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v rays emitted in coincidence with charged particles have been measured in the cofiidtiNi at 94.7
MeV. The y spectrum detected in coincidence with evaporation residues has been fitted using the statistical
codecascape and does not show clear evidence for nonstatistical emisgispectra measured in coincidence
with fast, forward emittedr particles show a contribution around 10 MeV which has been interpreted as being
due to preequilibrium dipole emission in the first stages of the collision. The presence of this nonstatistical
yield has been explained performing theoretical calculations based on the Boltzmann-Nordeim-Vlasov equa-
tion. [S0556-28188)05608-9

PACS numbds): 24.30.Cz, 25.70.Jj

INTRODUCTION emission, even though this effect will be weakened due to
the large mass asymmetfgee, e.g., Ref[8]). With the
An interesting topic in the field of heavy ion reactions is above points in mind, we plan to look for the presence of
the study of y-ray emission in the energy rangéy  Preequilibrium dipole emission in the studied reaction sys-
~1-30 MeV. Such investigations can give information ontém and to investigate the possible dependence of such emis-
the systems produced in the collisions and on the dynamic&on on the LMT. In the next section we will briefly discuss
of the reactions, e.g., ReffL]. In recent years, considerable th.e experimental procedure, andlln the last two sec.tlons we
efforts have been devoted to the study of the dependence ¥fill Present the results of the-residue andy-alpha coinci-
the giant dipole resonancéGDR) parameters(centroid, Y€MNCES:
width, strength on the characteristics of the emitting sys-
tems. In particular, the excitation energy and angular mo- EXPERIMENTAL PROCEDURE

mentum dependence of the GDR width, e.g., Ridfs6] and The experiment was performed at the Laboratorio Nazio-
the saturation of the GDR yield at very high excitation ener-ngle del SudLNS) in Catania. A self-supporting target of
gies [7] have been discussed in several experimental anNj 500 ug/cn? thick, was bombarded with a 94.7 MeV
theoretical studies. 12C beam delivered by the SMP13 Tandem of the LNS.

In addition, recent theoretical investigatidis-11] based  rays emitted in coincidence with charged particles have been
on microscopic calculations, predict the presence, for chargdetected using the TRASMA multidetec{d6]. This system
asymmetric entrance channels, of a new direct mechanism @bnsists of 63 Bajcrystals fory-ray detection and AE-E
dipole emission in the energy ran§e~8-15 MeV. Such telescope for the detection and identification of charged par-
nonstatistical emission can be associated with the presentieles emitted at the forward angles.
of a dipole oscillation in the first stages of the collisian ( The charged particle telescope, positioned 50 cm from the
<300 fm/c) connected to the charge equilibration dynamics.target, consists of an annular silicon stripE) detector(300
Although some experimental evidence for such preequilibm thick) divided into eight sectors followed by eight Csl
rium emission exist§12—-14, new experimental data are crystals with photodiode readouE). Each sector, divided
necessary for a better understanding of this effect. into nine concentric strips, covers an angular rangé

In the present work we discuss some aspects of the high=(2°-11°) and an azimuthal angular range~45°. In
energy y-ray emission in the collision®C+%Ni at 94.7 the present experiment the strips of each sector have been
MeV. The chosen reaction system has a large mass asymmesupled together in groups of two and the central strip has
try which will lead to a non-negligible component of incom- not been used. The two inner strip groups = (2°-5.5°)
plete fusion(ICF). According to the ICF systematics of the have been covered by a 2Q@m thick Al shield which
Berlin group[15] we expect to have a component of ICF stopped the elastically scattered particles and allowed the
oice/(ocet oicp)~30% which also meansice/oce~40%.  detection of protons and’s with thresholds ofT ,~5 MeV
Moreover due to ther structure of the’C nucleus, the ICF  and T,~22 MeV, respectively. The two outer strip groups
cross section will be dominated by thé?C,®Be) and A9¥=(6.5°-10.5°) have been used to detect light particles
(*2C,a) channels, therefore we expect to have three possiblend heavy fragments. Protongs, and evaporation residues
different linear momentum transfe(eMT) including com-  (ER) have been identified with the time-of-fligfiftOF) tech-
plete fusion. In addition we also have a charge asymmetriaique using the fast signals from the Bafetectors as time
entrance channelN/Z ;¢ N/Z,~0.29) which should al- references. The energy of the emitted light particles not
low the presence of the above mentioned nonstatistical stopped in the first stage has been obtained summing the
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energies deposited in the silicon detector and in the follow-
ing Csl crystals.

