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We measured-ray spectra in coincidence with charged particles for the reacfftes+*%Ca,*°Ti at beam
energy of 25 MeV/nucleon. Events corresponding to reaction mechanisms from quasielastic to fusion were
observed. In fusion and in inelastic reactions an enhancement ip-thg spectra is present in the energy
region around 10 MeV for thé&®Ca target with respect t&Ti data. The analysis of thg-ray spectra relative
to “8Ca and “Ti targets shows the persistence of the GDR up to an excitation energy around
4-5 MeV/nucleon for the mass region around 60. This result was obtained by including, in the statistical
calculations, corrections due to the open decay channels, the mass dependence of the GDR parameters, and
isospin effects.
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I. INTRODUCTION with differentN/Z ratio were studied to search for a possible
Th duced in h . lisi dependence of the GDR limiting temperatures on Kig

e y-ray energy spectra produced in heavy ion collisions, 4iins10). Furthermore, the study of these two systems was
carry detailed |n_format|on on the excited systems popylateglso important to obtain complementary information on the
n nu[():.lealr reRactlons. Lowl:;(laqnergy(;ray mglt'pl'c'éy [1]'IG" preequilibriumy-ray emissionf11-1§. Such preequilibrium
ant Dipole ResonanceGDR) y decay [2], and nucleon- - oftects, which are produced by the fast charge equilibration
nucleon bremsstrahlurg], have been extensively studied in i, e actions betweeN/z asymmetric projectile-target sys-
order to extract such information. Recently it has been Su9t'ems[16], can in fact affect the statistical analysis of the

gested[4] to investigate throughy-ray spectra into the g o04ra 'In our case tHET target(N/Z=1.09 has been used

Lqu?:di:[igis tr?hisel trarnrf]ltlgnr of nnnucileﬁr V:/natterl.l DtLij\:mg thh'ias a reference system to evidence the preequilibrium effects
transition the nuciear matter cannot Show a Collecive benav, 1ha N/z asymmetric*%CaN/Z=1)+48CaN/Z=1.4) reac-
ior and before the transition occurs, the collective excitation

) ; : jon. We will discuss the evolution of such preequilibrium
like the GDR should disappear. Therefore the detailed stud mission for the different reaction mechanisms observed.

of GDR at very high excitation energy can be useful to U""The results of preequilibrium analysis will be used to iden-
derstand the behavior of nuclear matter close to the liquid: preeq Y

gas phase transition. Some measurem@fig show the tify the energy region of the~ray spectra where the statis-

. o x tical analysis can be performed without problems. An error
(23?3R l\tjls\zi}opezlirance at a?hexcnanon er? e(@t(ﬁoff) O.f agol!“ id analysis will complete this paper showing the confidence

evinucieon, near the energy where the mixed liquidyqyq of our results. The paper is divided into four sections.
gas phase is claimed to appear for mass around Z0We

studied systems around mass 60 populated through the realgn Sec. Il, we describe the experimental setup and results. In
i ; ec. |ll statistical calculations are presented together with
tions 4%Ca+*8Ca,*¢Ti at 25 MeV/nucleon beam enerd$], P 9

L3 data analysis. Section IV is devoted to the conclusive re-
and we observed the presence of the GDR at excitation e arks y

ergies up to 4-5 MeV/nucleon, about two times more than
was previously measured. The difference in the limiting ex-
citation energy measured in our work with respect to the |l EXPERIMENTAL APPARATUS AND RESULTS
previous ones agrees to the mass dependence of caloric

curves recently analyzed by Natowit al. [9]. They noted v 6tr0n of the Laboratori Nazionali del SUdNS) in

in fact that the plateau of the caloric curve starts arouncgatania_ A 25 MeV/nucleon beam #iCa was used imping-

8 MeV/nucleon of _excitation energy for mass between 3qng on self-supporting 3 mg/chrthick targets of*8Ca,*Ti

agd 60, whereas it is found around 4 MeV/nucleon for masgy,, g5, isotopically enriched. All the procedures concern-
above 100 a.m.u. ing the targets from the storage phase to the mounting in the

_In this work we will dlscuss.m a more complete and qe'scattering chamber were realized under controlled atmo-
tailed way the results concerning the study of the reactlongphere to avoid oxidation

40, 48 46T
Ca+%%Ca,*Ti at 25 MeV/nucleon[8]. The two systems " \ye sed the multidetector system TRASNIZ9]. In this
apparatusy rays are measured by using 63 Bafetectors,

arranged in nine clusters of seven crystals each. These clus-
*Electronic address: Cardella@ct.infn.it ters are positioned 25 cm far from the target at polar angles

