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Abstract

We examine the time scales of the competing processes involved in double

giant resonance excitation and decay.
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The Coulomb excitation of two-phonon giant resonances at intermediate energies has
generated considerable interest in the last few years [1]. The isovector double giant dipole
resonance (DGDR) has been observed in '*Xe [2], 197 Au [3], and 2P [4-6]. The isoscalar
double giant quadrupole resonance has also been observed in the proton emission spectrum
from the collision of “*Ca with *Ca at a laboratory energy of 44 A Mev [7]. When the
data on DGDR excitation for *Xe and '*”Au are compared with coupled-channel Coulomb
excitation calculations (8], it is found that, in the harmonic approximation, the calculated
cross sections are a factor of 2 to 3 smaller than the measured ones. A similar discrepancy,
albeit somewhat smaller, is found for 2°8Pb.

Several effects that are not taken into account in the coupled-~channel theory have been
considered as possible explanations of this discrepancy. As examples, we mention the effect
of anharmonicities [9,10] and the quenching of the 1* DGDR state [11]. In several recent
works [12-17], we have suggested a potentially important mechanism for this discrepancy,
. that of the Coulomb excitation of a,. GDR on the background states populated by the decay
~of a previously excited GDR, as shown in Fig. 1. The mportance of such ‘hot’ collective

excitations in nuclear gamma emission was suggested long ago by Brink and Axel [18]. Due
to the complicated nature of the noncollective background states, the amplitude for this
excitation process varies rapidly with energy and possesses an average close to zero. Its
contribution to the cross section can be sizable, however.

.The excitation of a second GDR after the decay of a first will be possible only if the
decay occurs before the collision has ended. We can thus obtain an estimate of the relevance
of this excitation mechanism by comparing the Coulomb collision time to the giant dipole
resonance decay time. The decay time can be estimated as 1; = i/ Fé, where I‘ﬁ is the giant
resonance spreading width. For *®Pb, we approximate this by the total GDR width of T'y ~
4 MeV, which yields 7; &~ 16 x 10722 5, We estimate the collision time using the schematic

time dependence of the Coulomb interaction of Ref. 8,
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which furnishes a collision time of the order of 7, ~ 2b/~v.

In Fig. 2, we compare the decay and collision times for the case of 208Ph + 208Pb_ as a
function of the incident energy per nucleon, using a value of 15 fm for the impact parameter
b. We see that at about 150 MeV per nucleon, the collision time is equal to the decay time.
At this energy, excitation of the DGDR is enhanced by about 50% due to the hot GDR,
excitation. At lower energies, the enhancement is even larger. As the collision decreases
slowly with the incident energy, it remains important over a fairly wide energy range, falling
to 10% at about 800 MeV per nucleon.

As the hot GDR excitation mechanism proposed here does not depend on the peculiarities
of the excited nucleus, we expect it to be common to all elements in the periodic table. We
can then ask how the energy range in which it is important varies with the mass of the
projectile being excited. To estimate this, we compare the collision and GDR decay times
and calculate the value of the projectile energy for which the two are equal. As we have
noted above, the DGDR enhancement for the case of *®®Pb is about 50% when the decay
time and collision time are equal.

-'To obtain a general estimate, we use a global systematic for the GDR energy and total
width, &4 = 43.4A7%?'5 MeV and I'y = 0.3¢, [19], to approximate the decay time as
74 = h/T'q. We assume a projectile of mass A, incident on 28Ph, to estimate the collision

time as

b ro(AL® +208'3)
Te = — & )

Y ~

ro = 1.23 fm.

Equating the two expressions yields the curve of Fig. 3. From the figure, we conclude that
the energy range in which the fluctuation contribution to the DQDR excitation is important
grows slightly larger as the projectile mass decreases but remains of the same order of
magnitude throughout the mass table.

Giant resonances have many characteristics that suggest a treatment in terms of simple
collective degrees of freedom. The first and foremost of these is their classical interpreta-

tion in terms of macroscopic shape oscillations of the nucleus. The properties of multiple
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excitations of these resonances would then suggest that they are simple bosonic degrees
of freedom. The Brink-Axel hypothesis, which assumes that a giant dipole resonance may
be constructed on each of the intrinsic excited states of the nucleus, suggests that the res-
onances can be considered as degrees of freedom independent of the intrinsic states. Of
course, the microscopic representation of the giant resonances, in terms of of the intrinsic
particle-hole states, implies that their treatment as independent degrees of freedom can only
be approximate. Yet, in many instances, it seems to be a very good approximation.

