolve into the
inuum, and the elastic-scattering phases in the corresponding cluster channel do not
resonant behavior at the energies where calculatlons show there should be a gilant
gonance on the basls of the collectlve functlons wlth the cluster channel closed. Con-
quently, the glant resonances cannot make themselves felt explicitly in light-cluster
teractions, and one has to seek other ways of recognizing them. The explanation of our

soretical results for the flrst ot ana 2% vibrational excitations 1s that these exclted
ates have relatively small collectlve-oscillation amplitudes, and therefore there is -
ng coupling between the ¢ollective and cluster meodes. This leads to rapid giant-
onance decay on the cluster channel. -

As regards the higher-lying O+ and 2* vibrational excltations, they characteristically
e large collectlve-osclilation amplltudes. The strength of the coupling between the
ilective and cluster modes in these excited states 1s less, and they do not broaden af-
:incorporating the cluster basis, being instead narrow rescnances clearly seen on the
rves relating the elastle~scattering phases and partizl effectlve cross sectlions in the
en cluster channel to energy. The widths of these collective resonances do not exceed
eV, i.e., they are much less than the width of the centrifugal 2t resonance. A similar

ure occurs 1ln the odd nuclides 7Li and TBe.

_ﬁge now consider the energy dependence of the photospallation cross sectlons UY for
("Li) and TLi(TBe). As the radlative capture cross sections oc are related to the GY
tbe detalled~-balancing conditions, our conclusions apply equally to the Uc; a charac-—

lstie feature of the calculated O {(Figs. 2-4) is that there are resonant peaks, some
which belong to narrow collective resonances excited by the v rays. The radiative

dths of these resonances coinclde withthelr a-decay ones. Also, the photospallation

088 sectlons have clear-cut peaks near the threshold, which occur because the continuum
fictlons have a struecture similar to that in the ground-state wave function at small

ues of the energy in excess of threshold, and the ground sgate lies only a little way
0w the threshold, while the matrix elements for the electromagnetic~transition opera-
Irs linking the ground state and the eplthreshold ones in the continuum infact are larger.
3:thus leads to eplthreshold resonances, A detailed discussion of the monopole epil-~
shold resonances has been glven in [21].

‘Flnally, in 6He, 6Li, TLi, and 7Be at excitation energles of i2-15 MeV, there is &
drupole~resonance peak of width abdut 5 MeV, which accounts for over 15% of the quadru- .
e sum rule with energy weilghts and can be considered as a glant guadrupole resonance,

Cg-its position coincides with that given by the Sp(2,R) collective model.
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Fig. U. Cross sectlons offt; 1~-2+) and gEL {--0%) for dlpole

photospallation of TLi; E is the energy of the o and t
fragments. The experimental points are from [20].

As a result of the broadening in the quadrupole collectlve execiltation in theic
tinuum, the matrix element for the quadrupole.transition from the ground state 1s- 1
and goes net to one state but to & continuous series of states grouped around a cerg
center. The peak 1n the photospallation cross section distinguishes these states am
others in the continuum.

Therefore, photonuclear reactions represent the most convenlent means of ident
giant resonances in light nuclides 1n a natural fashion. g
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