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Time scales of multiple giant dipole resonance excitation and decay
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The effect of particle emission of the intermediate giant dipole resonance on the excitation of the double
giant dipole resonance in heavy ion reactions is calculated. General assessment of the time scales involved in
such excitation and subsequent decay is given. Both the direct as well as the nondirect, Brink-Axel, paths are
considered.@S0556-2813~99!50405-6#

PACS number~s!: 25.70.De, 24.30.Cz, 21.10.Re
-

n
o

ck
ion
in

t,

en

in

l-
e

es
ar
th

rs
on
an
he
ca

m

for
y
ter

ion
of

DR
ven
ci-
gy

fs.
ted
the

in
ile
and
tile
ve,

atic

f

We have recently suggested@1–6# that a sizable contribu
tion to the double giant dipole resonance~DGDR! cross sec-
tion can arise from the fluctuating, complex backgrou
states occupied due to the damping of the single giant dip
resonance~GDR!. This will occur when the collision time is
sufficiently long to permit the excitation of a Brink-Axel@7#
single giant dipole resonance on top of the complex ba
ground. Accordingly, the cross section in the DGDR reg
is composed of the usual coherent component, possess
Breit-Wigner energy profile peaked atEDGDR with a width
GDGDR52GGDR, and a fluctuating Brink-Axel componen
which also peaks atEDGDR but has a width ofGB2A
'GGDR. The integrated cross section is predicted to be
hanced with respect to the harmonic value@8#, sDGDR

H , by

e[
sDGDR

sDGDR
H 5F11

1

2

GGDR
↓

GGDR
f ~E!G , ~1!

where the functionf (E) is large at low energiesE and
gradually drops to zero as the energy increases. S
GGDR
↓ /GGDR'1 for heavy nuclei, such as208Pb, we predict

that the enhancemente for such nuclei can attain large va
ues at low bombarding energies, in agreement with exp
mental findings.

The purpose of this Rapid Communication is to give
timates of the time scales and relative importance of the v
ous processes involved in the excitation and decay of
DGDR. We begin with the most basic of these.

The excitation of a second GDR after the decay of a fi
will be possible only if the decay occurs before the collisi
has ended. We can thus obtain an estimate of the relev
of the Brink-Axel excitation mechanism by comparing t
Coulomb collision time to the giant dipole resonance de
time. The decay time can be estimated astd5\/Gd

↓ , where
Gd
↓ is the giant resonance spreading width. For208Pb, we

approximate this by the total GDR width ofGd'4 MeV,
which yields td'16310223s. We estimate the collision
time using the schematic time dependence of the Coulo
interaction of Ref.@8#,

V~ t !5
V0

11~gvt/b!2 , ~2!

which furnishes a collision time of the order oftc'b/gv.
PRC 590556-2813/99/59~5!/2343~4!/$15.00
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In Fig. 1, we compare the decay and collision times
the case of208Pb1208Pb, as a function of the incident energ
per nucleon, using a value of 15 fm for the impact parame
b. We see that at about 150 MeV per nucleon, the collis
time is equal to the decay time. At this energy, excitation
the DGDR is enhanced by about 50% due to the hot G
excitation. At lower energies, the enhancement is e
larger. As the collision time decreases slowly with the in
dent energy, it remains important over a fairly wide ener
range, falling to 10% at about 800 MeV per nucleon.

As the hot GDR excitation mechanism proposed in Re
@1–6# does not depend on the peculiarities of the exci
nucleus, we expect it to be common to all elements in
periodic table. We can then ask how the energy range
which it is important varies with the mass of the project
being excited. To estimate this, we compare the collision
GDR decay times and calculate the value of the projec
energy for which the two are equal. As we have noted abo
the DGDR enhancement for the case of208Pb is about 50%
when the decay time and collision time are equal.

To obtain a general estimate, we use a global system
for the GDR energy and total width,«d543.4A20.215MeV
and Gd50.3«d @9#, to approximate the decay time astd
5\/Gd . We assume a projectile of massAp incident on
208Pb, to estimate the collision time as

FIG. 1. Collision timetc ~solid line! and GDR decay timetd

~dashed line! for the system208Pb1208Pb at an impact parameter o
b515 fm as a function of the projectile energy per nucleon.
R2343 ©1999 The American Physical Society
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b

gv
'

r 0~Ap
1/312081/3!

gv
, r 051.23 fm.

Equating the two expressions yields the curve of Fig.
From the figure, we conclude that the energy range in wh
the fluctuation contribution to the DGDR excitation is impo
tant grows slightly larger as the projectile mass decreases
remains of the same order of magnitude throughout the m
table.

However, collective excitation of GDR phonons and th
decay to a statistical background of excited states are no
only processes that occur in these collisions. As is w
known, an excited nucleus eventually decays by emitt
particles and/or photons. Such an emission can occur dire
from the the GDR or, more commonly, from the equilibrat
background of statistical states. Particle emission affects
distribution of occupations and may modify the relative co
tributions of the coherent and fluctuating excitation p
cesses. We thus wish to estimate the relative importanc
these emission processes. We first estimate the contribu
of direct emission from the GDR. We then estimate the c
tribution of emission from the background of statistic
states.

