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Collisions betweerf®Ti + *Nb at 19.1 MeV/nucleon were studied using twe 4letection systems. A
reconstruction procedure was developed to determine the mass, kinetic, and excitation energies of the primary
projectile and targetlike fragments. The results show a broad range of mechanisms. These results were com-
pared with predictions of the quantum-molecular dynamics m¢8€556-28136)05212-0
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[. INTRODUCTION standing of it is far from being achieved.
In this article, we report on the excitation energy partition

One of the most striking findings in the early days ofin the *®Ti + %Nb reaction at 19.1 MeV/nucleon. Experi-
low-energy, heavy-ion nuclear physics was the observatiomental studies of the excitation energy acquired by the pri-
of deep inelastic collisiongDIC) [1]. These reactions can mary PLF's and TLF's, as a function of the total kinetic
make up a substantial fraction of the total reaction cross se@nergy loss, are important because they provide information
tion and are characterized by the conversion of a larg@" the mechanism for the conversion of kinetic energy into
amount of the relative kinetic energy into internal excitationsinternal excitatiorf9—11]. However, the experimental infor-
of the colliding nuclei without obliterating the identity of the Mation about the primary fragments is obscured by their sub-
projectile and target. With increasing bombarding energySequent decay. Thus, in order to reconcile the measured
the reaction picture becomes considerably more complex@ostevaporative fragments with the primary reaction prod-
New phenomena, such as preequilibrium emis§&ininter-  Ucts, compllc_:ated rgconstructlon procedures must pe in-
mediate mass fragmeritMF) emission[3], and projectile ~ Vented. This is done in the present work and the experimen-
breakup[4] enter the reaction process. However, the recent@l results are compared to dynamical calculations which
experiment on intermediate-energy, heavy-ion reactions bi/tilizes a quantum-molecular dynamics concept.
Lott et al.[5] indicates that the collisions df%e + 2°Bi at The paper is organized as follows. In Sec. Il we sketch the
28.2 MeV/nucleon are predominantly of a binary nature€XPperimental procedures and the detection systems. The ex-
leading to highly excited massive primary projectilelike Perimental results which include selected PLF energy spec-
(PLF) and targetlike fragment€TLF). Surprisingly, this bi- &, the light charge-d p_arUpIéLCP) and neutron multiplici-
nary character persists for collisions at 45 MeV/nuclgeh  ties, andy-ray fold distributions are presented in Sec. I1l. An
even when a large number of the IMF’s are observed. Th&Vent reconstruction procedure is described in the first part of
binary dissipative processes were observed recently at enepeC- IV. In the second part of Sec. IV, the primary fragment
gies approaching 100 MeV/nucleoi7] and at 29 characteristics are given. The reconstruct_ed experimental
MeV/nucleon in collisions of very heavy nuclg8]. The im- ~ data are compared to the molecular dynamics model calcu-
portant characteristics of these strongly damped reactions al@tions in Sec. V. Finally, the conclusions are summarized in
the partition of the mass, charge, excitation energy, and an>€¢. VI.
gular momentum between the PLF’s and TLF’s. Despite the
obvious importance of the DIC process, a complete under- Il. EXPERIMENTAL PROCEDURE

The experimental setup consisted of twar 4letection

*Present address: GANIL, Caen, France. systems. A small highly segmented (8) system called the
TOn leave from Institute of Physics, Jagellonian University, Kra- “Dwarf Ball-Wall” (DBW) [12] was used to detect the light
kow, Poland. charged particleSLCP) and intermediate mass fragments
*Present address: Department of Physics, University of loanning3<Z,=<25). The most forward part of this device, called
Greece. the “Dwarf Wall” (DW), consists of 40 detectors and covers
Spresent address: Oak Ridge National Laboratory, Oak Ridge, TM—36 deg in the laboratory frame. The “Dwarf BallDB)
37831. consists of 62 detectors. The DBW system was placed inside
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the Oak Ridge Spin Spectrometé8S array [13], a 72-
element 4r detection system, which measured the total
y-ray energy and multiplicity as well as the neutron angular
distributions and multiplicities. Both systems were triggered
by the detection of IMF's in the DW. The events with two
IMF detected have been studied in a separate pdger »
The 917-MeV(19.1 MeV/nucleoh “®Ti beam was pro- %
vided by the Holifield Heavy-lon Research Facility using the 2
tandem heavy-ion accelerator coupled to the Oak Ridge Iso-“
chronous Cyclotro{ORIC). A self-supporting®*Nb target "
was used with thickness of 994g/cm?. The beam spot
diameter was~ 2 mm and permitted us to bombard the
target at five consecutively different positions, which al-