The experiment was performed at the Superconducting
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FIG. 1. (Color) (a) Energy “rise-time” scatter plot for the reactié?Ca+*8Ca at 28 MeV for particles stopped inside the silicon detector
(300 um thick) The box indicates the selected region of evaporation residopAE-E scatter plot for particles producing a signal in the
CsKTI).

of 45°, 90°, and 135°, and with azimuthal angles of 0°, 90° tering and punching through energies. The(Thldetectors
180°, covering a total solid angle of about 3 sr. The experiwere calibrated using again elastic scattering and the silicon
ments on the two targets were performed with the same excalibration through energy loss calculations. The known non-
perimental setup to allow a direct comparison of the data. linearity of the Cs(Tl) light response and its dependence
Detectors were calibrated during the experiment by usingrom the charge of impinging particles was taken into ac-
low-energy standardy-ray sources(8Y, °Co), and the count by using a neural network approget].
4.44 MeV vy rays obtained by thé*Am-°Be source. The
reliability of our energy calibration method around the GDR
energy has been checked in previous pafi&dsby compar-
ing GEANT simulations with cosmic rays and the 1.51 MeV Fragments stopped in the annular silicon strip detector
ray from p+%2C reaction. Neutron subtraction was done us-were chargéZ) identified by using a pulse shape analysis of
ing both time of flight and pulse shape information from the signal[22,23. Contrary to Refs[22,23, in the present
BaF, detectors. The detector gain was checked by repeatingase, ions were impinging on the detector from the junction
the calibration procedure several times during the experimerdide. This allows a faster time response of the detectors thus
and also by comparingffline) the exponential slopes of the decreasing the problems with the coincidence measurements
spectra for the different runs. The comparison between thef y rays, however a drawback is the larger identification
calibration runs shows that the stability of the detectors washreshold obtainedaround 6 MeV/nucleon In Fig. 1(a) a
better than 5%. Therefore the calibration uncertainty was lestypical E “rise time” (rise time of the silicon detector signal
than 1 MeV around 15 MeV. after the charge preamplifiescatter plot is reported showing
Charged patrticles in coincidence with at least twoays the quality of the charge identification. Particles passing
were detected by using a forward angl&-E hodoscope. through the silicon stage are identified with the standard
The first stage(AE) was an annular silicon strip detector AE-E technique, see Fig.(b).
300 um thick covering the wholep and a polar angular The velocity spectra of charge identified particles, pro-
rangef,,=3° -6°. This detector is divided into eight sectors, duced in the reaction with th#Ca target, detected d,,
each one segmented into nine strips. The second stage3° and 6,,,=6° are reported in Fig. 2. The velocity was
(E) consists of eight C¢Tl) detectorgone for each sector of evaluated from the detected energy assuming the mass of the
the silicon detectgré cm long with photodiode readout. The stable isotopes. Similar spectra were obtained also for the
silicon detector calibration was obtained using elastic scat?Ti case. The hole in the middle of the spectra is an artifact

A. Charged particle spectra
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o . . seen in Fig. tb). The quality of this separation can be evalu-
ot W Or=6 ated by performing a two Gaussian fit in Figay This fit
10% [ 2=20 (x10%) M g shows that the contribution of the tail of dissipative events
10% [ Z=19(x10%) T L on the H.R. region is rather smaless than 5%using a cut
10# [ Z=18(x10%) M W at —40 in the rise time axis. This cut will be used in the
102 [ 2=17 (x10%) M W analysis of H.R. later.
10° [ Z=16 (x107) M _{‘m B. y-ray energy spectra
10" [ Z=15(x10") M In Fig. 5 are reported the-ray multiplicity spectra mea-
B qov [ Z=14(x10%) M sured at 90° for thé°Ca+*®Ca reaction in coincidence with
S ou b 2=13(x10% W W different type of particles. Such spectra are obtained by nor-
g 10 C » W W malizing the measured energy spectra to the number of par-
10% [ Z=12(x10%) ticles detected for the particular cut used. The geometrical
10% [ Z=11(x10°) W solid angle of Bakdetectors is taken into account to give the
108 [ Z=10 (x10%) a0 e absolute normalization. The effect of the experimental trig-
ot [ 2=9 (x10% e e ger(a mqltlphmty 2 fqr y rays was requwed, thus strongly
C , suppressing low-multiplicity eventss also included. In the
o [ 28 10y T T four panels we compare the spectrum measured in coinci-
1ot [ 27 (10) e ey dence with H.R. and the other selections. The main differ-
[ z=6 . Nk Fansiiie ence in the spectra is observed in the high-energy region
0,

010 015 °'23/C 257 015 020 025 where GDR and bremsstrahlung contributions dominate. As
a general trend we note that the SLOW selections show a

