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Excitation of Multiphonon States in Relativistic Heavy Ion Collisions
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One- and two-step Coulomb excitation cross sections of the double-phonon giant dipole resonance
states are calculated in a semiclassical formalism. The contribution of nuclear interaction is shown
to be small. The multipole sum rules are used to evaluate corresponding nuclear matrix elements;
the widths of final and intermediate states are taken into account. The recent experimental data
are discussed and compared to our calculations,

PACS numbers: 25.75.+r, 24.30.Cz

With the excitation energy increasing, nuclear collec-
tive motion reHects to a greater extent the general prop-
erties of nuclear matter rather than the specific features
of individual nuclei. It explains the growing interest to
the excitation and decay of collective modes high in con-
tinuum. Fast charged particles, especially heavy ions,
producing a strong electromagnetic pulse in a peripheral
collision with nuclei, seem to be an adequate tool for this
purpose (for a review see [1] and references therein).

The excitation of giant resonances (GR) in heavy-ion
collisions was G.rst observed in cosmic-ray experiments
[2,3]. Since the pioneer work [4] several experiments have
aimed at the investigation of this process. Because of the
huge excitation cross sections for large-Z nuclei, the pos-
sibility of excitation of multiphonon GR states was sug-
gested [5]. While the cross sections for the Coulomb ex-
citation of GR can be as large as several barns, those for
double-phonon states are smaller by a factor 10—100. The
identification of these states by gamma-decay techniques

is feasible [5], but the cross sections are even smaller by
another factor 10—100. Successful experiments on the
Coulomb excitation of multiphonon states have been re-
ported recently [6—9] with a clear resonance identified as
the double giant dipole resonance (GDR).

The theory of Coulomb excitation of GR is considered
to be well understood [1,5,10,11). However, the calcu-
lation for multiphonon excitation requires new assump-
tions so that the comparison with coming data will serve
as a more stringent test. In this Letter we explore the
key ingredients of the theory. We calculate the excita-
tion of single and multiphonon GR with a semiclassical
formalism [11] justified [1] due to the short wavelength
of ions and perturbative character of the electromagnetic
interaction. The conclusions drawn could be helpful for
future experimental studies.

Let us consider the excitation of a projectile in a colli-
sion with a target with charge ZT at an impact parame-
ter b The firs. t order amplitude for the transition i ~ f,

! a/, = a, is given by (h = 1)

e' '
[py, (r) P(r, t) —(v/c) jt, P(r, t)] d r dt,

p(r, t) = ZTep [(b —x) +y +7 (z —vt) ] (2)

where p = (1 —v /c ) / and v is the projectile velocity.
At relativistic energies, the magnetic interaction in Eq.

where p/, and jl, are the charge density and current
!matrix elements, respectively, P(r, t) is the Lienard-

Wiechert potential,
(1) is important even for pure electric excitations. In the
long wavelength approximation, wr/c &( 1, performing
the multipole expansion of the potential (2), the time in-

tegrals in Eq. (1) are expressed in terms of the modified
Bessel functions K„. Using the continuity equation we
obtain for the electric dipole excitations (higher multi-
poles are treated similarly)

where ( = wb/pv and

[D~, —D~', ] K, (e y~ D~~ AD(()),vb (3)

D(m)
fi (4)

is the dipole matrix element for the nuclear excitation.
The magnetic interaction is responsible for the factor
1/p in the term m = 0 in Eq. (3) which suppresses
at relativistic energies the longitudinal (with respect to

the beam axis) excitation so that only the transverse
(m = +1) components are important. When the long
wavelength approximation is not valid the matrix ele-
ments (4) are to be replaced by the nonapproximated
ones [12]; the other factors do not change [11].

