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Pre-Equilibrium Effects in the Population of Giant Dipole Resonances
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High-energyy rays associated with the decay of the giant dipole resonance have been measured for
two fusion reactions leading to tH&Sm 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 the
entrance channel. This is interpreted as resulting from giant dipole phonons excited at the moment of
collision in anN/Z asymmetric reaction. [S0031-9007(96)00937-4]

PACS numbers: 24.30.Cz, 25.70.Gh

The discovery [1] that giant dipole resonances (GDR}ions produced the compound system at an excitation en-
can be excited in hot rotating nuclei formed in fusionergy of 71 MeV. Although the calculated maximum an-
reactions has opened a rich field of investigation [2].gular momentum/,,x is 454 and 60/ for the Ca- and
During the last decade, the GDR has been used as induced reactions, respectively, it is possible to select
probe to study the evolution and fluctuations of the nucleasimilar angular momentum distributions in the off-line
shape as a function of temperature and angular momenturanalysis. The self-supporté@*Pd target consisted of a
Furthermore, it has been recently shown that the GDRtack of two foils each of).6 mg/cn? thickness. The
decay can be affected by the reaction dynamics of heavy?’Mo target was a single foil of.4 mg/cm?. The heavy-
ion collisions [3]. In a very simple model, giant dipole ion beams were provided by the MP Tandem from the
resonances can be considered as vibrations of a fluilandem Accelerator Superconducting Cyclotron (TASCC)
composed ofZ protons against a fluid composed §f  facility at the Chalk River Laboratories. Emittedrays
neutrons [4,5]. This suggests that giant dipole phonongvere detected with thg&z spectrometer [8,9] which com-
could be excited at the moment of the collision betweerprises a spherical calorimeter of 71 bismuth germanate
heavy ions having differenW /Z ratios. Therefore, pre- (BGO) scintillator surrounded by an array of 20 Compton-
equilibrium effects might be observed by studying GDRsuppressed HPGe detectors. The high-eneygyays
decays from the same compound nucleus populated viassociated with the GDR decay were observed in the indi-
fusion reactions with differentv/Z asymmetries in the vidual BGO elements and the germanium detectors were
entrance channel. Microscopic calculations of reactiorused to measure discrete rays emitted by evaporation
dynamics have recently predicted such pre-equilibriunresidues. The-ray detectors were energy calibrated with
effects [6]. 8y (0.898 and 1.836 MeV) and Pu-Be (4.439 MeY)

In order to search for these pre-equilibrium effects, wesources. The energy calibration of the BGO detectors was
have populated th#°Sm compound nucleus via the reac- monitored in beam by measuring the 10.20 MgVYay fol-
tions3¢S + 1%pd and*’Ca + '“"Mo at bombarding ener- lowing the capture of thermalized neutrons Bge [10].
gies of 160 and 170 MeV, respectively. These reaction3he trigger to record an event on tape required that at least
were selected because they lead to the same composiae Compton-suppressed HPGe detector and six BGO ele-
system with quite differentv/Z asymmetries in the en- ments responded. In ther8spectrometer, the BGO detec-
trance channel, i.e., thet®d reaction isV/Z symmetric  tors are located at 11.0 cm from the target and their time
(N/Z = 1.25 and 1.26) while the CaMo reaction has a resolution is not good enough-8 ns) [11] to completely
large N/Z asymmetry §/Z = 100 and 1.38). Further- discriminate between the neutron-induced events ang the
more, there is only a small difference in the mass asymmerays by a time-of-flight technique. However, the neutron
try in the entrance channel between these reactions. Sincentamination in they-ray spectra has been minimized in
both systems are located above the critical curve in théhe off-line analysis by selecting a relatively narrow time
fissility—mass-asymmetry plane [7], the dynamical effectavindow and by the selection of only the BGO elements in
associated with mass asymmetry [3] in the entrance charthe backward hemisphere of tRe. An important aspect
nel should be small. The shape of the GDR resonancef the analysis was that angular momentum ranges in the
is expected to be similar for the two reactions and an eneompound system could be selected by imposing condi-
hancement is predicted in the €&lo case. Both reac- tions on the number of BGO elements that fir&d, We
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have limited the data analysis to relatively Id&vvalues fission or deep inelastic cross sections between both
to insure that the same angular momentum regions weneactions.
selected in both reactions. We have investigated the effects of the experimental

