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Pre-Equilibrium Effects in the Population of Giant Dipole Resonances
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High-energyg rays associated with the decay of the giant dipole resonance have been measured
two fusion reactions leading to the140Sm compound nucleus at an excitation energy of 71 MeV. The
observed yield increases with the asymmetry in the ratios of the number of neutrons to protons in th
entrance channel. This is interpreted as resulting from giant dipole phonons excited at the moment
collision in anNyZ asymmetric reaction. [S0031-9007(96)00937-4]
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The discovery [1] that giant dipole resonances (GD
can be excited in hot rotating nuclei formed in fusi
reactions has opened a rich field of investigation
During the last decade, the GDR has been used
probe to study the evolution and fluctuations of the nuc
shape as a function of temperature and angular momen
Furthermore, it has been recently shown that the G
decay can be affected by the reaction dynamics of he
ion collisions [3]. In a very simple model, giant dipo
resonances can be considered as vibrations of a
composed ofZ protons against a fluid composed ofN
neutrons [4,5]. This suggests that giant dipole phon
could be excited at the moment of the collision betwe
heavy ions having differentNyZ ratios. Therefore, pre
equilibrium effects might be observed by studying GD
decays from the same compound nucleus populated
fusion reactions with differentNyZ asymmetries in the
entrance channel. Microscopic calculations of reac
dynamics have recently predicted such pre-equilibr
effects [6].

In order to search for these pre-equilibrium effects,
have populated the140Sm compound nucleus via the rea
tions36S 1 104Pd and40Ca 1 100Mo at bombarding ener
gies of 160 and 170 MeV, respectively. These reacti
were selected because they lead to the same comp
system with quite differentNyZ asymmetries in the en
trance channel, i.e., the S1Pd reaction isNyZ symmetric
(NyZ  1.25 and 1.26) while the Ca1Mo reaction has a
large NyZ asymmetry (NyZ  100 and 1.38). Further
more, there is only a small difference in the mass asym
try in the entrance channel between these reactions. S
both systems are located above the critical curve in
fissility–mass-asymmetry plane [7], the dynamical effe
associated with mass asymmetry [3] in the entrance c
nel should be small. The shape of the GDR resona
is expected to be similar for the two reactions and an
hancement is predicted in the Ca1Mo case. Both reac
0031-9007y96y77(8)y1448(4)$10.00
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tions produced the compound system at an excitation
ergy of 71 MeV. Although the calculated maximum a
gular momentumlmax is 45h̄ and 60h̄ for the Ca- and
S-induced reactions, respectively, it is possible to se
similar angular momentum distributions in the off-lin
analysis. The self-supported104Pd target consisted of
stack of two foils each of0.6 mgycm2 thickness. The
100Mo target was a single foil of1.4 mgycm2. The heavy-
ion beams were provided by the MP Tandem from
Tandem Accelerator Superconducting Cyclotron (TASC
facility at the Chalk River Laboratories. Emittedg rays
were detected with the8p spectrometer [8,9] which com
prises a spherical calorimeter of 71 bismuth german
(BGO) scintillator surrounded by an array of 20 Compto
suppressed HPGe detectors. The high-energyg rays
associated with the GDR decay were observed in the i
vidual BGO elements and the germanium detectors w
used to measure discreteg rays emitted by evaporatio
residues. Theg-ray detectors were energy calibrated w
88Y (0.898 and 1.836 MeV) and Pu-Be (4.439 MeV)g

sources. The energy calibration of the BGO detectors
monitored in beam by measuring the 10.20 MeVg ray fol-
lowing the capture of thermalized neutrons by73Ge [10].
The trigger to record an event on tape required that at l
one Compton-suppressed HPGe detector and six BGO
ments responded. In the 8p spectrometer, the BGO detec
tors are located at 11.0 cm from the target and their t
resolution is not good enough (,8 ns) [11] to completely
discriminate between the neutron-induced events and thg

rays by a time-of-flight technique. However, the neutr
contamination in theg-ray spectra has been minimized
the off-line analysis by selecting a relatively narrow tim
window and by the selection of only the BGO elements
the backward hemisphere of the8p. An important aspect
of the analysis was that angular momentum ranges in
compound system could be selected by imposing co
tions on the number of BGO elements that fired,K . We
© 1996 The American Physical Society
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have limited the data analysis to relatively lowK values
to insure that the same angular momentum regions
selected in both reactions.