FIG. 2. Velocity spectra for the reactidiCa+%éCa measured at  higher yield than the FAST ones, as expected, due to the
fab=3° andé,,=6° for different identified charges. The velocity is higher excitation energy available. The highest yield is ob-
obtained from the measured energy spectra assuming the mass ¥#rved in coincidence with H.R. For such selection the fit
the stable ions. The hole in the spectra is produced by the energyith an exponential function fory energies larger than
threshold of CqITl) detectors and separates the SLOW and FAST30 MeV (the bremsstrahlung regiprgives an inverse slope
selection regions as described in the text. parameter of 9.2+1.0 MeV, in agreement with previous

measurementf29] at similar energies. The energy range of
due to the CslTl) energy threshold. This hole separates twoour spectra is not large enough to observe the two slopes
different selection regions named in the following FAST evidenced in more recent studif?,2§.
[particles of high energy detected also in the(TBlscintil- The yield variation observed in Fig. 5 is better quantified
latorg and SLOW(particles stopped in the silicon detectors in Fig. 6 where the integrals of all the collected spectra for
In Fig. 3 the measured angular distribution for each chargegnergy higher than 30 MeV are reportédcluding also the
obtained by summing FAST and SLOW contributions, isclusters at 45° and 135°y rays of these energies are mainly
shown. Looking at Fig. 2 and 3 we can follow the evolution produced via nucleon-nucleon bremsstrahlung and their
of the reaction mechanisms involved. A quasi-elastic contriemission probability can be related to the number of proton-
bution, strongly forward peaked is observed near the projemeutron collisions in the first stage of the reactj8b]. The
tile charge(note that elastic peak is suppressed by the twoprobability to generate such rays can be connected to the
fold y-ray coincidence requirement More dissipative overlap between the two reaction partners or to their impact
reactions with a rather constant angular behavior can be olparameter. Attributing to th&(15-17FAST selection an av-
served for charges far from the projectile one. The spectra afrage impact parameter around 7 fioased on cross-section
Fig. 2 are cut at small velocity by the identification thresh-considerations from the angular distribution of Fig.&hd
old. In particular particles with center of magsm) velocity  using a simple geometrical modi,5] we obtain, from the
(B=0.105 cannot be seen. Anyhow we can evaluate themeasured yield, an average impact parameter of 2—3 fm for
presence of such particles in Figajtby looking at the rise- the H.R. This average impact parameter is similar to that
time projection of the scatter plot of Fig(a). In this picture  obtained with CoMD calculationg26]. The large difference
we note two bumps, the largest one, labeled as “dissipativéa factor 4 on averagdetween the yield observed with H.R.
reactions,” includes the SLOW part of the velocity spectra ofand with SLOW selections, further confirms that different
Fig. 2, the smaller one, labeled “H.R(heavy residug cor-  reaction mechanisms contribute to the two regions.
responds to the region enclosed in the squared box of Fig. A quite high multiplicity is observed in coincidence with
1(a). The energy projection of this region is peaked aroundast particles with charge from 6 to 9. This unexpected high
200 MeV, Fig. 4b). From simple kinematic considerations, yield can be explained by assuming that this selection in-
supported also byGEMINI [24] calculations, we expect, cludes also projectilelike spectators of incomplete fusion
around this energy, H.R. produced in incomplete fusion reevents.
actions. This assignment is further confirmed by a work on ) o o
the 40Ca +%8Tij reaction[25] at the same beam energy and by C. Evidences for preequilibrium y-ray emission
constrained molecular dynamics calculatiq@oMD) [26] and GDR decay
(dots with error bars The fusionlike products are well sepa- As reported in the Introduction, preequilibrium-ray
rated from dissipative reaction products as can be alreadgmission has been observed in reactions between nuclei with
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FIG. 5. Comparison betweep-ray multiplicity spectra mea-
FIG. 3. Angular distributions of charge identified particles for sured at 90°, for the reactidiCa+*éCa, in coincidence with H.R.
the reactior°Ca+*8Ca. and the different FAST and SLOW selections of charged particles.

a strong asymmetry in thi¥/Z ratio [11,12,14—1% As soon also forZ=18-20 SLOW selection. A rather flat behavior

as projectile and target form a dinuclear system, in the veryVith very small fluctuations can be seen 6+ 10-14. The
first stages of the collision, nucleons begin to move in ordeld'ﬁerem behavior observed for the various selections and the

to equilibrate suctN/Z ratio. This motion of neutrons against presence of the enhancement at all angles confirms us that

protons is similar to the commonly accepted picture of thethe enhancement is not an artifact produced by gain shift or