The measuredy-ray spectra associated with the con-uncertainties in the excitation energy and angular momen-
ditions 7 = K = 17 are presented in Fig. 1 for both tum of the compound nucleus. First, since the S-induced
reactions. This BGO-multiplicity window corresponds reaction can populate higher angular momenta in the com-
approximately to the spin rang8/s = I = 31h. These pound system, it is expected that its angular momentum
v-ray spectra were generated by selecting BGO eventdistribution associated with ol window contains higher
gated by a 12 ns wide time window favoring prompt partial waves than that of the Ca-induced reaction. The
events and thug rays over neutrons. Figure 1 clearly difference in the spin distributions can be inferred from
shows an increase of-ray intensity in the GDR energy the measured relative intensity of discreteays observed
region from the S- to the Ca-induced reaction. In ordeby the HPGe detectors. The ratio of intensities measured
to enhance the GDR structure, thegaay spectra can for y rays associated with three- and four-particle chan-
be linearized by dividing them by a theoretical spectrumnels suggests that ol window contains higher angular
calculated with the computer progratASCADE [12] with momenta in the S-induced reaction. However, as shown
a constantEl strength function taking into account the in Fig. 3, the HPGe spectra are virtually identical for both
response of the BGO detectors with theanT [13] sub-  reactions when a reduced windoiv= K = 14 is used
routine package. Such linearized spectra are presentedfior the S-induced reaction. For example, the ratios of the
Fig. 2. A definite enhancement is observed in the GDRntensity associated with the 285 and 337 kgVays be-
energy region for the reaction having a strodyZ  longing to p3n and p2n evaporation channels are iden-
asymmetry in the entrance channel. More preciselytical within an accuracy better that 0.5%. This strongly
the y-ray intensity integrated between 8 and 18 MeVsuggests that the window= K = 14 for the S-induced
in the linearized spectra increases By6% from the reaction is associated with an angular momentum distri-
S- to the Ca-induced reaction. The same enhancdsution very similar to that associated with the window
ment was obtained when discretg rays associated 7 = K = 17 for the Ca-induced reaction. It should be
with evaporation residues were observed in the HPGaoted that this reducekl window was found by minimiz-
detectors in coincidence with the GDR photons. Thising the y? between the HPGe spectra associated with the
proves that the enhancement is not due to target cornwo reactions. The GDR spectra have been analyzed with
taminations, or associated with a difference in thethese newK conditions and the same result was found for
the enhancement factor. Therefore, the enhancement of
the GDR strength is not related to the experimental un-
E certainty in the selection of the angular momentum in the
K=7-17 4 entrance channel.

The uncertainty in the excitation energy is dominated
1 by the uncertainty in the energy loss by the projectiles
4 in the targets. In order to investigate the effect of this
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FIG. 1. Measuredy-ray spectra associated with the reactions
%63 + 104pd and**Ca + Mo at bombarding energies of 160 FIG. 2. Linearized plot of the experimentgtray spectra for
and 170 MeV, respectively. The analysis was restricted tdhe S- and Ca-induced reactions. The spectra were normalized
events having a BGO multiplicitk between 7 and 17. These in intensity between 3 and 4 MeV. The analysis was restricted
spectra were normalized in intensity between 3.0 and 3.5 MeMVto events having a BGO multiplicitik between 7 and 17.
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procedure. We have investigated various normalization

S+ Pd(R=7-17) 4 procedures in order to eliminate this possible bias. For
10000 ' example, it is possible to normalize the BGO spectra on
] the total number of events in a giveti window. The

§ 0 Ca + Mo (K=7-17)’ application of this alternative normalization procedure
« 20000 ] revealed an enhancement factor of 15% between the GDR
° IOOOOM/\/W\JM intensities measured for the Ca- and S-induced reactions,
2 1 which is very close to the value of 16% following the
§ 0 £Es £ S + Pd (K=7-14) previous analysis. In th&w spectrometer, thg HPGe
z 100000 &2 2 £ ] detectors are located at four different angles with respect
1 5 PNd 1%Sm to the beam axis¥£37°, +79°). The enhancement factor
0 was found to be independent of the angle of the HPGe
250 300 350 400 detectors used for the normalization. It should be noted
E, (keV) that a normalization on discrete lines would give the same

