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Multiple Excitation of Giant Dipole Resonances in Relativistic Heavy ion Collisions
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The relativistic excitation of the double giant dipole resonance in ' Xe has been calculated, describing
the resonance as a harmonic vibration of the mean field, damped through its coupling to doorway states.
While the predictions associated with the one-phonon states provide an overall account of the experimen-
tal findings, the calculated cross section for the two-phonon states is much smaller than that extracted
from the involved analysis of the data. The experimental elucidation of this discrepancy seems essential
for assessing the validity of the standard picture of giant resonances.

PACS numbers: 25.75.+r, 24.30.Cz

One of the central questions in the study of the nuclear

structure is that of the interweaving of single-particle and

collective motion leading to renormalization of the prop-

erties of nuclear motion and responsible also for their

damping. Among these phenomena, the study of the re-

laxation of giant resonances provides an excellent testing

ground of the role played by the different mechanisms

coupling collective modes among themselves and to the

single-particle motion. This is because the damping

width of giant resonances receives a contribution already

at the level of mean field. In fact, giant resonances can

exchange energy and angular momentum with the motion

of the individual nucleons. For this to take place, the

particle excitation has to have the same frequency as that

of the giant resonance. This phenomenon, which in the

case of infinite systems is known as Landau damping, in

the case of finite systems like the atomic nucleus leads to

a fragmentation of the mode.
Beyond mean field, giant resonances can couple to

more complicated states, and eventually to the compound

nucleus. The states which act as doorways in this hierar-

chy of couplings have two particle-two hole character,
and are composed of an uncorrelated particle-hole excita-

tion and a collective surface vibration (cf. e.g. , Ref. [I]
and references therein).

While this picture seems to be able to provide an

overall account of the experimental findings, no direct

evidence of the relative role of the two mechanisms is yet

available. This is because at the excitation energies typi-

cal of the resonances (tens of MeV), the density of levels

of the system is so high (= 10' MeV ' at 15 MeV)
that any evidence of the original couplings is completely

blurred. A particularly clear example of this situation is

provided by the beautiful work reported in Ref. [2], con-

cerning the high energy-resolution electron-scattering ex-

citation of the giant quadrupole resonance in Pb. Al-

though the observed peaks seemed to have a correspon-

dence with the predicted [3] doorway states, the expected

energy-weighted sum rule limit was only achieved assum-

ing a Porter-Thomas distribution of the intensities. In

other words, while scars of the wave functions can be

found in this zone of complete mixing, it is not possible to
obtain detailed information about these wave functions.

On the other hand one can try to be more modest and

look for more overall consequences of the presence of
specific states and couplings in the completely mixed re-

gime. In particular, interference phenomena, one of the

expressions of the underlying structure of the wave func-

tions and of their relative phases, may lead to interfer-

ence patterns with clear experimental consequences.
In the present paper we shall calculate the relativistic

Coulomb excitation of the double giant dipole resonance

(GDR) of atomic nuclei (cf. also Ref. [4]). In particular,
we will study the excitation of ' Xe on Pb at Ei,,b

=690 MeV/n, which has recently been measured [5],
making use of a microscopic model which takes into ac-
count both the Landau breaking of the strength and the

coupling to doorway states. It will be concluded that the

complicated interference between the Landau damping

and the doorway (2p-2h) relaxation mechanism leads to a

transition strength from the single- to the double-giant

dipole resonance which essentially coincides with the sim-

ple harmonic picture. This is also due to the fact that the

direct excitation of the two-phonon state is very small.

Finally, the associated excitation function reflects closely

the structure of the calculated one-phonon cross section,

due to the fact that the reaction mechanism displays a

rather weak dependence on excitation energy, in the

range where the strength function is appreciable.
The microscopic calculation of the giant resonances

was carried out making use of a model Hamiltonian 0
[6], which includes an average Woods-Saxon field U(r),
monopole pairing interaction and isoscalar and isovector

residual interaction of separable type, with a form factor

proportional to dUldr. The one-phonon states were cal-

culated in the random phase approximation (RPA). The
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The quantities aJ and aJ are creation and destruction
quasiparticle operators. The phonon excitation energies
roq; and the forward and backward amplitudes yjJ, and

&J~J were determined in the RPA and contain the BCS oc-
cupation factors. The sum in (1) runs over both protons
and neutrons.

The one-phonon states couple to two-phonon states via
the matrix element

Ug,", ,'(Xi) (Qi, (i) IIHII [Qg, (ii),Q~, (i2)]J») . (2)

Within the present scheme the doorway states which cou-
ple to lowest order to the giant resonance are states con-
taining two phonons. Among them, the most efficient to
break the giant resonance strength are, as mentioned
above, those containing one collective and one noncollec-
tive phonon, being the 2p-2h configurations most likely to
lead to on-the-energy-shell transitions.