" e . g . other experimental problems. A strong enhancement is
GDR excitation and its signature is the emissionyohys in resent also for FAST selectiorisig. 8 particularly pro-

the region between §-12 MeV. Such energy 1S Iow.er.tha ounced forZ=15-17. It is interesting to note the energy
that .Of the stqndard GDR because the OSCI||a-..'[|0n axiS IS afshifts of the enhancement with the angle. These shifts could
proximately given by the sum of the two radii of the inter- e expiained as an evidence of Doppler shift effect even if
acting nuclei forming the dinuclear system. The _ratio bethe energy position of the enhancement, extracted by the
tween they-ray spectra collected for the two reactions cangpecira ratio, can be strongly influenced by the exponential
ew_dence the presence of such preeth_bnum effect. Suclgk)pe of the spectra. An attempt to extract the apparent Dop-
ratios extracted for spectra collected at different angles angjer shift failed due to the lack of statistics which did not
for H.R., SLOW, and FAST selections are plotted in Figs. 73)jow a precise determination of the average position of the
and 8. In Fig. 8 we can see a clear enhancement in the spegpnancement for each anglee got an error of about 40%
tra around 10 MeV at all angles for the H.R. selection. Ay the source velocijy

similar trend but with larger error bars seems to be present

(107
I 9F “Ca+*Ca
a) I b) 8 F
4000 . 400 L 7 _ “HR
2 270 ¢ S6F—4— - SLow
5 S | s
Q : / o g % > SFE o FAST
o / O ¢ b < 4F
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F Reactions 75 &~ 3E
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[ A \\‘ B F
Lok PRI | TR R N RS T +
%60 -40 -20 0 200 400 1 —o—=
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FIG. 4. (a) Projection on the rise time axis of the scatter plot of g 7{4 d 4 & 3 4
Fig. 1(a). The line is obtained by performing a two Gaussian fit of N i

the spectrum. The threshold for H.R. selectidine at rise time
=-40) is also shown(b) Experimental energy spectrum of the H.R. FIG. 6. High energfE=30 MeV) y-ray multiplicity measured
selection(full line). The histogram plotted as open point with error for the reaction*°Ca+*8Ca in coincidence with different charged

bars is a calculation produced using CoNIZ5]. particle selections.
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FIG. 9. y-ray multiplicity spectra for the reactiorffCa+*%Ca
(open dotsand*°Ca+*€Ti (full dots) measured in coincidence with
H.R. Full line is acAscADE calculation assuming zero strength for

fThe calculation is folded with the detector response function. In the

inset we report the ratio of the two experimental spectra.

To perform a good analysis of GDR we must concentratélone only performing a Doppler shift correction of the spec-
on the region of they-ray energy spectra between 15 andra. However this correction is not simple for dissipative re-
20 MeV. In this region the low statistics imposes to sum allactions where at least twg-ray sources are present, with
the y-ray spectra collected at different angles. This can pdlifferent velocity. Therefore we can perform the sum of the
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doppler shifted spectra only for H.R. data mainly produced
in fusionlike reactions. For the Doppler shift correction in
this case we assume that theray source moves with the
c.m. velocity, as expected for incomplete fusion reactions in
nearly symmetric systemg30,37. In Fig. 9 we show the
vy-ray multiplicity spectra in coincidence with H.R. for the
two targets obtained in this way. In such a figure, the pres-
ence of the GDRwy-ray decay can be observed around
15 MeV. This is better evidenced by comparing the data with
a statistical model calculation obtained for tffi€a target
(full line) assuming zero strength for the GDRdecay(NO
GDR). We note a smaller yield in the GDR region for the
40Ca+*%Ti reaction(full dots). This yield difference is better
evidenced in the inset of Fig. 9 where we plot the ratio be-
tween they-ray spectra collected in the two measured reac-
tions. We clearly see in this ratio also the persistence of the
enhancement around 10 MeV in the reactitita+*3Ca
(open dots The strength of the enhancement is similar to the
average strength observed in Fig. 7 for the different detection
angles. This means that the velocity of the source generating
the enhancement is near the c.m. velocity used to perform
the doppler shift correction.

lIl. STATISTICAL MODEL CALCULATIONS

We will concentrate our analysis on the reactions produc-

FIG. 8. Ratios between the-ray energy spectra as in Fig. 7 ing the H.R. selected as shown in Fig. 1. In this case, as
measured in coincidence with different FAST selections of charge@®Xplained in Sec. Il, we can assume that only one major
particles.

source ofy rays is present, produced in fusion or incomplete-
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fusion reactions. As observed in Fig. 5 in these reaction
mechanisms we have the population of systems with the

highest excitation energy between the investigated ones. This oo
allows the extraction of information on the limiting excita- A
tion energy for collective motions in our systems. 80 e
..
A. Source characterization L b