_ result, provided that the reducdd window is used for
FIG. 3. Partialy-ray spectra measured by the HPGe detectorspe S-induced reaction. We therefore conclude that the

for the S- and Ca-induced reactions. The selected BGO- . oo A
multiplicity (K) windows are indicated and strong rays enhancement of the GDR intensity is a pre-equilibrium

emitted by the evaporation residues are labeled. entrance-channel effect. o _
Let us discuss the role of pre-equilibrium effects in

uncertainty, we reduced the energy of the Ca beanthe emission of GDR photons, from a theoretical point
to 168 MeV without changing the target. With this of view. We will follow the formalism of Refs. [15,16]:
new bombarding energy, both reactions produced th&/e consider a GDR phonon gas coupled to a phononless
compound system at the same excitation energy for aompound nucleus. The phonons are excited with axate
fusion occurring at the entrance of the target, i.e., if theand they decay with a raje. The compound nuclei may
energy loss was neglected. The analysis of the GDRiso decay, with a ratg.,, because of the evaporation
spectrum for this new bombarding energy gives nearly thef nucleons or other particles. It is easy to derive (see
same enhancement factor as before. More precisely, tHeefs. [6,15] for more details) that the probability that
intensity of the GDR peak in the linearized spectrum waghe system remains in the initial compound nucleus, and
reduced by 1% when comparing the Ca-induced reactiothe total number of GDR phonons excited in the system,
at bombarding energies of 170 and 168 MeV. This is inevolve according to the equations
excellent agreement with the intensity reduction predicted
by the statistical codecAScCADE for fusion reactions dP(t) _ (1) B
occurring at the center of the target. dt e

We have also investigated the effect of the neutron-
induced background in the BGO detectors. The neutron"Zmd
induced background associated with the thermalized dnGpr
neutrons is negligibly small for the selected time window. i —(u = Mngpr + A, )
In fusion reactions, the relative cross section of the
various evaporation residues is very sensitive to the initiatespectively.
excitation energy and angular momentum distribution. It should be noted that in this approach only the first
The y-ray spectra presented in Fig. 3 show that it wasstep of the cascade is considered and so it can be affected
possible to select the same excitation energy and anguldl the pre-equilibrium effects. Therefore, we obtain
momenta for both reactions. In other words, for the new
set of K windows the average number of fast neutrons P(t) = P(0)e ™', 3
was identical for both reactions. The analysisjofay
spectra measured with BGO detectors located at backward
and forward angles showed that the small dlffe_rt_ence in the nepr(t) = A [1 _ <1 _ nGDR(O)ﬁ>eMZi|- (4)
center-of-mass velocity produces only a negligible effect I A
in the enhancement factor. Furthermore, a recent study
showed [14] that the neutron contamination plays a minoiThe quantityngpr(0) is the number of phonons present
role in our GDR spectra when comparing two reactiongn the initial conditions at the formation of the compound
producing the same compound nucleus, even for systenmicleus, and therefore is intimately related to the presence
presenting a large difference in their center-of-mas®f pre-equilibrium effects. We note thalspr(z) tends
velocities. to reach the statistical equilibriunigpr(feq) = A/u =

The presence of a neutron-induced background at low£e>x/T T being the temperature aritpr the energy
energy in the BGO spectra could affect our normalizatiorassociated with the GDR peak.
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Since we are interested in the photon production, lethe neutron-proton systemw being the nucleon mass.
us compute they-decay probabilityP, = fff dty, X  We therefore get a number of pre-equilibrium phonons
P(t)ngpr(t), wherey, is the partial width for photon ngpr = 0.14. If we now introduce this number in

emission. The integral gives Eq. (6), we obtain finallyAP,/P, q = 0.78 = 78%.
As previously discussed, this is the additional number of
P. — Yy A + <nGDR(0) _ i) Yy photons emitted by the initial compound nucleus, divided
T e LT Vey by its statistical decay rate. Calculations performed with
= Pyeq + AP, (5) the codecAsCADE indicate that, in order to reproduce the

experimental overall increase of abdui% over the full
where the first term represents the equilibrium contribucascade, the number of statistical photons coming from
tion, while the second term comes from pre-equilibriumthe initial compound nucleus must be increased by about
effects. Starting from this equation, it is possible to write100%. This is in good agreement with our theoretical
the ratio between the production due to pre-equilibrium prediction of~78%.

effects and the equilibrium value as follows: In summary,y rays associated with the GDR decay
have been measured for two fusion reactions leading
ZAP§ | 2. nGpr(0) to the same compound nucleus. Pre-equilibrium effects
ZEPE ~ 3 E yev%, (6) related to theN/Z asymmetry in the entrance channel
— " y.eq K have been observed for the first time.
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