The measuredg-ray spectra associated with the co
ditions 7 # K # 17 are presented in Fig. 1 for bo
reactions. This BGO-multiplicity window correspon
approximately to the spin range13h̄ # I # 31h̄. These
g-ray spectra were generated by selecting BGO ev
gated by a 12 ns wide time window favoring prom
events and thusg rays over neutrons. Figure 1 clea
shows an increase ofg-ray intensity in the GDR energ
region from the S- to the Ca-induced reaction. In or
to enhance the GDR structure, theseg-ray spectra ca
be linearized by dividing them by a theoretical spectr
calculated with the computer programCASCADE [12] with
a constantE1 strength function taking into account t
response of the BGO detectors with theGEANT [13] sub-
routine package. Such linearized spectra are present
Fig. 2. A definite enhancement is observed in the G
energy region for the reaction having a strongNyZ
asymmetry in the entrance channel. More precis
the g-ray intensity integrated between 8 and 18 M
in the linearized spectra increases by,16% from the
S- to the Ca-induced reaction. The same enha
ment was obtained when discreteg rays associate
with evaporation residues were observed in the HP
detectors in coincidence with the GDR photons. T
proves that the enhancement is not due to target
taminations, or associated with a difference in
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FIG. 1. Measuredg-ray spectra associated with the reactio
36S 1 104Pd and40Ca 1 100Mo at bombarding energies of 16
and 170 MeV, respectively. The analysis was restricted
events having a BGO multiplicityK between 7 and 17. Thes
spectra were normalized in intensity between 3.0 and 3.5 M
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fission or deep inelastic cross sections between b
reactions.

We have investigated the effects of the experimen
uncertainties in the excitation energy and angular mom
tum of the compound nucleus. First, since the S-induc
reaction can populate higher angular momenta in the co
pound system, it is expected that its angular moment
distribution associated with ourK window contains higher
partial waves than that of the Ca-induced reaction. T
difference in the spin distributions can be inferred fro
the measured relative intensity of discreteg rays observed
by the HPGe detectors. The ratio of intensities measu
for g rays associated with three- and four-particle cha
nels suggests that ourK window contains higher angula
momenta in the S-induced reaction. However, as sho
in Fig. 3, the HPGe spectra are virtually identical for bo
reactions when a reduced window7 # K # 14 is used
for the S-induced reaction. For example, the ratios of
intensity associated with the 285 and 337 keVg rays be-
longing to p3n and p2n evaporation channels are iden
tical within an accuracy better that 0.5%. This strong
suggests that the window7 # K # 14 for the S-induced
reaction is associated with an angular momentum dis
bution very similar to that associated with the windo
7 # K # 17 for the Ca-induced reaction. It should b
noted that this reducedK window was found by minimiz-
ing thex2 between the HPGe spectra associated with
two reactions. The GDR spectra have been analyzed w
these newK conditions and the same result was found f
the enhancement factor. Therefore, the enhancemen
the GDR strength is not related to the experimental u
certainty in the selection of the angular momentum in t
entrance channel.

The uncertainty in the excitation energy is dominat
by the uncertainty in the energy loss by the projecti
in the targets. In order to investigate the effect of th
.

FIG. 2. Linearized plot of the experimentalg-ray spectra for
the S- and Ca-induced reactions. The spectra were norma
in intensity between 3 and 4 MeV. The analysis was restric
to events having a BGO multiplicityK between 7 and 17.
1449
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FIG. 3. Partialg-ray spectra measured by the HPGe detec
for the S- and Ca-induced reactions. The selected BG
multiplicity (K) windows are indicated and strongg rays
emitted by the evaporation residues are labeled.

uncertainty, we reduced the energy of the Ca be
to 168 MeV without changing the target. With th
new bombarding energy, both reactions produced
compound system at the same excitation energy fo
fusion occurring at the entrance of the target, i.e., if
energy loss was neglected. The analysis of the G
spectrum for this new bombarding energy gives nearly
same enhancement factor as before. More precisely
intensity of the GDR peak in the linearized spectrum w
reduced by 1% when comparing the Ca-induced reac
at bombarding energies of 170 and 168 MeV. This is
excellent agreement with the intensity reduction predic
by the statistical codeCASCADE for fusion reactions
occurring at the center of the target.

We have also investigated the effect of the neutr
induced background in the BGO detectors. The neutr
induced background associated with the thermali
neutrons is negligibly small for the selected time windo
In fusion reactions, the relative cross section of
various evaporation residues is very sensitive to the in
excitation energy and angular momentum distributi
The g-ray spectra presented in Fig. 3 show that it w
possible to select the same excitation energy and ang
momenta for both reactions. In other words, for the n
set of K windows the average number of fast neutro
was identical for both reactions. The analysis ofg-ray
spectra measured with BGO detectors located at backw
and forward angles showed that the small difference in
center-of-mass velocity produces only a negligible eff
in the enhancement factor. Furthermore, a recent s
showed [14] that the neutron contamination plays a mi
role in our GDR spectra when comparing two reactio
producing the same compound nucleus, even for syst
presenting a large difference in their center-of-m
velocities.