Mass

In order to reproduce the GDRray emission we have to .".o....,m
perform statistical model calculations and the first step for 60 it o NP
such calculations is the source characterization. We detected
only the H.R. produced by the deexcitation of an incomplete
fused system. Many particles are emitted from this system
before the equilibrium is reached. It is therefore rather diffi-

cult to evaluate the excitation energy and mass of the equili- 4or

brated compound nucleus. We used experimental data avail-

able in literature from Ref[25] for a similar systenf®Ca %00 200 800
+48Ti at the same beam energy of 25 MeV/nucleon. The av- Time (fm/c)

erage mass of the equilibrated system formed was evaluated

in that work by adding the mass of the detected heavy resi- FIG. 10. CoMD simulation showir_wg the mass vs time _evolution
due to the mass of evaporated particles. The multiplicity dis®f the largest fragment produced in tHéCa+%%Ca reaction at
tribution of particles, detected in coincidence with heavy2> MeV/nucleon.

residues, was obtained by analyzing their energy spectra and

angular distributions in order to separate preequilibrium and!ONS aré correct for systems with low excitation energy
whereas it is well known that more complex fragments can

statistical contributions. In the same way an average excit% X o )
tion energy of 337+30 MeV after preequilibrium emission P& evaporated at higher excitation enefgg]. In particular,
as shown in Fig. 1(B), we verified using thesEmINI [24]

was also evaluated. Correcting th&i results mainly for the :
aode that for our excited systems the deuteron decay channel

Q-value differences with respect to our systems, we obtaine ) > g
average excitation energies of 354 MeV and 335 MeV for'S predicted to have a cross section larger tharattparticle

48Ca and*°Ti, respectively. We note that the excitation en- ©N€- Even if this very high yield is not experimentally ob-
ergy evaluation of Ref[25] was performed assuming that Sef‘,’e‘?' in Ref[25] and in Ref.[33] it has been shown that
proton and the undetected neutrons carry away the same eﬂ_atlsncal codes overpre.d|ct. the yield of such channels, one
ergy apart from Coulomb effects. This is consistent with oyrcannot neglﬁct t?fe conftrlbutloln offthese chann'els.. h
following calculations that give energy spectra with very 10 S€€ the effect of complex fragment emission on the
similar slope for proton and neutrons. A mass of 62 was?f@ Spectra we used the fourth particle decay option in

assumed for both systems. A chai#e28 (29) was assumed CASCADE This option ".i”OWS fo compute the emission prob-
for the 8Ca (“6Ti) target system. Another approximation was 2Pility of a further particle different fromp, n, anda. Allow-

to assume an average spin ofi2@r both systems computed ing for _the emission of another fragment we always o_bsgrve
as 2/3 of their critical angular momentum. The assumed val® mOd'f'Cat'On of the GDRy'-ray decay strength. This is
ues are in agreement with calculations based on the CoM imilar to the GDR suppression _effect _observed in FRe) .
model [26]. Assuming a window of impact parameters with due to energy conservation considerations. As can be seen in

average value around 4 fm that well reproduce the energy

spectrum of the heavy residue detecfsee Fig. 4b)], such r GEMINI E L CASCADE
calculation predicts that the largest fragment coming out '© Fg® %cqy%cq | S [
from the reaction reaches an average mass around 60 aft> ° 5L @ L4 d
the first 200-300 fne, Fig. 10. 2 1F i ST

The assumption of a defined excitation energy and mass= E e 2 L i
of the starting system is obviously a strong approximation.210 L =4
One should also include in the calculations some fluctuations c a) ™ > r b
of the source characteristics. Anyhow in the following we g2+ . @ [
will show that this error is small and it is not the major npdtHea’l’lLi & no4”d °Li "be’be
source of uncertainties in our analysis. evaporated particle 4" particle

FIG. 11. (a) Light particle multiplicity computed with GEMINI
] o for the decay of a system having mass 62 and excitation energy of
The most widely used code to compute statistigaBy 354 MeV populated in thé°Ca+*éCa reaction(b) y-ray yield in
decay iSCASCADE [32]. It is a code built to evaluate the the GDR region computed usingascabe and different particles
compound nucleus decay at relatively low excitation energyused as fourth decay particle in the progréee text Calculations
Due to this it considers as a default, apart frgmmonly pro-  were normalized at 4 MeV to be consistent with the experimental
ton (p), neutron(n), and a-particle decays. These assump- data analysis

B. Description of the high-energy statistical code
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tation energy to populate the GDR along nearly all the decay
steps, and the mass of the effective source ranges from 60 to

: less than 40 a.m.u. The ground state GDR system§Zics
gives in this mass range a spread of the GDR centroid of
about 2 MeV, going from 18.2 MeV for mass 60 to
20.2 MeV for mass 40. This value is obtained by averaging
the two contributionsT_=T andT-=T+1, T being the iso-
spin of the level over which the GDR is built.