The Bak crystals, hexagonally shaped and 6 cm large
[16], were arranged into nine clusters of seven crystals each.
These clusters were positioned at 45°, 90°, and 135° with
respect to the beam direction at different azimuthal angles:
six clusters on the horizontal plane€0° and 180F and
three clusters on the vertical plang= 90°). All the clusters
were mounted 22 cm far from the target outside a small
scattering chamber. Different calibration runs were per-
formed during the experiment using stand&f@o, 88y, and
Am-Be sources. The use of a sum procedure among adjacent i
fired crystals allowed the reconstruction of the energy of the 10 ¢ L

. i cid . : : .y g w6
primary incidenty, improving the resolution for high-energy i ? ? o9
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vy rays. Goody-n discrimination has been obtained by com- 1 F
bining a standard fast/slow analysis of the Bakgnals with : ‘ ‘ ! ‘ -

. 0 5 10 15 20 25 30
the TOF measurements. The background contribution to the y—Energy (MeV)
v spectra in coincidence with ER and particles has been
estimated by assuming that spurious coincidences are uni- F|G. 1. y spectrum measured in coincidence with the selected
formly distributed on theEg-TOF identification matrix. Us-  evaporation residuéopen symbols The full line is the best fit
ing this assumption, we shifted the identification gates corspectrum obtained with the statistical catlescADE using a single
responding to ER and’'s away from the correct coincidence Lorentzian for the GDR and a level density parameterA/8. The
zone and accumulated the corresponding background spedashed line represents the best fit obtained with two Lorentzians
tra. The background contribution obtained in this way wasanda=A/8. In the small inset the experimental data and the two fits
found to be rather small; nevertheless it was subtracted frorhave been divided by the same exponential factor.
the corresponding spectra. spectra measured by different

cIusters.have been summeq after Doppler shift correctiorbpectra_ As we discussed in a recent wptB], y spectra
Comparisons between experimental and calculatefectra  measured in a fusion reaction in coincidence with different
have been perform_ed by folding the calculated spectra Wltlﬂ)artides(p, a, or ER may have a considerably different
the response functions of the BaElusters. The used re- yijeld in the GDR region. This is due to the fact that different
sponse functions have been calculated, using the well knowgpincidence conditions generally select different spin distri-
code GEANT (CERN software librarigs simulating the re-  pytions of the original compound nuckgN). We calculated
sponse of our clusters to monoenergeticays isotropically  the spin distribution of the original compound nuclei selected
emitted from the target position. by our experimental coincidence condition using a Monte
Carlo version ofcASCADE[18]. This was done analyzing the
event by event output file of the Monte CaxdascaDE, and
looking at the CN spin in those events leading to the emis-
The experimental spectrum in coincidence with evapo- sion of an ER in the angular range covered by our detector
ration residue is shown in Fig.(bpen symbols In the same and above our experimental energy threshold. The obtained
figure are showrfull and dashed lingstwo best fit spectra  spin distribution is similar to the inclusive one. Therefore we
calculated using the statistical codescADE [17]. expect that our measured GDR yield in coincidence with ER
Before discussing the results of the statistical model fitawill be close to the inclusive one and a comparison with the
we have to be sure that the experimentapectrum is only inclusive calculation of£ASCADE is justified.
associated with complete fusion reactions. We note that ER The statistical model fits have been performed assuming a
produced in the incomplete fusion channeléC(®Be), and  single and a double Lorentzian for the GDR and the results
(*?C,a) would have energy spectra approximately centeredire reported in Table |. To optimize the fitting procedure,
around 2 and 7 MeV, respectively. Since the experimentasingle Lorentzian fits have been performed with a fixed reso-
energy threshold associated with the ER gate is about Mance energybetween 16.0 and 18.0 M¢\and variable
MeV, taking into account an average energy loss in the targetalues for the strength and width of the resonance. More-
of about 1.5 MeV for the ER produced in th&C,«) ICF  over, in all the statistical model fits performed, the normal-
channel, we can only have a small ICF contribution in gur ization constant between the calculated and experimental
spectrum. Starting from these considerations we verified, ospectrum was always treated as a free parameter. Using a
our experimental data, thay spectra obtained imposing level density parameter=A/8, we obtained the best fit at an
larger energy thresholds on the ER are not significantly difenergy Egpg=17.0 MeV with a width of 9.6 MeV and a
ferent. Therefore we concluded that the possible small constrengthS=1.4. The errors on the extracted GDR parameters
tribution due to the ¥3C,a) ICF channel has a negligible can be evaluated by looking at the fits performed with dif-
effect on they spectrum. ferent values of the GDR centroid and are of the order of
Since we are measuring-particle coincidence spectra, =0.5 MeV for the centroid 1.0 MeV for the width, and
another point which has to be considered before performing-0.2 for the strength. The extracted value for the centroid is
a comparison with statistical model calculations, is the effecin good agreement with the systematicly which gives
of the experimental coincidence condition on the measyred Egpgr=17.4 for the mass of our compound nucleus. There
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TABLE I. Results of the statistical model fits performed to reproduceytbpectrum measured in coincidence with evaporation residue.
In the two-Lorentzian fit we imposed the conditi®d + S2=1.