The presence of a neutron-induced background at
energy in the BGO spectra could affect our normalizat
1450
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procedure. We have investigated various normalizat
procedures in order to eliminate this possible bias.
example, it is possible to normalize the BGO spectra
the total number of events in a givenK window. The
application of this alternative normalization procedu
revealed an enhancement factor of 15% between the G
intensities measured for the Ca- and S-induced reacti
which is very close to the value of 16% following th
previous analysis. In the8p spectrometer, the HPG
detectors are located at four different angles with resp
to the beam axis (637±, 679±). The enhancement facto
was found to be independent of the angle of the HP
detectors used for the normalization. It should be no
that a normalization on discrete lines would give the sa
result, provided that the reducedK window is used for
the S-induced reaction. We therefore conclude that
enhancement of the GDR intensity is a pre-equilibriu
entrance-channel effect.

Let us discuss the role of pre-equilibrium effects
the emission of GDR photons, from a theoretical po
of view. We will follow the formalism of Refs. [15,16]:
We consider a GDR phonon gas coupled to a phonon
compound nucleus. The phonons are excited with a ral

and they decay with a ratem. The compound nuclei may
also decay, with a rategev , because of the evaporatio
of nucleons or other particles. It is easy to derive (s
Refs. [6,15] for more details) that the probability th
the system remains in the initial compound nucleus,
the total number of GDR phonons excited in the syste
evolve according to the equations

dPstd
dt

 2gevPstd (1)

and

dnGDR

dt
 2sm 2 ldnGDR 1 l , (2)

respectively.
It should be noted that in this approach only the fi

step of the cascade is considered and so it can be affe
by the pre-equilibrium effects. Therefore, we obtain

Pstd  Ps0de2gev t , (3)

nGDRstd 
l

m

∑
1 2

µ
1 2 nGDRs0d

m

l

∂
e2mt

∏
. (4)

The quantitynGDRs0d is the number of phonons prese
in the initial conditions at the formation of the compoun
nucleus, and therefore is intimately related to the prese
of pre-equilibrium effects. We note thatnGDRstd tends
to reach the statistical equilibrium,nGDRsteqd  lym ø
e2EGDRyT , T being the temperature andEGDR the energy
associated with the GDR peak.
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Since we are interested in the photon production,
us compute theg-decay probabilityPg 

R`

0 dtgg 3

PstdnGDRstd, where gg is the partial width for photon
emission. The integral gives

Pg 
gg

gev

l

m
1

µ
nGDRs0d 2

l

m

∂
gg

m 1 gev

 Pg,eq 1 DPg , (5)

where the first term represents the equilibrium contri
tion, while the second term comes from pre-equilibriu
effects. Starting from this equation, it is possible to wr
the ratio between theg production due to pre-equilibrium
effects and the equilibrium value as follows:P

e
DPe

gP
e

Pe
g,eq

ø
1
3

P
e

ne
GDRs0d

m
gev

m

l
, (6)

where the sum runs over the three polarizationse  61, 0.
This ratio must be understood as the increase of the
chanceg rays in comparison with the statistical mod
predictions. For the reactions studied in the present Le
we have used the valuesm  4.8 MeV, T  2.1 MeV,
andgev ø 0.03 MeV.

The important difference between the two reactio
considered is that in the asymmetric case (Ca1Mo), it
is possible to obtain a value for the number of p
equilibrium GDR phonons,nGDRs0d, which is different
from zero. To investigate this effect, we have perform
calculations of the Boltzmann-Uehling-Uhlenbeck ty
[17] for both reactions. In order to wash out the vario
fluctuations and focus only on entrance-channel effe
we have considered a set of ten events for each rea
and calculated the average of the dipole moments.
dipole excitation was found in the S1Pd reaction. How-
ever, in the case of the reaction Ca1Mo, if we consider
the dipole moment along the beam axisDz  z̄Z 2 z̄N

(where z̄Z and z̄N represent the coordinates of the ce
ter of mass of the protons and of the neutrons al
the beam axis, respectively) it is possible to observ
dipole oscillation associated with a maximum elongat
of d ø 0.14 fm. This elongation is related to the numb
of excited phonons by the expression

nGDR  d2 MEGDR

2h̄2 , (7)

where M  ZNysZ 1 Ndm is the reduced mass o
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the neutron-proton system,m being the nucleon mass
We therefore get a number of pre-equilibrium phono
nGDR  0.14. If we now introduce this number in
Eq. (6), we obtain finallyDPgyPg, eq ø 0.78  78%.
As previously discussed, this is the additional number
photons emitted by the initial compound nucleus, divid
by its statistical decay rate. Calculations performed w
the codeCASCADE indicate that, in order to reproduce th
experimental overall increase of about16% over the full
cascade, the number of statistical photons coming fr
the initial compound nucleus must be increased by ab
100%. This is in good agreement with our theoretic
prediction of,78%.

In summary,g rays associated with the GDR deca
have been measured for two fusion reactions lead
to the same compound nucleus. Pre-equilibrium effe
related to theNyZ asymmetry in the entrance chann
have been observed for the first time.
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