10

< Opr= 14.8° O pr = 8.4°—

lowed us to minimize carbon deposits on thiub foil. 0 2 34 5 678 9 10111213 14 15 16 17 18 19 20 21 23 33 24
The LCP identification was accomplished by pulse-shape Zory
discrimination of the CgTl) light output and IMF identifi-
cation was obtained from both the fast plastic and(Tsl FIG. 1. Element distributions of the PLF's recorded at 8.4° and

light output. The hydrogen isotopes detected in the DB werd 4.8°.
energy calibrated using 14 and 24 MeV proton beams elas-
tically and inelastically scattered off &C target. The energy Fig. 4 shows polar plots of the invariant cross section as a
calibration of the DW also utilized the observed and calcufunction of longitudinal ¥/,) and transversal\(;) compo-
lated punch through pulse heights and energies for hydrogefents of velocity for(a) protons andb) a-particles detected
isotopes. The energy calibration then was extended to thig coincidence withZp = 20 observed at 14.8° for the
IMF’s [12]. All elements were separated as well as hydrogenowest-energy bin. The LCP detectors that were within
isotopes in the DB. However, we were not able to separate- 30° of the reaction plane were selected. Note the isotropic
the hydrogen isotopes in the DW detectors. emission from the TLF in the backward hemisphere
The NalTl) detectors of the SS were energy calibrated(9>60°) and a more complex picture in the forward hemi-
using radioactive sources. Neutron apetay pulses were sphere. The proton ang-particle multiplicities recorded by
distinguished by the time-of-flight method. Since the(©Bl  the DBW in coincidence WithZp - = 11 and 20 as a func-
detection system employed leading-edge discriminators angon of the PLF energy are displayésblid circles in Figs. 5
light ions deposited little energy in the fast plastic, additionaland 6, respectively. The multiplicities recorded for polar
time walk corrections had to be made in order to achieveang|e 6>60° (squares were used to deduce the total LCP
neutrony separation. multiplicities associated with the emission from the Ttk

lll. EXPERIMENTAL RESULTS 102

The events recorded had at least one IMF detected in the
DW. The detectors of the DW were arranged into five rings
positioned at the polar angles 8.4°, 14.8°, 22.4°, 23.2°, and
31.0°. We found that about 12% and 3% of all recorded
events had, respectively, two or more IMF's detected in the
DW. The experimental results and analysis reported here in-
clude events where only one of the IMF’'s was detected in the
DW. This IMF will be called the projectilelike fragment
(PLF).

Figure 1 shows the element distributions of the PLF's
recorded at 8.4° and 14.8°. In order to make the analysis
tractable, only two PLF triggers were selected, namely,
Zp e = 11, which contains only half of the projectile charge
andZp ¢ = 20, which is close to the projectile charge. The
angular distributions of these two PLF's are displayed in Fig.
2 and the energy spectra detected in the second ring of the
DW (14.8°) are shown in Fig. 3. The arrows in Fig. 3 indi-
cate the energy corresponding to the beam velocity assuming
Ap r=2Zp e+ 1. The PLF energy spectra were divided into
four and five bins foZp r = 11 andZp = 20, respectively. 0 10 20 30 40
These bins are separated by the vertical dashed lines in Fig. On (deg)

3. Analyses were performed by sorting the events according
to the detection angle, charge, and energy bin of the PLF FIG. 2. Angular distributions of th&p ¢ = 11 (circles and 20
trigger. (squares fragments in the laboratory frame. The lines connecting