Kind of fit a Elcor E2cpr I'lgpr I'26or s1 S2 e
1 Lor. A/8 17.0+0.5 9.6+1.0 1.4-0.2 2.39
2 Lor. A8 17.8-0.5 13.2£0.5 7.0:1.0 4.11.0 0.6:0.2 0.4-0.2 1.68

are no data available in the literature for the GDR in theThe first two terms represent the intrinsic dipole of the two
compound nucleug®Se atT=3 MeV (i.e., our compound subsystems and the last term is the so-called molecular di-
nucleus for complete fusigut rather complete systematics pole whose dependence on time is associated with the charge
are available for®>Cu [19]. In this last reference one finds, transfer between the two subsystems during the collision.
for the collision 2C+°V, a width I'gpr(®*Cu)~10.5 One can therefore follow the time evolution of the system
+0.5 MeV atT(53Cu)~2.9 MeV which appears to be in rea- and, from the Fourier analysis of the total dipole, one can
sonable agreement with our extracted valueobtain information on preequilibrium emission. In this way
I'spr("®S®=9.6+1 MeV. The strength value extracted from one can estimate in which energy region preequilibrium
the fit S=1.4+0.2 is relatively large. However, taking into emission is expected and evaluate the associated emitted
account the experimental error, and considering that the spipower. As an example, we show in Fig. 2 the results ob-
window selected by the experimental coincidence conditioiained [8] performing a BNV calculation, for the studied

is not exactly equal to the inclusive one, the obtained valué’C+®Ni collision, at an impact parametér=0. The prob-
appears to be reasonable and in agreement with the syste@pility of preequilibrium y-ray emission per unit energy,
atics of Ref[1]. We note that in this last reference one finds,shown in Fig. 2b), is peaked around 10 MeV with a full

in the vicinity of Acy= 63, typical strength values for GDR Wwidth at half maximum(FWHM) of about 5 MeV. As one
built on excited states in the ran§e-= (0.8—1.3). As one can can see, we expect to have a total nonstatistical emission
see in Fig 1 the quality of the fifull line) is quite satisfac- probability of the order of & 10~> MeV~* around the maxi-
tory. The agreement between the experimental data and theum. The statisticay-ray emission probability per unit en-

fit can be better evaluated by looking at the small insert irergy has been obtained dividing thespectrum calculated by
Fig. 1, where a linearized plot obtained by dividing the ex-CASCADE in mb (single Lorentzian fjt by the total fusion
perimental data and the fits by a common exponential factogross section. In this way we find that the nonstatistical emis-

is shown. sion probability[Sd~=4x 10 ° MeV™!, Fig. 2b)] is only
From this linearized plot a relatively small extra yiglaf

the order of 10% or legbetween 10 and 15 MeV seems to 0.4

be present. As we will discuss in more detail later this extra - (a)

yield could be a signature for the presence of nonstatistical
effects, however, it can also be reproduced by using a double
Lorentzian fit(dashed line in Fig. )1 In such a way the fit
quality improves slightly and one finds a deformation param-
eter 3=0.35 and a ratio between the strengths 1.6. In our
opinion, however, the large error bars on the experimental
data do not allow any definite conclusion. The use of a level o4 b Lo L i L
density parametea=A/9 with a single Lorentzian does not 50 130 210 290 370 450
improve the quality of the fit and gives values similar to the t(fm/c)
ones obtained witla=A/8. gt
As we discussed, the experimental spectrum can be repro-
duced by the statistical model calculations and there is no 0.75
clear evidence for preequilibriump emission. Such a result
can be understood by performing some theoretical calcula-
tions based on the Boltzmann-Nordeim-VIagBNV) equa-
tion. Details of such calculations are presented in a more
general frame elsewhef8]. Therefore in this work we will
just summarize the results concerning the present colliding
system. As we already discussed, we are looking for preequi- e e el
librium emission from an intermediate system which is asso- %5 = 10 15 20 25
ciated with the charge equilibration process. Solving the Ey (MeV)
BNV equation by means of the test particle method, it is 7
possible to calculate the nuclear density at different times F|G. 2. (a) First time derivative of the total dipoledivided by
during the collision. The intermediate system can be dethe elementary charg® as a function of time, obtained performing
scribed as divided into two subsystems and its associateBiNV calculations for the studied?C+%Ni collision at an impact
total dipole can be decomposed into three tef&is parametetb=0. (b) Corresponding probability per unit energy of
preequilibrium y-ray emission, obtained performing the Fourier
Digi(t)=D4(t) +Dy(t) +Dm(t). analysis of the calculated total dipole.