The Hamiltonian was diagonalized in the space of one-
and two-phonon states. Technically, the diagonalization
implies finding the roots of the nonlinear determinant

F(E„) det (roq —E„)6" ——
k I l I,X2l2»[I,I l I A,2I2 v

(3)

and leads to the mixed states Iv&, whose wave function is
written

e„(Xp)- gR;(v)g~t„(i)

+ g P,", ,'[Q,
,„,(i, )g, ,(',)],„ IO&,h, . (4)

Ail I,X2l2

The amplitudes of one- and two-phonon states into the
mixed state are denoted by R and P, respectively.

In the dipole case, A,
+ 1, the one-phonon states ex-

haust 107% of the classical oscillator strength and are
displayed in the inset of Fig. l. Of these, 20 states have
an oscillator strength which is at least 1% of the strongest
strength and together exhaust 104% of the classical ener-

gy weighted sum rule (EWSR). We have used these
states in the coupling to two-phonon states. We have in-
cluded all the natural parity phonons A, =1 —8+ with
energy lower or equal to 21 MeV, obtaining 2632 two-
phonon configurations. One obtains 1614 states of type
(4), in the energy interval from 7 to 19.5 MeV. Their
strength is shown in Fig. 1. The B(E1) value associated
with each mixed state is calculated through its admixture
with one-phonon states, as

creation operator of the ith one-phonon state with mul-

tipolarity A,p is given by

Qt ( ~ ) g [+ii [+t &t] ( 1)A, »—»~i»i [+ +,] jl

JJ
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FIG. 1. Fine structure of the giant dipole resonance. The
transition strength to each of the microscopically calculated
states %,(l p) is shown in histogram form. Also shown by the
continuous curve is the transition strength obtained introducing
an averaging parameter g 500 keV. In the inset, the transi-
tion strength obtained in RPA, neglecting the coupling with the
two-phonon states, is displayed.
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FIG. 2. The transition strength of the giant quadrupole reso-
nance is shown in histogram form. Also shown by the curves
are the averaged transition strengths to the left and to the right
peaks, corresponding to r 0 and r 1 excitations, respectively.

Also shown in Fig. 1 is the result obtained adding an
averaging parameter of 0.5 MeV to Eq. (3). This param-
eter represents in some average way the coupling to in-

creasingly more complicated states and eventually to the
compound nuclear states. From the resulting smooth
response it is easy to directly extract the centroid and the
full width at half maximum of the GDR. The corre-
sponding values are EGDR 15.1 MeV and I GDR 4
MeV. They can be compared with the values extracted
from experiment, EoDR 15.2 MeV and I GDR 4.8
MeV.

Making use of the same model, the isoscalar and the
isovector giant quadrupole resonance (GQR) have also
been calculated. The results are displayed in Fig. 2. The
centroid, width, and percentage of the EWSR associated
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with the isoscalar mode are 12.5 MeV, 3.2 MeV, and

75%, respectively. The corresponding quantities associat-
ed with the isovector GQR are 23. 1 MeV, 3.6 MeV, and
80Vo.

Making use of the results discussed above and of the
theory of relativistic Coulomb excitation [7], the cross
sections associated with the one-phonon giant dipole reso-

nance as well as giant quadrupole resonance (r =0 and

I) have been calculated. These cross sections can be

written in terms of the first- and second-order amplitudes

a t' and a t ), respectively, as

w oo Q OO

cr =2Ir bdb driI gai Isr, (.rii, b)
f

k =1,2.

(5)

For k I, the final states have angular momentum

If 1, while for k 2, both lf 0 and 2 are possible. The
amplitudes depend on the impact parameter b and on the
excitation energy @co. The first-order amplitude is equal
to
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FIG. 3. The cross section for Coulomb excitation of the one-

phonon GDR (continuous curve), of the isoscalar GQR (dash-
dotted), of the isovector GQR (long dashed), as well as for the
double-phonon GDR (short dashed), are shown. They have

been calculated at Ei,b 681 MeV/n, taking into account the

energy reduction of the beam in the target [51. The one-phonon

GDR cross section has been reduced in the figure by a factor
l 0.

(c) 4xZ]e
IIII,MI lo, sro(ra) .

p (2)„+1 )
(

Io k If
(I ilaM (EA, ) ll/f )Sg sr, —

sII (OI )
Mo Mo Mf' Mf

where Z, is the charge of the target. The radial integral S, carried out on a straight-line trajectory in keeping with the

relativistic character of the reaction, is given by

Si„„=(21,+ I ) GEi,„(e/v )K„(g(b)) (aI/c) "/(4@v y) .