We treat the giant resonance as an independent degree of freedom and label the states of
the nucleus with both a collective index n, denoting the number of collective dipole phonons,
and a statistical one s, denoting the number of collective phonons that have decayed into
the incoherent background. The class of states denoted by the pair of indices 7 and s
thus possesses n phonons of collective excitation and an incoherent background excitation
obtained through the decay of another s phonons. In the limit of harmonic phonons, these
states would have an excitation energy of (n+3s)eg and a width of nl'y, where g, is the energy
of the giant dipole resonance.and L'y is its spreading width. A schematic representation of
the states and the transitions between them is given in Fig. 4.

We consider the Coulomb excitation of a collective degree of freedom of a projectile
nucleus by an inert target and the subsequent decay of the collective states into complex
intrinsic ones. In terms of the state labels we have defined, the usual coherent DGDR

-excitation proceeds by a collective excitation from the ground state to the n=1, s=0 GDR
state followed by a subsequent collective excitation to the n=2, s=0 DGDR state, before
the n=1, s=0 GDR phonon has decayed into the n=0, s=1 background of statistical states.
The fluctuating, hot GDR. excitation is initiated in the same manner, with a collective
excitation from the ground state to the n=1, s=0 GDR state. However, the hot GDR
is excited, through the Brink-Axel mechanism, on the statistical background of n=0, s=1
states, which are populated by the decay of the single GDR. The n=1, s=1 hot GDR has an
~excitation energy similar to that of the DGDR, and appears very similar to it experimentally.

The hot GDR contribution to the cross section can also be of comparable size to that of the

4




DGDR, as we have discussed above and shown in recent calculations [15-17].
However, collective excitation of GDR phonons and their decay to a statistical back-
ground of excited states are not the only processes that occur in such collisions. As is well

known, an excited nucleus eventually decays by emitting particles and/or photons. Such

emission can occur directly from the the GDR or, more commonly, from the equilibrated

background of statistical states. Particle emission affects the distribution of occupations and
may modify the relative contributions of the coherent and fluctuating excitation processes.
We thus wish to estimate the relative importance of these emission processes. We first esti-
mate the contribution of direct emission from the GDR. We then estimate the contribution
of emission from the background of statistical states.

To estimaté the escape width I‘E of the giant dipole resonance, we model the resonance
as a one-particle, one-hole state and assume that its decay occurs by pre-equilibrium nu-
cleon emission. Expressions for differential pre-equilibrium emission rates, based on detailed
balance considerations, were deduced long ago [20,21]. For the case of nucleon emission, the

expression for the differential emission width takes the form

d Z\N'"* wlp=0,h=1,E—~8, ~¢,

r 2 ZN\*
VE v) = —0— % vl pi\Cp 3 - = [}
de, (E, ) m2p2hvers (&) (A) (1 A wip=1,h=1,F)

where z, and ¢, are the charge and energy of the emitted nucleon, while 4, Z and E are
the mass number, charge and energy of the emitting nucleus. The factor o, (e, ) is the cross
section for absorption of nucleons of type v by the nucleus (Z —z,, A—1), which we estimate

in terms of the geometrical cross section and the Coulomb barrier as

ov(e) ~ 7R? (1 — E”-) O(e, — Vo), (3)

€y
where @ is the Heaviside step function.
- The last factor in the expression for the differential escape width is the ratio of the final

to initial state densities. We estimate these using the Williams densities [22],
wlp=0,h=1,E-S,—¢,) =g8(E—- S5, —¢,)
wlp=1,h=1,E) = ¢*E9(E), (4)

5




where g is the single-particle density of states at the Fermi energy, which can be related to
the usual level density parameter a as g = Ba/ 2.
Substituting, and neglecting the A dependence of the reduced mass, we can rewrite the

differential emission width as

dFTV 1 AL pA gy € — ch . . . ' _ -
T, e =gt (3) " (1-7) T e o, vz -5, - ), ()

which we may integrate immediately, to obtain

T _ —L o “Z—)Zv(
L (E) Gﬁszﬂ’R (A

AR (E-8, — Vc,,)2
1= Z) aE ' (6)

