
2 1 noy o 0!?OGO
'-Ire. :

Electromagnetic Decay of Two-Phonon States

F. Catara
Dipartimento di Fisica and INFN, Sezione di Catania,

1-95129 Catania, Italy

Ph. Chomaz1 and N. Van Giai
Division de Physique Theorique2

Institut de Physique Nucleaire, 91406 Orsay Cedex, France

GANIL P 91 19



Electromagnetic Decay of Two-Phonon States

F. Catara
Dipartimento di Fisica and INFN, Sezione di Catania,

1-95129 Catania, Italy

Ph. Chomaz1 and N. Van Giai
Division de Physique Theorique2

Institut de Physique Nucleaire, 91406 Orsay Cedex, France

Abstract

We study the electromagnetic decay of two-phonon states corre-
sponding to the multi-excitation of giant resonances. The calculations
are performed within a boson expansion approach and the elementary
modes are constructed in RPA. The rates for direct transition of two-
phonon states to the ground state turn out to be not negligibly smaller
than those from the (single) giant resonances. The former transitions
are accompanied by a 7-ray whose energy is equal to the sum of the
two phonon energies. Thus the detection of such high energy 7- rays
could provide a signature of the excitation of two-phonon states.

'present address: GANIL, B.P. 5027, F-14021 Caen Cedex, France
2Unite de Recherche des Universites Paris-11 et Paris-6 Associee au CNRS



Recently, some experimental evidence has been accumulated on the pos-
sibility that states corresponding to double excitation of giant resonances can
be populated in ir-nucleus double charge-exchange processes1^ and in heavy-
ion inelastic collisions2). In particular, in Ref.1) and in previous papers by the
same group3) it was reported on some states which could be interpreted as
due to the excitation of a double isobaric analog state (IAS), of a giant dipole
resonance (GDR) built on the IAS, and of a double GDR. This interpretation
was corroborated by angular distribution analysis.

With high-energy heavy ions one expects4) that Coulomb excitation may
populate states corresponding to the double GDR. At lower energies (E/A
< 100 MeV) the probability for this process is small but the nuclear field
may give rise to the excitation of a double giant quadrupole resonance5)
(GQR) or, in conjunction with the Coulomb field, of a GDR®GQR. A general
problem that one has to face in heavy-ion experiments is the existence of
a large background. However, recent experiments where the background
could be drastically reduced by measuring the inelastic process in coincidence
with charged particle emission6) have confirmed the presence in the cross-
section of peaks at energies twice that of the GQR. A clearer interpretation
of the nature of these peaks, not based only on the energy position, could be
provided by the study of their electromagnetic decay. This is the subject of
the present letter.

In a previous paper7) we have shown that the anharmonicities arising from
the mixing of states corresponding to the double excitation of elementary
modes (two-phonon states) are quite small when at least one of the phonons
is in the giant resonance region, thus giving some support to the harmonic
multiphonon picture. The calculations were based on a boson expansion and
the elementary modes were constructed in the random phase approximation
(RPA). We shall use here the same approach. A two-phonon state is described
as:

(l)

where v = (NJM) labels the various phonons with angular momentum

(J,M) and | 0) is the vacuum for the Ou operators. The 6U boson op-
erator corresponds to the RPA operator:



+ (-i^'yiW - M)], (2)

with p (h) denoting a single particle (hole) state and

0«ft-fl, (3)

where a and /3 can be cither a particle or a hole in the general case. The X
and Y amplitudes are solutions of the RPA secular equations. To the particle-
hole operators Bph and £'p/, correspond boson operators Bph and Bph. The
relationship between O\, and Bph, Bph is similar to eq.(2) with the same X
and Y coefficients..

We use the following boson mapping7':

(4)

J'M'J"M"

lY"-*'"(J'M'J" - M" | JM)5pft,,(J'M')5p-ft»(J"M"), (5)

p" J'M'J"M"

(-\)J"-M"(J'M'J" - M" | JM)Bl,,h,(J'M')Bp.,h(J"M"), (6)

where J = \ / 2 J + T . The mapping (4) is valid in lowest order7' whereas
relations (5) and (6) are exact.