dDtot/dt (c)
(o]
j

i (b)

0.375 |-

SA(EY) (1/MeV)
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FIG. 4. Comparison between the experimemtapectrum mea-
FIG. 3. Comparison between thespectra measured in coinci- sured in the angular ranged,,=(6.5°—10.5°)(closed symbols
dence with evaporation residu¢slosed symbolsand in coinci- and the evaporatiomr spectrum calculated in the same angular
dence with thex particles detected in the whole angular range cov-range(open symbolsusing a Monte Carlo version @ASCADE. In
ered by our telescop@pen symbols The two spectra have been the small inset the same comparison is shown on a linear scale. The
normalized in the energy regida,~(3—-8) MeV. two spectra have been normalized in the energy region where the
calculated spectrum has its maximum.

10% or less of the probability for statisticﬁray enjilssion in by the kinematics due to the low c.m. velocity. The com-
the same energy rang_eA.g., Pst_afgxm MeV " atE,  pound nuclei associated to the two ICF channels are not very
=10MeV, Pgp=5x10 " MeV = atE,=12 MeV, as pre- (jfferent in mass from the one corresponding to CF, but they
dicted by thecAsCADE calculation. From these results we paye a lower temperature thus explaining the suppression in
can conclude that in the studied system the. prgeqwhbnqr@he GDR vyield. In Fig. 4 the experimentat spectrum
strength cannot be clearly observed in coincidence W'”(closed symbolsis compared with a calculatiofopen sym-
evaporati_on r_esidues produced in complete fusion reactior1§0|s) performed with a Monte Carlo versiofL8] of the
because it will be easily “hidden” by the much larger sta- gyaporation codeAsCADE assuming a complete fusion re-
tistical contribution. action. The experimental spectrum shows two peaks: one at
E,~28 MeV corresponding tax particles emitted with a
velocity near to the one of the beam in incomplete fusion
reactions and another peak Bf,~17 MeV due to fusion
The y spectra measured in coincidence with Efbsed evaporation emission as confirmed by the comparison with
symbolg and with thea particles(open symbolsdetected in  the calculated spectrum. Up to now we implicitly assumed
the whole angular range covered by our detector, are showthat the fasta-particle emission in the reaction channels
in Fig. 3. The two spectra have been normalized in the en¢!?C, ®Be), (*°C, ) is associated with an incomplete fusion
ergy regionE,~(3-8) MeV and, as one can see from this mechanism, even if fast forward emittecparticles could, in
comparison, a different relative yield in the GDR region is principle, also be associated with a breakup mechanism not
evident. In particular the GDR emission is suppressed afllowed by incomplete fusion. In an experiment performed
coincidences witha particles are selected. The reason forat the samé?C incident energy on a target of similar mass
this suppression is, in principle, double. As mentioned in thg®V) [20] it has been shown that the fast forward emitted
previous section, in a recent wofk8] we have shown how particles are associated with incomplete fusion reactions with
the GDR vy-ray emission can be suppressed whea coin-  no appreciable contribution from a breakup mechanism not
cidences are selected. However, using a Monte Carlo versidiollowed by ICF. Therefore the assumption mentioned above
of cAascADE recently developefi18], we verified that in the can be considered correct.
present colliding system this effect is expected to be small. From the discussion so far, we expect that a fraction of
In the present case the main reason for the observed suppreke high-energyr particles will be due to the decay 8Be
sion in the GDR region is indeed due to the fact that most oproduced in the reaction channéfC, ®Be). The analysis of
the a particles emitted in the angular range covered by outhe 8Be events has been performed by looking at the
detector are produced in incomplete fusion reactions. As weoincidences between adjacent strips. In Fi@) Sve show
already discussed, we expect to have a rafipr/ocg  the obtainecE ;-E ., spectrum where the peak correspond-
~40%. We note that both incomplete fusion channelsng to ®Be is clearly visible. The’Be spectrum has been
(*2c, 8Be), (**C, a) produce fast forward emitted par-  reconstructed by summing the energies of the two corre-
ticles, while the evaporateds are not very forward focused spondinga particles and is shown in Fig(5. As expected

a-y COINCIDENCES
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FIG. 5. (a) E,;-E,, spectrum fora particles detected in coin-
cidence by adjacent strips. The peakEt~E,, corresponds to
the decay of #Be emitted in the collision(b) ReconstructedBe
spectrum obtained summing the energies of the two correspondi
«a particles.