The amplitude for a two-step excitation to a state !2)
is given by the sum over intermediate states !1),
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dt e' "' V2i(t) dt' e' "' V (t')

where Vy, (t) is the matrix element inside brackets of the
integrand of Eq. (1). It is convenient to express this
amplitude in a symmetric form

Qq
G2O = ),G21(&21 —q)aio(bio + q). (6)27t. q+ i0

Because of strong nuclear absorption, the total cross
sections for Coulomb excitation are usually obtained by
integrating over impact parameters from a minimum
value 6;„which should be considered as a phenorneno-
logical parameter, i.e. ,

ax*I' . (7)

To evaluate the matrix element (4), we consider the
conventional sum rule derived without exchange and
velocity-dependent corrections,

) ( ) 3 1 XZ
(

f
The right-hand side S~ of (8) does not depend on the
choice of the state i). (This dependence is weak even if
exchange terms are taken into account. ) If the sum rule
for the ground state IO) is saturated by the GDR 1),
we obtain for the reduced matrix element (lllDIIO)
SD/~io. For the state 1) as an initial one, the sum (8),
under similar assumption, is exhausted by (i) "down"
transition 1 —+ 0 which has negative transition energy
—Nip, and (ii) "up" transitions to the double GDR states
I2; L) with angular mornenta L = 0, 2 and excitation en-
ergies F21. After simple algebra, we obtain for the up
transition

(2 LIIDII1)' =2 I, =2 g (1IID Io)'
~21 ~21

This relation includes, in addition to the stimulated radi-
ation factor of 2, the ratio of frequencies which, according
to the data, is larger than 1. The generalization for higher
order processes and other multipoles is straightforward.

The assumption of saturation ignores the widths of the
resonances. The presence of widths might also be impor-
tant for the total cross sections since, due to the "adia-
batic cutoff" [1], the amplitudes (3) might vary strongly
with a. We assume that the spreading of the GR is
mostly due to the coupling to the background of compli-
cated states. The stationary superpositions are

I~) = ~,"' I~)+).~."'I-), (10)
V

where IA) is a collective state and lv) are complicated
many-particle —many-hole states. If the resonance corn-
ponent dominates as it should be for the one-body mul-

tipole operator, we And the erst-order amplitude af,
[C& ]* a&' (uy, ) where aP stands for the original am-
plitude of Eq. (1). The fragmentation of the collective
mode is described [13] by the strength function

»(~) = ) IC,'~'I' b'(~ —~g, ), (11)
f

which is usually taken as the Breit-Wigner (BW) function
with the centroid and width parameters wg and Fp. The
direct probabilities are then given by

»'"(~) = »(~) ~~"(~)l' (12)
The total probability to excite the double phonon state
is

) I

1s~t+ 2nd 2
b(

f
—:P "(u) + P " (~) + P'"'(a).

Retaining collective components both for the intermedi-
ate and final states and assuming the shape Pi(~) of the
single phonon peak, we obtain from Eq. (6)

f [+2 ] ~ ~1 (~ ) +21 (™f ~ —C)~io(~' + q)—:[&& ']* ~» (~fi )27t q+i0 (14)

Therefore, the second-order excitation is given by
the projectile interacts with the target via vibrationalP'"'(~) = ).I~fi I' b(~~ —~) = &2(~)»(~) '
fluctuations of the optical potential (see, e.g. , [14]). It

f allows us to relate the nuclear matrix element to that
for the electromagnetic transition. Treating the relative

the interference term in (13) is derived analogously. motion for high energy collisions in the eikonal approx-
Collective modes can be excited also by nuclear inter- imation [15], the nuclear excitation cross section can be

action. For near-grazing collisions we may assume that
I

expressed similar to (7),

og ——2ir db b 'Pg(b), (16)

ZeR, B(EA; A ~ 0) exp( —2 Imp(b)) ) IFg„(u)p, b) I

Here R, is a (uniform) charge distribution radius in
the ground state of the projectile, B(RA) stands for
the reduced probability of vibrational excitation, and
E~„(w&, b) is given by the integral along the straight tra-

jectory,
~p

P~„(~~, b) =
27r 2

dZe' " i"R "Yp„(8,0), (18)
dU pt
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with R = v bz + Zz and cosa = Z/R. At energies higher
than 100 MeV/nucleon we can assume that the optical
potential is pure imaginary being related to the nucleon-
nucleon cross sections and to the ground state matter
distribution which gives [15]

2 Im y(b) = cr~~ dZ d r pT(H —r) pI (r) . (19)

The nuclear excitation probability (17) is peaked at graz-
ing impact parameters.