Here g(b) eIb/vy is the adiabaticity parameter. In the calculations the correction to b in the expression for g(b),
namely Bb IrZ~Z, e /2mv ~y, has been considered. The functions K„are modified Bessel functions, while the polynomi-

als GEx„are related to the Legendre polynomials. The lower limit of integration over impact parameter is to be taken in

such a way as to exclude nuclear reactions.
The second order amplitude needed in the calculation of the double phonon excitation can be written as

&II,sII I M (fO)
2

2 IIII,hII I,.M, (fi)ai, ,N;,I,M (iO)+
2

2 ~„ IIII,MI I, ,M;(fi

(7)
where I;M; denotes the angular momentum and projection of the intermediate state. A central aspect of the above ex-

pression is the interference between the different E 1 amplitudes, and thus between the different components of the di-

pole response [cf. Fig. 1 and Eq (4)j. The p. rincipal integral in Eq. (7) can be shown to vanish within the present mod-

el.
The evaluation of a requires the knowledge of the matrix element (IflIlM(EI )III;) =(viv2IIM(El)llvi). Because of

the phonon character of the operators Qi,„, it can be shown that

(viv2IIM(E1)llvi) =jl+B„,„,QR;(v2)(OIIQ (i)iM(E1)IIO) =jl+B„,„,(v2IIM(EI)IIO).

This result emerges from the interference of 10 states,
and shows that the strength function for the excitation of
the double giant dipole resonance can be derived from the
one-phonon strength function, considering the multiple
excitation of all the t v) states, with the appropriate boson

factor and phase which account for the double excitation
of the same state.

The differential Coulomb-excitation cross sections as a
function of the energy associated with the one-phonon

GDR and GQR resonances and the two-phonon GDR are

displayed in Fig. 3. It is seen that the centroid of the
two-phonon dipole excitation fa1ls at 30.6 MeV, about
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twice that of the one-phonon states, while the width is

I = 6 MeV, the ratio to that of the one-phonon excitation

being 1.5.
The associated integrated values are displayed in Table

I, in comparison with the experimental 6ndings. As can

be seen from Eq. (5), the cross sections depend on the

choice of the value of R;„ra(AIIi +Ai'i ). In keeping

with the standard "safe distance, " that is, the distance

beyond which nuclear excitation can be safely ncglccted,
we have used re 1.5 fm. Because their values essentially

do not depend on the width of the GDR [Sl, we view the
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TABLE I. Calculated and experimental cross section (in mb) for the excitation of giant res-

onances in ' Xe are shown. In the first and second row, the cross sections calculated using mi-

croscopic strength functions are shown, for two values of ro, ro 1.2 fm and r0=1.5 fm, respec-
tively. In the last row, the experimental cross sections for Coulomb excitation of one-phonon
and two-phonon states from Ref. [5] are shown. The value of the integrated cross section re-

ported in Ref. [5] is 1.85+ O. I b. The nuclear contribution has been estimated in Ref. [51 to be
about 100 mb, while about 3% (50 mb) of the cross section is found at higher energy. Sub-
tracting these two contributions and the two-phonon cross section leads to the value 1485+ 100
mb shown in the table.

I-ph (E I)

2180
1480

1025+ 100

I-ph E2 (r 0)

170
110

I-ph E2 (r I)

120
60

1-ph E1+1-ph-E2

2470
1650

1485 + 100

2-ph (E I )

130
50

215 ~ 50

calculated cross section of 1650 mb as a rather accurate
value and if anything an upper limit for the one-phonon
Coulomb excitation cross section. It is satisfactory that
the measured cross section is rather close to this value.
Also shown in Table I are the predictions associated with
the sequential excitation of the double giant dipole reso-
nance. This result is essentially not modified evaluating
the direct Coulomb excitation of the double GDR. In

fact, the cross section associated with this process is a
factor 10 smaller than that associated with the two-

step process. This is because the direct excitation process
is possible either through ground state correlations, and
thus is controlled by the small backward-going ampli-
tudes pixJ of the RPA, or through anharmonic processes
which are expected to be rather small due to strong can-
cellation between the diA'erent amplitudes.

The calculated value of 50 mb is a factor of 0.25 small-
er than experimentally observed [9]. In order to make
clearer the seriousness of this discrepancy, we have recal-
culated all the cross sections using ra=i. 2 fm, namely
with a much smaller radius than that prescribed in order
to respect the safe Coulomb excitation distance of closest
approach. The calculated value of 130 mb is still a factor
of 0.6 smaller than the reported experimental cross sec-
tion. At the same time the cross section of the one-
phonon states has become a factor 1.7 larger than the
empirical value. This factor becomes 1.5 when the cou-
pling to higher multiphonon states is included according
to the standard Poisson distribution for the excitation
probabilities [10].

One may try to invoke the interaction among the two
giant dipole resonances (anharmonicities) as a possible
cause for the observed discrepancy between theory and
experiment. However, to the extent that perturbation
theory is applicable, these anharmonicities are mostly re-
lated to the violations of the Pauli principle, which are
likely to reduce the harmonic two-phonon cross section.

We conclude that recently reported cross sections for
the Coulomb excitation of the double giant dipole reso-
nance are inconsistent with the phonon picture of giant
dipole resonances. If these results were to be confirmed
they will imply that the theory of linear response of nu-

clear collective modes has to be seriously revised.
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