The electromagnetic transition operator can be decomposed into multi-
poles:

TJM = J-1 £ < a || Tj || /3 > Bl&(JM), (7)
a/3

where < a || Tj || /3 > is the reduced matrix element of the 2J-pole operator
and the indices a and ft can run over both particle and hole states. The
multipole operators TJM can be separated into a sum of three parts:

<h\\Tj\\P> Blp(JM), (8)
Ph

T(JP
M"} = J~l £ < P II Tj || jf > Blp,(JM), (9)

PP'

Tfa* = J-* £ < h II TJ II h> > BUJM). (10)
hk'

The electromagnetic decay of a two-phonon state can then be easily evaluated
by expressing TJM in terms of O and 0* and using their boson commutation
relations. It can be seen that the term T^P~H^ of eq.(8) can only connect a
two-phonon state to a one-phonon state whereas the terms T^p~p^ and T^h~h^
give rise to a direct decay of a two-phonon state to the ground state. In the
first case the transition is accompanied by a 7-ray whose energy is that of the
disappearing phonon while in the second case the 7-ray energy is the sum
of the two phonon energies. In a more complete calculation, the physical
initial state should contain, in addition to the two-phonon states of eq.(l),
some one-phonon component. However, when considering states at twice the
elementary phonon energy, we expect these one-phonon components to be
small.

The transition rate for the decay of an excited state i to the ground state
in the long wavelength limit jj(Kr) ~ (Kr)J /(2J + 1)!! is8);



When i = v is a one-phonon state, we have K = E,,/hc,

Mv =
irJ V2

As it is clear from eq. (1), the decay rate from a two-phonon to a one-phonon.
state is:

» 0) + ^ vA(vi -> 0). (13)

The direct decay from an initial two-phonon state of total angular momentum
J, i = [i>iV2}J, to the ground state is also given by eq.(ll), where now K =
(E^ + E^)/hc and

E ( - i r j " < fe II '••'̂  II h>

hh'p"

(14)

From the last equation it can be seen that this kind of direct decay is only
possible when ground state correlations are taken into account, e.g., in RPA.

Let us now discuss some results in the 40Ca case. The one-phonon states
are calculated within the self-consistent RPA in a harmonic oscillator ba-
sis with the Skyrme interaction SGII 9 ' . Since we are mainly interested in
the giant resonance phonons, only 1~T = 1 and 2+T = 0 states have been
considered. The most collective ones are reported in Table 1 with the cor-
responding fractions of energy-weighted sum rule (EWSR). From Table 1 it
can be seen that the GDR is split into several states with energies ranging
from 16.3 to 18.8 MeV. For convenience we have grouped these states into
a. single one at an energy equal to their average energy and with a strength



such that this single state exhausts the same fraction of the dipole EWSR as
the sum of the original states. In Table 2 we show the calculated dipole and
quadrupole transition rates from the one-phonon and two-phonon states to
the ground state. It is interesting to note that the rates of direct decay from
two-phonon states to the ground state are not negligibly smaller than those
from one-phonon states, especially if one considers that the former transi-
tions would involve the detection of high-energy 7-rays. In particular we see
that the direct decay from the [GDR ® GQR] to the ground state is about
40 time less probable than the decay from the GDR to the g.s. Among the
quadrupole transitions, the ratio of the [GQR®GQR]—>g.s. to the GQR—>
g.s. is about 23. To our knowledge this is the first quantitative prediction
of such a process and it would be interesting if this type of measurement
could be performed. However, in order to study their decays one has first
to populate the two-phonon states. This may be done in a nucleus-nucleus
collision. In a multiphonon picture"1'5' the probability to excite a one-phonon
state is given by:

Pu = Nve-", m (15)

where Nu is the average number of phonons with quantum numbers v and
.A/" = "£.VNU is the total number of phonons. The probability to populate a
two-phonon state is:

We have considered the "'"Ca-r '"Ca collision at E/A = 50 MeV and 100 MeV
for a few classical trajectories near the grazing angle. In addition to the
giant resonance phonons we have included in the calculations the low-lying,
collective 3~T = 0 state which comes out at 4.83 MeV in the present model.
The calculated excitation probabilities are collected in Table 3.We find that,
even at E/A = 100 MeV, the excitation probability of the GDR is one order
of magnitude smaller than that of the GOR. Consequently, the GDR®GDR
is very weakly populated as compared to the GQR®GQR. However, the ratio
between the GQR0GQR and the GDR0GQR excitation probabilities is only
about a factor ten. As mentioned before, the situation may be quite different



at higher bombarding energies and/or with heavier projectiles. To have an
idea of the counting rate of 7-emission from two-phonon states one has to
multiply their 7 branching ratios by their excitation probabilities. In this
case one can see that the GDR®GQR dipole state is a good candidate for
studying the direct decay of a two-phonon state to the ground state. The
presence of this high-energy transition as well as the observation of the dipole
transition to the GQR state (i.e., the decay of the GDR) would provide a
clear signature of the existence of the two-phonon state.

In conclusion, we have shown that the transition rate for the direct e.m.
decay from two-(GR)phonons to the ground state is not negligible as com-
pared to that from the GR. The former should produce a 7- ray whose energy
is equal to the sum of the two phonon energies. Then it may be conceivable
to make an experiment by using a heavy ion collision as a tool to populate
the two- phonon states and detecting such high energy 7-rays in coincidence,
thus obtaining a clear signature of the excitation of two-phonon states. The
calculations were performed within a boson expansion approach, the ele-
mentary modes being constructed in RPA. Possible one-phonon components
in the two-phonon states have been neglected. Since we only consider GR
phonons, we expect such components to give a small contribution due to the
large energy difference between one- and two-phonon states. However, this
point deserves some further analysis. Within our approach it would amount
to generalize the calculations of Ref.7' in order to include also the pp—*ph
interaction which can couple one- and two-phonon states.

Helpful discussions with P.F.Bortignon are acknowledged.
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TABLE CAPTIONS

Table 1: The most collective dipole and quadrupole states in 40Ca. In the
last column the percentage of energy-weighted sum rule is given.
Table 2: Dipole and quadrupole transition rates (in sec"1) from one- and
two-phonon states to the ground state.
Table 3: Excitation probabilities of one- and two-phonon states in a 40Ca+40Ca
collision at E/A=50 MeV and 100 MeV, calculated for classical trajectories
corresponding to a distance of closest approach d (in fm).



J*T
1- 1

r i
i- 1
i- i
i- i
2+ 0

E(MeV)
16.26
16.66
17.95
18.34
18.79
16.73

%(EWSR)
11.3
10.0
5.5
7.7

27.3
80.2

Table 1

Dipole Transitions

Quadrupole Transitions

GDR ->g.s.
GDR®GQR ->g.s.

GQR ^g . s .
GDR&GDR ->g.s.
GQR0GQR ->g.s.

0.65xl018sec-'
0.16xl017sec-'
0.60xl016sec-'
O.QOxlO^sec-1

O^GxlO^sec-1

Table 2

State

GDR
GQR
GDR&GDR
GDR®GQR
GQR®GQR

E/A=50 MeV
d=7.9 d=8.6
.55xlO-2 .SOxlQ-2

.19 .12

.61x10-' .17x10-'

.41xlO-2 .85xlO-3

.71x10-' .10x10-'

E/A=100 MeV
d=7.8 d=8.5
.llxlO-1 .98xlO-2

.20 .83xlO-J

.12xlO-3 .59xlQ-4

.46xlO-2 .lOxlfl-3

.42x10-' .42xlO~2

Table 3
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