We have calculated the cross sections for the reactions
~s Xe+2o Pb at 0.69 GeV/nucleon and Bi+ Pb at 1

GeV/nucleon measured recently at GSI [7,8]. Cross sec-
tions (in mb) for the Coulomb excitation of the isovector
GDR and the isoscalar and isovector giant quadrupole
resonance (IVGDR, ISGQR, and IVGQR) in ~ssXe are
given in Table I. We have assumed that they are lo-
cated at 15.3, 12.3, and 24 MeV, have widths 4.8, 4,
and 7 MeV, and exhaust 100%, 70%, and 80% of the
corresponding sum rules, respectively [16]. We used

b~;„= 1.2(A& + Az ) fm=13.3 fm as a lower limit
guess and b~,„=15.6 fm suggested by the parametrization
[17] as an upper limit (numbers inside parentheses). The
parametrization [18] yields an intermediate value for this
quantity. Various angular momentum components are
shown separately. In the calculation of the last column
the widths of the GR are taken into account with the BW
strength function Xg which increases the cross sections by
about (10—20)% (see also [10]). The experimental value

[7] 1110+80mb for the GDR is much smaller which made
the authors of [7] claim that the GDR absorbs only 65%
of the sum rule (this number apparently contradicts to
the systematics of data for real monochromatic photons
[16,19]). Using this value, our result reduces to 1613
(1183) mb which seems to prefer the upper value, b~,„
The numbers in parentheses are also in rough agreement
with the data [7] for the ISGQR and IVGQR.

For the nuclear excitation of the ISGQR in the same
reaction (excitation of isovector modes is suppressed by
a factor [(N —Z)/A] ), we found cr = 5.3 rnb with
a deformation parameter PR = 0.7 fm for ~ssXe. In
the calculations we used a.~~=40 mb and Fermi density
distributions with po = 0.17 fm s, R = 5.6 (6.5) fm, and

a = 0.65 (0.65) fm for Xe (Pb). The nuclear contribution
is weak due to the poor overlap in impact parameter
between the last two terms of Eq. (17).

For the double GDR state we have calculated (see Ta-

ble II) the direct (for L = 2, since L = 0 states cannot
be Coulomb excited [1]) and two-step probabilities.

The inclusion of the widths of the final (GDR x GDR)
and the intermediate (GDR) state again increases the
cross sections by (10—20)%. For the position and width of
the GDR x GDR state we took E = 28.3 MeV and I' = 7
MeV, respectively [7], which corresponds to gyp = 15.3
MeV and ~z~& ——13 MeV, for both L = 2 and I = 0.
For the direct excitation we assumed that the resonance
would exhaust 20% of the ISGQR sum rule if the miss-
ing strength of the ISGQR could be located at the dou-
ble dipole energy due to the (quadrupole-dipole-dipole)
anharmonic coupling. Microscopic calculations [20] give
much smaller value than this overestimated upper bound-
ary of the direct excitation. It means that the two-step
process dominates.

The excitation of the L = 2 state is much stronger
than that of L = 0. The total cross section for the double
GDR state (excluding the direct mechanism) is equal to
182 (90) mb. The experimental value [7] is 215 6 50
mb. As stated above, the nuclear contribution to the
(direct) excitation of the double phonon state is small
(1.1 mb using 20% of the L = 2 sum rule at PR = 0.1 fm).
Contrary to the single phonon case, the appropriate value
of b;„ for the double GDR experiment [7] is b~,„=13.3
fm.

We also compare our results with the cross sections
of 4.7+0.4 b for the single GDR and 770 6 220 mb [8]
for the double GDR excitation in a Pb target by

Bi projectiles at 1 GeV/nucleon. Using Eq = 13.5
MeV, I q

——4 MeV, E2 ——27 MeV, and I'2 ——6 MeV
for the GDR and the GDR x GDR in Pb, respec-
tively, we find oq ——5234 b and o2 ——692 mb for
b;„= b,„= 14.2 fm. . The parametrization [17) with
bm;„= 6,.„= 6. 7 fm would lead to smaller cross sec-
tions o.

q
——4130 mb and o2 ——319 mb. We found the

ratio (P~ +q + P~ —q)/P o = 9.4 for the GDR exci-
tation in the experiment [8]. They quote the value 28 in
their calculations and fit the gamma-ray angular distri-
bution according to this value. We think that this could
somewhat change the value of oz extracted in [8].