To estimate the escape widthGd
↑ of the giant dipole reso-

nance, we model the resonance as a one-particle, one
state and assume that its decay occurs by pre-equilibr
nucleon emission. Expressions for differential pr
equilibrium emission rates, based on detailed balance con
erations, were deduced long ago@10,11#. For the case of
nucleon emission, the expression for the differential em
sion width takes the form

dGdn
↑

den
~E,en!5

2

p2\2 mnensn~en!S Z

AD zn

3S 12
Z

AD 12zn v~p50,h51,E2Sn2en!

v~p51,h51,E!
,

~3!

wherezn and en are the charge and energy of the emitt
nucleon, whileA, Z, and E are the mass number, charg
and energy of the emitting nucleus. The factorsn(en) is the

FIG. 2. Energy per nucleon at which the collision time and gi
dipole resonance decay time of a projectile in a collision with208Pb
are approximately equal, as a function of the mass number of
projectile.
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cross section for absorption of nucleons of typen by the
nucleus (Z2zn ,A21), which we estimate in terms of th
geometrical cross section and the Coulomb barrier as

sn~en!'pR2S 12
Vcn

en
D u~en2Vcn!, ~4!

whereu is the Heaviside step function.
The last factor in the expression for the differential esca

width is the ratio of the final to initial state densities. W
estimate these using the Williams densities@12#,

v~p50,h51,E2Sn2en!5gu~E2Sn2en!,

v~p51,h51,E!5g2Eu~E!, ~5!

whereg is the single-particle density of states at the Fer
energy, which can be related to the usual level density
rametera asg56a/p2.

Substituting, and neglecting theA dependence of the re
duced mass, we can rewrite the differential emission width

dGdn
↑

den
~E,en!5

1

3\2 mNpR2S Z

AD znS 12
Z

AD 12zn ~en2Vcn!

aE

3u~en2Vcn!u~E2Sn2en!, ~6!

which we may integrate immediately, to obtain

Gdn
↑ ~E!5

1

6\2 mNpR2 S Z

AD znS 12
Z

AD 12zn ~E2Sn2Vcn!2

aE
.

~7!

We approximate the giant resonance escape width as the
of the contributions of neutron and proton emission,

Gd
↑'

1

6\2 mNpR2
1

aEd
F S Z

AD ~Ed2Sp2Vc!
2u~Ed2Sp2Vc!

1S 12
Z

AD ~Ed2Sn!2G , ~8!

where we have evaluated the energy of the emitting nuc
at the resonance energy.

We have evaluated the expression for the escape widthGd
↑

along the stability valley of the mass table, using values
the separation energies taken from liquid drop systema
the GDR resonance parameter systematics of Ref.@9# and the
Coulomb barrier parametrization of Ref.@13#,

Vc5
1.44ZpZt

1.07~Ap
1/31At

1/3!12.72
MeV.

Our results are shown in Fig. 3, in which we plot the ratio
the escape width to the total widthGd

↑/Gd as a function of the
mass number. This ratio is just the branching ratio for dir
particle emission from the GDR. We see from the figure th
for low values of the mass, the branching ratio drops rapi
as the mass increases. For values of the mass aboveA550,
the branching ratio is below 3%, where it remains for
higher values of the mass.

The GDR can also decay through direct or semidir
photon emission. The branching ratios for these proces
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e
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however, are much smaller than that of direct particle em
sion. We can thus conclude that the total branching ratio
escape is never more than a few percent of the total, ex
in the case of extremely light nuclei, and that it has lit
effect on the relative contributions of the DGDR and the h
GDR to two phonon excitations of the nucleus.

The decay of the statistical background states may
have an effect on our estimate of the importance of the
GDR, by allowing the states on which it is to be excited
decay before the excitation occurs. To evaluate the imp
tance of this process, we estimate the compound nuc
decay width using a phenomenological expression,

Gcn~E!'14 exp~24.69AA/E! MeV. ~9!

In principal, we should compare the compound nucleus
cay timetcn5\/Gcn with the collision timetc in order to
evaluate the importance of the decay process relative to
characteristic time available for the collective excitatio
However, as the collision time is energy dependent and
we have seen that it is of about the same order of magni
as the GDR decay timetd5\/Gd , we will instead compare
the compound nucleus decay time to the GDR decay time
comparing the corresponding widths. We do this in Fig. 4
which we plot the ratioGcn(Ed)/Gd as a function of the mas
number. We observe that the value of the compound de
width is on the order of a few percent of that of the GD

FIG. 3. Ratio of the direct escape width to the total giant dip
resonance width as a function of the mass number of the nucle
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width, for the lightest nuclei shown (A'16), and that it
decreases exponentially for larger values of the mass, re
ing a value of about 1027 of the GDR width in the case o
208Pb. We thus conclude that this decay process also
little effect on our estimate of hot GDR excitation.

In summary, we have evaluated the characteristic ti
scales of the processes which contribute to giant dipole re
nance excitation and decay. We have found that both co
ent and fluctuating contributions to the multiple phon
cross sections can be important. The latter arise through
Brink-Axel mechanism, in which a GDR resonance is e
cited on the statistical background of excited states popula
through the decay of a previous GDR phonon. We ha
found that photon and particle emission make correction
these processes on the order of only a few percent, exce
the case of very light nuclei. With the exception of the
cases, particle emission can thus normally be neglecte
the development of the GDR excitation and decay proce
This does not say that the excited nucleus does not deca
photon and/or particle emission, for this it does. Howev
this decay usually occurs long after the GDR has been
cited and then decayed to the statistical background stat

This work was supported in part by FAPESP and by
CNPq.

s.
FIG. 4. Ratio of the compound nucleus escape width to the t

giant dipole resonance width as a function of the mass numbe
the nucleus.
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