the maximum yield corresponds td®Be emitted with nearly
beam velocity. The experimental spectrum measured in
coincidence witHfBe is shown in Fig. @open symbols As

a comparison, in the same figure we shéwill line) the
result of a calculation performed with the codescADE in
the way explained in the following. The excitation energy

distribution of the®®Zn reduced compound nucleus has been

reconstructed starting from tHi8e spectrum and assuming
two-body kinematics obtaining E* (°8Zn))~35+2 MeV.
We divided the obtained distribution into different regions
having an average excitation energyand a corresponding
number of eventg\;. For each region we performedcas-
CADE calculation for the®®Zn reduced compound nucleus at
the corresponding excitation ener@y, and with a fixed
spin Jo independent of the excitation energy region. After
that we summed the calculatedspectra taking into account
the corresponding weights; /2 A; . We repeated this proce-
dure changing the spidy, of ®8Zn in order to get good agree-

ment with the experimental data and extracted a value of the

spin Jo(exp)~(12i 2.0)4. These calculations have been per-
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FIG. 6. y spectrum measured in coincidence wite (open
symbols. The full line is acascape calculation for the®®zn re-
duced compound nucleus performed in the way discussed in the text
with the following parameters: average spihh=124, Egpr
=17.8 MeV, I'gpr=9.6 MeV, strengtk-1.2. The dashed line
shows the same calculation performed with a shjs 17%.

lected statistics is less than the one we have in the complete
fusion channe(Fig. 1) and in the(*?C, «) ICF channelFig.

7). Therefore we cannot completely exclude the possible
presence of a weak preequilibrium contribution in an energy
range similar to the ones predicted for the complete fusion
channel(Fig. 2) and for the(*?C, a) ICF channel(Fig. 11).

"% order to show the sensitivity of ourASCADE calculation

to the chosend, value, in Fig. 6 we also show a calculation
performed withJo=17% (dashed ling In the CASCADE cal-
culations we just discussed, we considered a dgiof the

10° "
E 54Ni(1ZC’a)72Geﬁ
10° L
E <U>=23 ~
2
S 10°L
(e}
Q
1071
10 |
1?
B f L L L ' Laa i il
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FIG. 7. v spectrum measured in coincidence withparticles

formed using the same GDR width we extracted in the comyiith energyE,> 24 MeV (closed symbols The full line is acas-

plete fusion channel and a GDR centroid given by thecape calculation for the’?Ge reduced compound nucleus per-
ground state systemati€$]. As one can see, within our sta- formed in the way discussed in the text with the following param-
tistical uncertainties the experimental spectrum appears to b&ers: average spidy=23%, Egpr=17.6 MeV, I'gpr=9.6 MeV,
well reproduced. However, we have to remark that the colstrength=1.2.
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%87n reduced compound nucleus independent of the excita-
tion energy region. However, we also verified that more
complex calculations taking into account the spin distribu-
tion of ®8Zn give as a result a mean value of the spin distri-
bution equal to the previously found value &. The Jg
value, obtained reproducing thg spectrum, appears to be
reasonable when compared with semiclassical estimates. As
a first step approximation, we used our experime@tahlue
(Qexp= —E*+Qqg in the semiclassical model for the few
nucleon transfer described in R¢21] and based on linear
and angular momenta conservation in a grazing collision. In
such a way we obtaidy~ 164 to be compared witllg(eyp)
~(12+2)%. However, to be exact, one should take into ac-
count that in our case the transferred mass in a non-
negligible fraction of the projectile. Using energy and angu-
lar momentum conservation and taking into account the
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different reduced masses in the entrance and exit channels, FIG. 8. Ratio between the experimentaspectrum measured in
we were able to reproduce the transferred angular momenggincidence withx particles with energye,,>24 MeV and the cal-

only taking into account thedstructure of thé?C projectile
as discussed in the Appendix. In this way we obtain a trans-
ferred angular momenturdy=13% at an impact parameter
b~5 fm.