With the same formalism we find the excitation cross
sections 19.2 mb (with b~,.„=13.3 fm) and 117 mb (with
b~,„=14.2 fm) for the three phonon states in the exper-
iments [7] and [8], respectively. The anharmonic effects,
suggested in [7] to explain the large excitation of double
GDR, are expected to be small since the mixing of single

TABLE I. Cross sections (in mb) for the Coulomb excitation of the IVGDR, ISGQR, and IVGQR
in Xe incident on Pb at 0.69 GeV/nucleon. The cross sections in the last column are calculated
with the widths of the states taken into account. The values outside (inside) parentheses use

6,.„=13.3 (15.6) fm.

IVGDR
ISGQR
IVGQR

m= +2
~ 0 ~

90 (64)
29.7 (25.6)

m=+1
949 (712)
8.4 (6.09)
6.1 (5.46)

m=0
264 (201)
14.3 (10.6)
14 (12.4)

&total
2162 (1630)
211 (150)
84.1 (74.5)

dth

2482 (1820)
241 (169)
102 (93)
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TABLE II. Cross sections (in mb) for the Coulomb excitation of the double GDR in Xe
incident on Pb at 0.69 GeV/nucleon. The cross sections in the last column are calculated with the
widths of the states taken into account. The values outside (inside) parentheses use b,„=13.3
(15.6) fm.

Double phonon state
L=O (two-step)
L=2 (two-step)
L=2 (direct —20%%uo of SR)

m=+2
~ ~ ~

23.3 (11.2)
3.27 (2.85)

~ ~ ~

13.4 (6.6)
0.86 (0.77)

m=0
22.8 (10.7)
51.4 (26.8)
2.12 (1.88)

&total
22.8 (10.7)
124.8 (62.4)
10.3 (9.12)

&width

28.4 (13.3)
154 (77)
11.8 (10.8)

and double phonon states is forbidden by the angular mo-
mentum and parity. The main anharmonic effect, apart
from the weak coupling of the double GDR with L = 2
to GQR, is the interacting-boson-model-like scattering of
dipole phonons which splits L = 0 and L = 2 states but
hardly changes excitation and decay properties.

Another important question is related to the width
of the multiphonon states. Early estimates [5,21] pre-
dicted the widths scaling with the phonon number n
as r„= I'„/I'i = n due to the Bose factor ~n in the
spreading matrix elements V„. This is seen clearly from
the "standard" model [13] which gives I'„' = 27r(V2 )/d
where d is the background level spacing. As was discussed
in the different context in [22], the phonons do not de-
cay independently being coupled via common channels
in a fragmentation interval characterized by the intrin-
sic energy scale a. Then the effective width is expected

to be proportional to al'„' . It would correspond to
the scaling r„= ~n apparently preferred by the data.
In this case the assumption [8] of the same branching
ratios for gamma deexcitation of the single and double
GDR would be inadequate leading to the cross section
cry overestimated by a factor v2. This problem remains
a challenge for the understanding of the damping mech-
anism and onset of chaos. We hope to address it more in
detail elsewhere [23].

In conclusion, we have calculated cross sections for the
excitation of multiphonon states in relativistic heavy-ion
collisions. The nuclear contribution to the cross sections
is small for large-Z nuclei. At this stage, we have used a
phenomenological sum rule approach assuming the sat-
uration by the fragmented collective GR. The GDR x
GDR excitation probability varies as 6 and therefore
it is more sensitive to the value of 6;„ than that of
the single GDR (cc b 2). The lower value of b(,„al-
lows one to reproduce the double GDR excitation cross
sections. The contradiction still remains concerning the
low experimental cross section [7] of the single GDR in

Xe. The systematic study of multiphonon excitations
for various combinations projectile + target is highly de-
sirable. From a theoretical point of view, the sharp cutoff
at 6 = 6;„oversimplifies the complicated description of
the simultaneous action of electromagnetic and nuclear
forces in near-grazing collisions of the extended quantum
objects. The microscopic analysis of the problem is under
progress.
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