In order to recognize the emission pattern of the LCP’sthe points is to guide the eye.
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FIG. 3. Energy spectra of th&p ¢ = 11 and 20 fragments
detected in the second ring of the DW detectors. The arrows indi-
cate the energy corresponding to the beam velocity assufjng i
= 2Zp ¢ + 1. The energy bins used in the analysis are indicated by g
the vertical dashed lines as numbered. L

>
angles. Here we note that the proton andparticle emission
from the TLF increases with decreasing PLF enefigyre S
damped collisions

The normalized neutron fold distributions measured in co-
incidence with the PLF’s having kinetic energies from the
lowest- and highest-energy bins, respectively, are displayed
in Fig. 7. The neutron data were used to obtain the average o s
neutron multiplicities associated with the TLF emission us- v, (em /ns)
ing the procedure discussed in Rgf0]. Derived neutron
multiplicities associated with emission from th_e TLF, 8S & F|G. 4. Invariant cross section plots fé& protons and(b)
function of the PLF energy, are presented as triangles in Fig, particle emitted in coincidence witdp e = 20 fragments ob-

8. The PLF triggers witlZp = 11 and 20 were detected at served at 14.8° for the lowest-energy hi800—400 MeV. The
8.4° and 14.8°. The emission of neutrons from the TLF varsmall arrows indicate the targetlike emitter velocity. The dotted line
ies with the PLF kinetic energy in a manner similar to that ofpoints to the projectilelike trigger detector. The box sizes are pro-
the LCP’s. portional to the logarithm of invariant cross section.

Figure 9 shows they-ray fold distributionsP(k,) ob-
served in coincidence with the PLF’s having kinetic energiesy-cascade may be shorter due to lower spins in the system,
from the lowest- and highest-energy bins, respectively. Herelespite the high excitation. In tt#&, r = 20 case, the and
we note that thé,, distribution corresponding to the highest- y multiplicities trends agree because the primary system is
energy bins shifts upward with PLF energy for the likely to be created closer to the yrast line. The experimental
Zp =11 case. The reverse is seen for g =20 frag- kK, fold distributions were converted into the TLF spin using
ments, where the highest-energy bin corresponds to quadie prescription given in Ref15].
elastic collisions. This can be interpreted as follows: the neu-
tron multiplicity is a function of excitation energy of the IV. ANALYSIS
system whiley-ray fold may be influenced significantly by
the angular momentum. Th& ¢ = 11 produced with 100—
200 MeV of kinetic energy may come on average from more The main goal of the event reconstruction procedure is to
central collisions than th&p = 20 case. In this case the obtain primary fragment characteristigeass, excitation en-

A. Event reconstruction procedure
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FIG. 5. Proton multiplicities. Those recorded by the DBW in
coincidence with PLF’s are shown by the closed circles. The raw
multiplicities recorded at9>60° are shown as full squares and
were used to deduce the proton multiplicities associated with the
TLF’s (triangles. The results of the statistical model calculations
(see textare given by the large open circles. The lines are drawn to
guide the eye.

ergy, etc). The term primary refers to the time after the
preequilibrium phase of the reaction is terminated and the
hot PLF's and TLF's are separated beyond the Coulomb bar-
rier radius(see Sec. Y. This goal was achieved by a two-

mary PLF and TLF. This step utilizes a deduced relationship
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FIG. 7. Normalized neutron fold distributions measured in co-
step process. The first one consisted of the kinematical reéncidence with the projectilelike triggers detected in the second ring
construction of events. The second step of the proceduref the DW detectors. The charge valugs  and the bin energies

deals with the excitation energy division between the pri-are indicated.

between the excitation energy of the fragment and the mul- (i) The preequilibrium emission of the beam velocity par-

tiplicities of the LCP’s and neutrons, and the totalray
energy.
While the analysis was performed event-by-event, the un-

values of maximum likelihood for a selected cldB4.F en-
ergy, atomic number, and detection angt# events(see
below).