The energy difference between these components can be
high [AE=60(T+1)/A MeV [37]], AE=4 MeV has been
measured for mass 6B38]. In reactions with heavy ions,
generally, only thel_=T components is excited in the first
step due to isospin conservation. A GDR centroid around
16.8 MeV is reported by experimental studies at high exci-
tation energy both for masses 60 and [8%,36). In our

spectra ratio

15 20 25

dM/dE (MeV™)
|
(Y]

10 20 30 20 reaction theT- component of the GDR can be excited in
Energy (MeV) some decay steps, even if with low probability. In order to
use a general expression we decided to use the mass depen-
FIG. 12. y-ray multiplicity spectrum for thé°Ca+*%Ca reaction ~ dence of the GDR centroid fof. levels given by Ref[2],

measured in coincidence with H.R. The lines arscabe calcula-  but normalized to reproduce the 16.8 MeV value for mass
tions summed to the bremsstrahlung contribution, folded with de62. We used the Fallieros shif87] to get theT. centroid
tector response function and normalized to the data at 4 MeVenergy. The result of such improved calculations is shown as
Dashed line is a standard calculation wipr=16.8 MeV and  dotted line in the inset of Fig. 12. With respect to the calcu-
I'cpr=15 MeV. Full line is obtained using the same GDR param-|ations with fixed Egpr=16.8 MeV (full line) we observe
eters and including also the deuteron decay channel. The dotted linpat the effect of this adjustment is a rather small shift of the
is computed including the deuteron channel and assuming also &yrve towards higher energies. The large width used in fact

mass and isospin dependence of the GDR centroid. The dot-dash@ghshes out the relatively small corrections of the GDR cen-
line is the GDR zero strength calculation of Fig. 9 used to linearizeyqgiq.

experimental data and calculations in the ratio shown in the inset.

In all the above calculations we used a zero value for the

Fig. 11(b), the deuteron is the simplest particle that has dSOSPIN mixing parameters. This assumption is justified by
large effect on they-decay yield.(The total effect of a par- the observed restoration of the isospin purity at high excita-
ticular decay channel is due to the average excitation energjon energy[39]. Calculations were also folded with the de-
subtracted by the particle in the decay chain weighted by it§éctor response function computed wiBANT3, and in order
decay probability. In the case of deuterons we have one ofto account for the bremsstrahlungays, a decreasing expo-
the largest differences because of the high decay probabilitj!e€ntial function was added to tlEaSCADE results.
The change in the~ray yield can be better evaluated in
Fig. 12 where a standalchSCApE calcglation(dashed ling IV. LIMITING GDR EXCITATION ENERGY
is compared with the one obtained using a deuteron as fourth
particle(full line). The same GDR parameters were used for In all CASCADE calculations presented up to now a GDR
both calculationsI'gpr=15 MeV, Egpr=16.8 MeV, see be- width (I'gpg) 0f 15 MeV was used. This is the largdstpr
low). The calculations are normalized to the data aroundextracted from the fit with a single Lorentzian performed on
4 MeV in order to avoid problems due to the preequilibriumnuclei around mass 60 populated at high excitation energy
effects in the region from 6 to 12 MeV. The difference in the [40]. The same width was generally used along the decay
GDR region is better seen in the inset obtained dividing botlchain. We used the constanigpr hypothesis assumed in the
the experimental data and the calculations by the “NO-GDR’standard systematics at high excitation energy. It is evident
calculation(dot-dashed lingalready presented in Fig. 9. from Fig. 12 that these calculations largely overestimate the
Note that the bump around 20 MeV observed in the lin-y-ray yield in the GDR region, therefore a GDR suppression
earized plot in the inset of Fig. 9 is produced by the sum ofseems present. The simplest way to reproduce such suppres-
CASCADE and bremsstrahlung terms in the “NOGDR?” cal-sion is to assume a GDR sharp cutoff with zero GDR
culation. strength above a given excitation energy. We obtained the
The excited systems considered have an average Massbest fit of the data assuming 260 MeV f@&, . i-€.,
=62. Following the suggestions of Rdf35], we used an 4.7 MeV/nucleon(taking into account that the average mass
isospin dependeriB4] version of thecAscADE code with the  of the residue aE.,; is reduced to 55 a.mJusee Fig. 13
Reisdorf parametrization of the level density. The code wasgfull line). In order to avoid the influence of the low-energy
slightly modified by increasing the number of daughter nu-preequilibrium y-ray emission evidenced in Sec. Il, thé
clei due to the length of the decay ch&#®—-30 nucleons can was evaluated in the energy range from<l2,<25 MeV.
be evaporated To be consistent with previous studies we used a GDR width
For such a long decay chain one should also account fargpr=15 MeV constant along the decay chain. On the other
the GDR parameter changes along it. There is enough exchrand, due to a strong spin dependence, this saturation width
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FIG. 13. y-ray multiplicity spectrum as in Fig. 11. The dot-
dashed line is the GDR zero strength calculation used to linearize FIG. 14. Saturation excitation energy per nucleon for the reac-
experimental data and calculations in the ratio shown in the insetions*°Ca+*¢Ca full line) and*°Ca+*6Ti (dashed lingas obtained
Full line is a best fit of the data obtained assumingl @gr with the fit performed using the smooth cutoff approximation.
=15 MeV andE,,,,.~260 MeV. The dashed line is obtained using
the smooth cutoff expression discussed in the text. The dotted linether expression is suggested in Ré#i4] I'gpr=4.8
is* obtained assuming a mass of 70 a.m.u. for the source and(0.002GE )6 MeV. This expression follows the GDR
Ecutor=260 MeV. width behavior in the mass region of Sn isotopes. To better