The experimentaly spectrum emitted in the ICF channel
(**C,a) was obtained measuring in coincidence witha
particles withE ,>24 MeV and is shown in Fig. 7. In this
way we expect to have a negligible contribution due to com-
plete fusion as one can see looking at the small inset in Fi
4. To be sure, however, we verified th@ta coincidence
spectra obtained imposing larger energy thresholds omthe
particles are not significantly different. Moreover we also
have to estimate what fraction of tlagparticles measured in
coincidence with they spectrum is due to the decay e
produced in the }¢C, ®Be) ICF channel. In our analysis we
reject all the events in which twa particles in coincidence
hit the same Si strip, because the corresponding point in thd
Egi- TOF andEg-Ecg spectra will be outside the identifi-
cation gate. Therefore the onfBe contamination in our
spectrum is due te particles emitted in coincidence which
do not hit the same Si strip. Starting from the coincidence
events in adjacent strips, we estimated a contaminatian of
particles due tfBe decayagge/ ai;<15%. In the analysis
presented here we will always refer to thespectrum in
coincidence witha particles ofE,>24 MeV, but we veri-
fied that the subtraction of a 158Be contribution does not
affect our results. In Fig. 7 we also shdfull line) a cas-
CADE calculation performed in the same way discussed for
the ®Be-y coincidences. Once more the extracted value of
the average transferred angular momentui}eyp=(23
+2.5) is in agreement with the two semiclassical estima-
tions previously considered which givly=24# using our
experimentalQ value in Ref.[21] andJy=24# at an impact
parametetb~5 fm taking into account the & structure of
12C. Looking at Fig. 7 one can notice the presence of a
contribution aroundE,~10 MeV which is not reproduced
by our statistical calculation. This contribution becomes evi-
dent plotting the ratio between the experimengapectrum

culated one.

Ratio Exp.(Int.)/Exp.(Ext.)

3.5F

w

N
n

N

\

—_

Q
0

s +

2 4 6 8

i -
ﬁw

T
ﬁj

b b L b e e 0

10 12 14
y—Energy (MeV)

compared with they spectrum in coincidence witlx par-
ticles detected by the outer stripd ¢=6.5°—10.5°) select-
ing an « detection threshold of 24 MeV. Figure 9 displays
the ratio between these two spectra where, once more, a peak
at an energy lower than the GDR for the equilibrated system
is evident. To be exact, we note that the contribution around
0 MeV can be in principle reproduced by statistical model
talculations assuming a two Lorentzian splitting of the GDR.
In Fig. 10 we show a comparison between the same experi-
mental y spectrum shown in Fig. 7 and a two Lorentzian
CASCADE calculation performed in a similar way as the ones
in Figs. 6 and 7. In order to reproduce the spectrum we
varied the parameterg1, E2, S1, and S2 (centroids and
strengths of the two components, respectiyelith the con-
traintsS1+S2=1 andS1*E1+S2*E2=(E), where(E)
=17.6 MeV is the GDR centroid given by the ground state
systematic§1]. We used fixed values for the other param-
eters: spinJ,=23%4 (as in the calculation of Fig.)7and

FIG. 9. Ratio between the twe¢ spectra measured in coinci-

and the calculated ongull line in Fig. 7) as one can see in  dence witha particles with energyE,>24 MeV detected by the

Fig. 8. The same contribution appears when fh&pectrum

inner strips A 9,,=2°—5.5°) and in coincidence with particles

in coincidence witha particles detected by the inner strips with energy E,>24 MeV detected by the outer stripsh ¢

(A9=2°-5.5° where the preequilibriumyield is largey is

=6.5°-10.5°).
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2c(*°c, 8Be)'%0 and °C(*°C,@)*°Ne has been investigated.
#Ni("C,a)*Ge’ For the isospin conservation rule only levels witk-0 have
been taken into account. Moreover since thpeak is ob-
served in coincidence with forward emittedparticles, for
parity and angular momentum conservation we have to look
for states with natural parit26]. The number of levels sat-
isfying the above mentioned conditions is smallg., Refs.
[27-29) and, in addition, the spin and parity of these levels
do not allow a transition witle ,~10 MeV. From the above
considerations, the possibility of a discrete level excitation in
reactions producing fast forward emittedparticles can be
reasonably excluded.
n In a similar way to that discussed for theresidue coin-
FYSTI
20 25