1. The kinematical reconstruction

The kinematical reconstruction was performed assuming:
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ticle (BVP) precedes the binary splitting of the hot composite
system.

(ii) The primary PLF and TLF each deexcite by a variety
known parameters for the events were substituted with th&f decay modes, on a time scale such that the decays are only

weakly influenced by the other primary fragment.

(iii) The velocity vectors of the primary PLF and TLF are

—

5

preserved despite the emission during deexcitation.
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FIG. 8. Total neutron multiplicitiestriangles associated with

emission from the TLF deduced from the neutrons recorded at the
polar angled>60° (squaresin coincidence with PLF triggers. The

statistical model resultésee text are shown by the large open

FIG. 6. Same as Fig. 5, but fer particles.

circles. The lines are drawn to guide the eye.
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BVP, mgyp, and the emission angle of the TLBqx, must

0.15
be reconstructed. The latter quantity can be expressed as fol-
Zpp =11 lows:
3 - 1
o1 R ’ 100 - 200 MeV P e -
¢ o4 3 o 400 - 500 MeV T I||J—| '
P ¢ TLF
. :
0.05 ¢ 6 ' wherevtr and|vTre| are the transverse and total velocities
*o . ¢ of the TLF, respectively.
*, °o o As shown in Sec. lll(see Fig. 4, the reaction system is
o L[]

. * e eonos s_ufficien_tly asymmetric to aII_ow us to use the _differe_nce in

' kinematic focusing of the emitted particles to distinguish the
emission from the slowly moving TLF. In view of this, it
was possible to obtain the value of TLF velocity.

0.15

P(k,) / Trigger
[—3

Z =20 ! .
+ + + ¥ 4 t PLF To find the transverse velocity of the TLF:+, a trans-
01 - 4 ! * 300 -400 MeV verse momentum analysis was applied to the experimental
¢ ¢ } i o 700-800 MeV data. Thg equation of linear momentum con_servation for the
perpendicular component of the cold reaction products can
¢ , ty be written as
005 - ° ¢ b,
1 1 s
' " 0=phiet Pret Plept Prcs PPy (©)
. S
. . 093, . ‘ Again, we assumed that the transverse momentum of the
4 5 10 15 20 25 30 BVP is equal to zero. This equation contains three elements
k, which are not available from the experimental data, namely,

the transverse momenta of the undetected TLF and LCP’s,
FIG. 9. y-ray fold distributionsP(k,) observed in coincidence and the total transverse momentum of the neuti¢ims SS
with the PLF's detected in the second ring of the DW detector. Thedetection system recorded only the neutron multiplicities an-
fragmentZp ¢ values and their associated bin energies are indi-gular distributions A small fraction of the LCP’s and neu-
cated. trons escaped detection due to the limited acceptance of both
detection systems. Therefore the missing transverse momen-
Two equations of the linear momentum conservation atum py,, can be defined
the end of the early phase of the reaction can be written
, , Py = Prce+ Prcst Py + Py (7)
— PavP= Pp FCOYp e+ PFECOSHTE 1
P17 PovP= PruecOpLe ™ Prir b @ The missing transverse momentum is dominated by the
transverse momentum of the undetected TLF. In order to
calculate the last three terms of E@), we assumed that the
y by neutrons and the undetected LCP’s are emitted from one
0= Pp_pSiNGp ¢+ PreSinfrre, 2) effective source, consisting of the contributions from the pri-
mary projectilelike and targetlike emitters. The perpendicular
wherep; and pgyp are the linear momenta of the projectile component of the source velocity for this effective source
and the BVP, respectively. The bar sign above the subscriptas calculated as follows:
is used to denote the variables associated with the fragments

and

and particles which have not been observed experimentally. | meE me ®
Solving of the above equations with respect to the linear Ueff ™ eff eff UPLFT —off eff UTLE> 8
9 g P Mp e+ MyLF Mp e+ MyLF

momentum of the primary PLF one obtains
o where  mgfe=(Mpetmp/2  and  mile=(Mie
P1—PavP 3) +myE) /2.