seems to be reached rather soon, around 100 MeV of excit eproduce tr_u_a systematic at I.OW excitation energy for_ mass
0, we modified this expression including a linear spin de-

tion energy[40], and the use of a GDR width dependence - .
from the excitation energy up to this energy decreases th%ce_ndence(l“spm—o._%*E MeV) saturated at 100 MeVat .
this energy the critical angular momentum of the system is

energy cutoff of only 20 MeV.
9y Y already reachedWith this approximation, we obtain a yield

A more refined analysis with a smooth cutoff expression , X : s
is suggested in Ref41]. In this reference the GDR suppres- reduction with respect to the previous calculation, however,
we are still overestimating the experimental results, full line

sion is attributed to the impossibility to excite a GDR when ™" ¢

the particle decay time of a system is too short with respecf? F19- 15.
to the GDR excitation time. With this assumption the GDR
yield is decreased by a factd¥/(I''+T'y,) whereI'! is the
spreading width of the GDR anHy, is the particle decay 1
width. UsingTl',, as computed byASCADE, and varyingl™t
we obtain the best fit witli'' =6.5 MeV. It is hard to see any ~1
difference between the curves obtained with such smooth 10
cutoff (dashed line in Fig. 13 and the one computed with
the sharp cutoff approximatiotfull line in Fig. 13). The
cutoff excitation energy can be evaluated in this case as the
energy wherd//(I''+T',,)=1/2. We calculated this energy
for each decay chain withASCADE, see Fig. 14, obtaining an
average excitation energy around 5.4 MeV/nucleon. Even in
this case, we usedIg;pg constant along the decay chain.

For sake of completeness we discuss also another possible -5
way to explain the GDR strength saturation. One can obtain 10
this result also assumingla;pg increasing with the excita-
tion energy. In this case the strength saturation is due to its e

. ; 10 20 30 40
spread over a large energy range. After long discussions Energy (MeV)
[42-44 this hypothesis was rejected in REh] by the com-
parison with experimental data. However we tested also this fiG. 15. y-ray multiplicity spectrum as in Fig. 11. The dot-
possibility as suggested again in RE5]. In Ref.[46] the  gashed line is the GDR zero strength calculation used to linearize
increase of the GDR width is connected to the increase of thexperimental data and calculations in the ratio shown in the inset.
particle decay width by the expressidigpr=I""+2*T,.  The dashed line is obtained by increasing the GDR width with
Applying this recipe we obtained a poor agreement, dasheéxcitation energy as in Ref46]. Full line is obtained following
line in Fig. 15, they yield being largely overestimated. An- Ref. [44] with modifications as explained in the text.

spectra ratio

dM/dE (MeV™)
|
(&3]
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A further improvement of the calculations could be ob-
tained if all available decay channels would be addedi®s
CADE. This task will be the object of a future study. However
the insertion of other channels should give only second order
corrections. In fact other channels will decrease the decay
probability of y but also of deuterons. Due to the generally
lower decay probability of other decay channgtee Fig.
11(a)] we can say that part of their effect is already included
in the deuteron decay channel. Any additional decay channel,
in any case, would increase the energy cutoff extracted and
the maximum excitation energy per nucleon.

The same effect is expected for small contaminations of
dissipative reactions. In fact such contaminations witlays
produced by lower excitation energy systems decreases the
_.|, detected GDRy-ray multiplicity (see Fig. 6. The fit of such
PRI P RPN SR R lower multiplicity spectra will give a cutoff excitation energy
10 20 30 40 lower than the real one.