We approximate the giant resonance escape width as the sum of the contributions of neutron

and proton emission,

1 1 Z VA
F; ~ é?mN 7['R2 C-LhETd [(Z) (Ed - Sp - Vc)2 Q(Ed - Sp - Vc) + (1 — Z) (Ed - Sn)2:‘ H (7)

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

We have evaluated the exﬁression for the escape width I‘,T, along the stability valley of the
mass table, using values for the separation energies taken from liquid drop systematics, the
GDR resonance parameter systematics of Ref. (19] and the Coulomb barrier parametrization

of Ref. [23],

1447, 2,
Ve= 1/3 1/3
1.07(4 + ) + 272

Our results are shown in Fig. 5, in which we plot the ratio of the escape width to the total
~width, I‘Ti/l"d, as a function of the mass number. This ratio is just the branching ratio for
direct particle emission from the GDR. We see from the figure that, for low values of the
mass, the branching ratio drops rapidly as the mass increases. For values of the mass above
A=50, the branching ratio is below 3%, where it remains for all higher values of the mass.
The GDR can also decay through direct or semidirect photon emission. The branching
ratios for these processes, however, are much smaller than that of direct particle emission.

We can thus conclude that the total branching ratio for escape is never more than a few
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percent of the total, except in the case of extremely light nuclei, and that it has little effect
on the relative contributions of the DGDR and the hot GDR to two phonon excitations of
the nucleus.

'The decay of the statistical background states may also have an effect on our estimate
of the importance of the hot GDR, by allowing the states on which it is to be excited to
decay before the excitation occurs. To evaluate the importance of this process, we estimate

the compound nucleus decay width using a phenomenological expression,

[en(E) ~ 14exp(—4.69¢/A/E) MeV. (8)

In principal, we should compare the compound nucleus decay time, 7o, = hi/Ty, with the
collision time, 7., in order to evaluate the importance of the decay process relative to the
characteristic time available for the collective excitation. However, as the collision time is
energy dependent and as we have seen that it is of about the same order of magnitude as
the GDR decay time, 7, = /i/T'y, we will instead compare the compound nucleus decay time
to the GDR decay time by comparing the corresponding widths. We do this in Fig. 6, in
which we plot the ratio e, (E4)/Ty as a function of the mass number. We observe that the
value of the compound decay width is on the order of a few percent of that of the GDR
width, for the lightest nuclei shown (A ~16), and that it decreases exponentially for larger
values of the mass, reaching a value of about 10~7 of the GDR width in the case of 2¢Pb.
We thus conclude that this decay process also has little effect on our estimate of hot GDR
excitation. |

In summary, we have evaluated the characteristic time scales of the processes which con-
tribute to giant dipole resonance excitation and decay. We have found that both coherent
and fluctuating contributions to the multiple phonon cross sections can be important. The
latter arise through the Brink-Axel mechanism, in which a GDR resonance is excited on
the statistical background of excited states populated through the decay of a previous GDR
phonon. We have found that photon and particle emission make corrections to these pro-

cesses on the order of only a few percent, except in the case of very light nuclei. With the
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exception of these cases, particle emission can thus normally be neglected in the deirelopment
of the GDR excitation and decay process. This does not say that the excited nucleus does
not decay by photon and/or particle emission, for this it does. However, this decay ﬁsually
occurs long after the GDR has been excited and then decayed to the statistical background

states.
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FIG. 1. Cartoon depiction of the conventional double giant dipole resonance excitation (DGDR)
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and the alternative ‘hot’ giant dipole excitation (HGDR) discussed here.
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FIG. 2. Collision time 7, (solid line) and GDR decay time 74 (dashed line) for the system 2%Pb
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+ 208Pb at an impact parameter of b=15 fm as a function of the projectile energy per nucleon.
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FIG. 3. Energy per nucleon at which the collision time and giant dipole resonance decay time

of a projectile in a collision with 208Pb are approximately equal, as a function of the mass number

of the projectile.
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FIG. 4. Schematic representation of the collective/statistical states and their transitions. The

vertical arrows represent the two-way coherent excitation/de-excitation of collective phonons. The

horizontal arrows represent the one-way statistical decay of the collective phonons. & denotes the

excitation energy.
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FIG. 5. Ratio of the direct neutron escape width to the total giant dipole resonance width as

a function of the mass number of the nucleus.
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FIG. 6. Ratio of the compound nucleus escape width to the total giant dipole resonance width

1 1

§
200 250

150

as a function of the mass number of the nucleus.
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