<I>=23 —

t

E cidences, we tried to understand our experimental results
0 5 10 15 performing BNV calculations. Normally such calculations
y—Energy (MeV) are not able to reproduce fast forward emittegarticles for
the collision studied here. Increasing the impact parameter
value one finds fusion up to~7 fm and at largeb values a
quasiprojectile is produced. In order to reproduce our data, as
discussed in detail in Ref8], we have tried to simulate in
the semiclassical calculations a &lustered?C projectile.
We know from spectroscopy studies that excited states of
12C around 10 MeV have been described by a prominent 3
widths given by a power law on the resonance enéegy.,  structure having an equilateral triangular shdpey., Refs.
Ref. [22]) T1=T (E1(E))*®=3.9MeV, TI'2=T(E2/ [30-32). Starting from this consideration we prepared the
(E))*=11.3MeV, where we used the width[, initial state of the'®C for the BNV calculation distributing
=9.6 MeV extracted in the complete fusion channel. Thetest particles around the vertex of an equilateral triangle in
parameters used to reproduce the spect@eported in the order to simulate a clusteredC projectile. The orientation
figure caption, however, would correspond to GDR emis- of the 3w triangle has been chosen to minimize the Coulomb
sion by a prolate superdeformed nucleus with ratio betweeinteraction with the target. As an example, starting from this
the axisRy¢~2. We know that there is experimental evi- configuration at an impact parametes 4.7 fm we find that
dence for the existence of superdeformed states in nuclei ia transfer of twoa particles takes place in about 250 &m/
our range of masses and spii&8] and for the emission of and we observe aa particle having an energy of about 6.5
GDR vy rays from superdeformed nuclgl4]. However, con-  MeV/nucleon in the outgoing channel. In Fig. 11 the first
trary to Ref.[24] or to what is suggested in RdR25], our  time derivative(divided by the elementary charg of total
experimental coincidence condition is not very selective anda) and molecularnb) dipoles, defined in the previous sec-
GDR emission from a superdeformed nucleus does not apions, are reported versus time. One can see that the molecu-
pear to be realistic. Therefore the observed extra yield in théar dipole is a large fraction of the total dipole. This confirms
v spectrum measured in coincidence with fast forward emitthe connection between the preequilibrium dipole emission
ted «’s has been interpreted as due to the preequilibriumand the transfer of charge between the partners of the colli-
emission mechanism, connected with the charge equilibrasion. As shown in Fig. 1(t), the Fourier analysis of the total
tion process discussed in the Introduction. dipole gives a strength centered at about 13 MeV with a
Before coming to the above conclusion, we also checkeavidth of about 3 MeV in qualitative agreement with the ex-
the possibility of a discrete level excitation in a reaction pro-perimental findings. The calculated probability for preequi-
ducing fast forward emitted particles. No reaction between librium y emission around the maximum is twice the prob-
12C and ®Ni can reasonably give such a contribution. Theability for the complete fusion case. At the same time, in the
only possibility could be the reactio?Ni(*°C, ®Be*)%8Zn*  energy region where the experimental preequilibriygield
but no excited state ofBe can decay to the ground state is present, the probability for statisticgiray emission(cal-
emitting a 10 MeVy ray. A transition to &Be excited state culated withcASCADE in the same way explained in the pre-
has also been excluded because, in this case, one would havieus sectioh is half the probability of the complete fusion
a larger relative angle between the twoparticles coming case. Therefore, according to these theoretical estimates, it
from the ®Be decay. In such a case the observed extra yielshould be easier to experimentally observe the preequilib-
should be present, in the same way, in coincidence wish rium yield in the selected ICF channel. We experimentally
detected by the inner and also by the outer strips, while wénd that the preequilibriumy-emission probability is of the
observe a larger yield for the inner strips. From the analysisame order of the statistical one aroug=10 MeV (see
of the elastic scattering spectfimeasured withouy coinci-  Fig. 8). At this energy, the ratio between the number of
dence condition in the acquisition triggewe know that a counts in the extra yield and the number of events which
small contamination of?C is present in the target. There- triggered they spectrum isPeXp~2><10‘4. This approximate
fore, in order to be sure, we also have to exclude possiblexperimental estimation of the preequilibrium emission
12C+12C reactions. The possibility to populate discrete probability is of the same order of the calculated preequilib-
levels of %0 and ?°Ne by means of the reactions rium emission probability at the maximum as one can see in