Energy (MeV) We have also to observe that the smooth cutoff expression
used from Ref[41] is in principle exact only for the first
decay step of a nucleus in which the GDR is not already
excited. Corrections to this expression should be used as sug-
gested in Ref[47] for the whole decay chain. In the case of
48Ca only about two decay steps are on average necessary to

*

The “6Ti data appear to be in agreement with tfi€a  reach theE ., however, the reduction factor of the smooth
observations even if a small&,, is obtained. In the hy- Cutoff could influence other decay steps. In Ref7] after
pothesis of sharp cutoff we find the begf at E.. few decay steps the correction is dropped out because the
=200 MeV. This result is obtained assuming a GDR strengtﬁime of GDR excitation is compared with the lifetime of the
S=0.8 energy weighted sum ruWSR) (dashed line in  System obtained by summing the.time of all decay steps.
Fig. 16), larger strength values give unreasonably low cutoffUsSing such correction one should find a smaller value of the
energies. Considering the average mass of the system g@turation excitation energy but in any case higher than the
200 MeV excitation energy53 a.m.u) we obtain E, one obtained with the sharp cutoff expression.

cutoff . .
=3.8 MeV/nucleon. Using the smooth cutoff approximation ~ 1he errors on the performed analysis are in summary

the best fit is obtained with! =5.2 MeV,S=0.8 EWSR, full comparable to the dispersion of the results obtained with the
line in Fig. 16. In this case we have to use ag&n0.8  different hypothesis performggharp or smooth cutgff Us-
EWSR in order to obtain reasonable values forlthgin fact ~ iNg the values obtained with the smooth cutoff approxima-
a value larger than the ground state GDR width is expactedtion, we conclude that we observe a GDR saturation around
The corresponding saturation excitation energy for the GDFP:4+0.5 MeV and 4.7+0.9 MeV, respectively, fiCa and
is plotted as dashed histogram in Fig. 14. We obtain approxi—GT' targets.
mately 4.7 MeV/nucleon.

The extracted limiting excitqtion energy does not depend V. CONCLUSIONS
strongly on the mass and excitation energy adopted for the
initial sources. This is shown in Fig. 13 where we can also In this work we have shown the amount of information on
compare the calculations usirig,,,;=260 MeV (full line)  reaction mechanisms and on the status of the excited nuclear
with another calculation performed assuming mass 70 inmatter that can be extracted by theay spectra measured in
stead of 62 a.m.u(dotted ling. This last calculation is coincidence with charged particles in reactions at high beam
slightly shifted towards lower energies. In this case a largeenergy(at 25 MeV/nucleohn In more detail, the high-energy
cutoff energy(around 280 MeV instead of 260 necessary 7y rays, mainly produced via nucleon-nucleon bremsstrah-
to better reproduce the data. However, because of the high&mg, have been used to verify the average impact parameter
mass, the variation in terms of excitation energy per nucleowof the reaction channel analyzed. From the comparison of
is negligible. Similar small variations were also observed byy-ray spectra produced in reactions with different values of
10% changes of the initial excitation energy. A larger errorthe N/Z ratio between projectile and target, we obtained the
comes from the bremsstrahlung estimation. ¥@a data a evidence of the excitation of the so called “molecular dy-
change of the bremsstrahlung yield inside the error bars proiamical dipole” observed for the first time in different final
duces a variation of about 10% on the average limiting ex+eaction channels of a given collision. We also tested the
citation energy per nucleon. Due to the low statistics, thecollective behavior of the excited nuclear matter by analyz-
bremsstrahlung evaluation for tHéTi target was not pos- ing the GDRy-ray decay.

spectra ratio

BT RN OIS

dM/dE (MeV™)
|
(&3]

FIG. 16. Same as Fig. 14, but for theCa+*6Ti reaction. The
dashed line is the fit obtained at constiifrr=15 MeV giving a
sharp cutoffE,, ;=200 MeV. The full line is computed assuming
a smooth cutoff as shown in Fig. 14.

sible. We used the same exponential function as fort6a Regarding this last point, an accurate work was necessary
data. This gives the systematic error estimated to be beloin order to evaluate the statistical contribution at high exci-
5% due to the different number ofp collisions. tation energy and many effects were included. The limiting
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excitation energy observed here, around 5 MeV/nucleon, igxtracted by fitting they-ray spectra for the two reactions
higher than previous measurements for mass 2%  analyzed. This difference is about 20% and could be con-
-3 MeV/nucleon [5,6]. The excitation energy extracted is nected to the observed preequilibrium emission. Even if this
close to the energy where signals of the liquid-gas phasemission is more evident in thgray spectra around 9 MeV,
transition were claimed to be presgiii, for systems around some contribution could be present also in the statistical
mass 200. However, as emphasized in the Introduction, the€eDR region affecting the strength measurement. To this re-
signals are sensitive to the mass of the system. Therefore tispect although thé®Ti data are characterized by a larger
observed difference is most probably the signature of thistatistical error, they probably give a better estimation of the
size effect already observed in the caloric curve anal@is limiting GDR excitation energy. However, there is possible
A comparison with multifragmentation studies of small sizealso an isospin dependence of the limiting temperature justi-
systems is necessary to better understand this point. fied by the isospin term of the nuclear matter equation of
Another interesting aspect is the different GDR strengthstate.
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