FIG. 10. Comparison between the experimenjakpectrum
measured in coincidence withy particles with energyE,
>24 MeV (same as in Fig.)7and a two LorentziartASCADE cal-
culation performed and discussed in the text with the following
parametersE1=10 MeV, E2=19.5 MeV, S1=0.2,S2=0.8,I'1
=3.9MeV, I'2=11.3 MeV.
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o o FIG. 12. (a) The 3 structure of**C considered in our semiclas-
FIG. 11. First time derivativedivided by the elementary charge .4 calculations: @ particles are at the vertexA(A,B) of an
e) of the total dipole(@) and of the molecular dipoléh) as function equilateral triangleK is the center of mass of tHéC projectile,r,,
of the time obtained S|mulat|ng.aa3cluster(.eqlzc projectile in @ s the o particle radiughalf density radius r is the target radius,
BNV calculation.(c) Corresponding probability per unit energy of nqR _is the distance between two vertexés. Entrance channel
preequilibrium -ray emission obtained performing the Fourier .,qiguration: the & plane is normal to the beam directighori-
analysis of the calculated total dipole. zonta) and one of the vertex is in the direction of the impact pa-
rameterb. (c) Exit channel configuration after #Be transferT’ is
Fig. 10. From these results one could conclude that in théhe reduced compound nucleus.
particular reaction channel considered there is a short timgion reactions is not well suited to the observation of
interval where the preequilibrium effects are the prominen;)reequilibrium effects
ones, and the reaction channel selection performed appears Contrary to the corr.1plete fusion case, a nonstatistical con-
to be well suited to the experimental observation of suchyip tion has been found in the spectra measured in coin-
preequilibrium effects. cidence with fast forward emitted particles produced in
incomplete fusion reactions. This behavior can be explained
by BNV calculations which simulate axXlustered*“C pro-
SUMMARY AND CONCLUSIONS jectile. We found that in the particular outgoing channel con-
sidered there is a short time interval where the preequilib-
rium effects are the prominent ones. Therefore, according to
the obtained results, the experimental observation of preequi-

. : ) . . Nibrium effects appears to be strongly connected to the se-
residues produced in complete fusion reactions is well rePrOcted reaction mechanism

duced by statistical model calculations and shows no clear

evidence for preequilibrium dipole emission. The GDR pa- ACKNOWLEDGMENTS
rameters extracted by the statistical model fit are in agree- ) _
ment with the available data for emitting systems of similar  The authors wish to thank Dr. T. Davinson for useful
masses and temperatures. BNV calculations predict a profgtggestions and V. Campagna and S. Salomone for technical

ability per unit energy of preequilibrium dipole emission N€lP during the experiment.

In this work we discussed some aspects of ffray emis-
sion in the collision'?C+%Ni at 94.7 MeV.

which is only 10% or less of the probability for statistical APPENDIX
emission in complete fusion. Therefore, in this range of ex-
citation energies and masses, the detectiof i&ys in coin- As we already discussed, it has been shown by spectro-

cidence with evaporation residues produced in complete fuscopic studies that the first excited states can be de-
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scribed by a prominent & structure having an equilateral VL = *VE xR~

triangular shape. We discussed how we included this 3 #i*Vor*Rok=Jo* s Vorg*Rore-

structure in our BNV calculations. Moreover, with classical Here u; and u; are the initial and final reduced masses and
considerations, we also estimated the transferred angular mdy is the transferred angular momentum. The energy conser-
mentum in the {°C, ®Be) andéézzc,a) channels taking into vation can be expressed as

account the & structure of th projectile. In the follow- I 2 1 2

ing, as an example, we will discuss the case of tH€ @) 172ui[ (Vo) “+ (Vo) 1+ V;

channel With_ thg help of Fig. 12. Given two generic pqints =1/2M[(VBB)2+(Vé,B)Z]JerjLE* +Qgg-

X,Y, we will indicateRyy the distance between these points:

Vi, the component of the velocity along the directislY ~ Here V;=2*(Z,Z)/(r ,+11)+(Z,Z7)/(Rog) is the Cou-
andVyy, the component of the velocity normal to the direc- lomb barrier in the initial configurationV;=(Z,Z1/)/(r,

tion XY. +ry/) is the Coulomb barrier in the final configuratida?

As shown in Fig. 1#), in the entrance channel we as- IS the excitation energy, ardyq is the ground stat® value.
sume the & p|ane normal to the beam direction and with onem addition we verified that from the assumption that the
of the vertex(B in the figurg along the direction of the transfer takes place with a relative velock{,,=0, it fol-
impact parameteb. This configuration minimizes the Cou- lows that the terng u; (V!),B)2 in the final channel energy
lomb repulsion between projectile and target. In the finalcan be neglected within a few percent. Combining the two
channel [Fig. 12c)] we will have a reduced compound obtained equations, we obtained the calculated valud,of
nucleusT’ and an emittedy particle. We assume that the which has been previously reported together with the corre-
transfer takes place whé,o=r,+ry with a relative veloc-  sponding value of the impact parameter Following an
ity Vb,=0. For the conservation of angular momentum weanalogous procedure we also calculated the transferred angu-
can write lar momentum in the*C,«) ICF channel.
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