PPLE™ o — Singp cotb On the other hand, the missing transverse momentum is
equal to
From this we obtain the mass of the primary PLF as 1 1 1
Pwvm = — PpLr— Picp- 9
— 1 P1— MavpU s (4  The momenta on the right side of E@) were measured in
P UpLr COpy e SiNOp cOthis’ this experiment. Now, the transverse velocity of the TLF can
be written as
wherevp, r = vpis the PLF velocity, measured experimen- oL
tally, andv, is the beam velocity. In order to utilize E¢) vie= Phur— Picp Ver(Mich T My M) . (10

for the primary PLF mass determination, the mass of the MTCE
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The undetected TLF mass is given by the equation of the After the BVP’s were emitted, a binary separation ensues,
mass conservation which produces the primary TLF and PLF. The effective
projectile has massns=mj—mgys, and the available ki-

MTLE= Mp+ My — Mpe— My cp— MIcp— My~ My~ Mavp. netic energy is shared as follows:

(13)
The masses of the undetected LCRiscp, and the unde- Te+ Q' =Th e+ Trp, (15
tected neutrons can be calculated
whereTp,  and Ty are the kinetic energies of the primary
1 PLF and TLF, respectively. Th® value Q' is determined
Micp= mLCP( - 1) , 12 P y. The Q
flee y
1 I — _E'* _ E/* , 16
mN:mN<f__1>, (13) Q"=Qqq PLF TLF (16)
N

_ o whereQgy is a ground stat@ value,E'5, - andE'T, - denote
wheref, cp = 0.93 is the efficiency of the DBW to detect the the excitation energies of the primary PLF and TLF, respec-
LCP’s andfy = 0.87 is the total triggering efficiency of the tjvely. Supplementing Eq15) with the following two equa-

SS for neutrons. _ _ _ tions of momentum conservation
The final step of our kinematical reconstruction procedure

utilizes total energy conservation to determine the mass of

the BVP’s. The emission of the BVP’s causes the available 7 / Y, /
L MpTp=+Mp T 0 + Mz T £CO ,
kinetic energy to decrease N plp \/ pLFT PLFCOSp £ TLF T TLFCOT ¢ an

mmav2
’ P
Te=Tp——— +Qsvp, (14)

0= \Mp T pSiNdp et My e Ty psinfre,  (18)
whereTp and Qgyp are the projectile kinetic energy and the _ o
Q value to emit the BVP particle, respectively, ang de-  allows two independent prescr|_pt|_ons to be employed to cal-
notes the projectile velocity. Two scenarios for the emissiortulate theQ value. One prescription can be used when the
of the BVP’s were considered, namely, the BVP’s escaped agrimary PLF energyTp - and the emission anglé;,  are
one fragment or as a jet of free nucleons. measured:

To(Mp— My e) + Tp fMp et My e) = 2VMpT pMp £ Tp (COLp £

!
Mrr

QpLe= (19

The second prescription can be used when the primary TLF enBfgy and the emission anglé; - are measured or
determined

! ! ! ! ! ! !
Te(Mp—Mpyp) + T e(Mp et My p) —2VMpTpMy £ T1 (COSHT £

!
MpLE

Q= (20)

All quantities appearing in Eq$19) and (20) are given by  the laboratory anglefp ). In this situation, the standard
Egs. (4), (5), and(11), and depend omg,p. The obvious solution of a set of the equations césee, e.g., Ref.17]),
equation and does in the present case, become problerfedive re-
sults are pathological This failure of the exact treatment
QpLr= Qe (21) comes from the fact that the problem is posed improperly.
) _The equations and their solutions are strict and they contain
makes the set of our equations complete, and all characterigsean values of observables in the literal, mathematical
tics of the primary PLF and TLF can be reconstructed.  gsgnge. The values measured experimentally are close to the
statistical mean values. The corrdeind reasonab)esolu-
tions may be found when, additionally, some method of sta-
The kinematical reconstruction procedure introduced irtistical regularization of the solution is applied.
the preceding section is based on the conservation of energy, In our case besides the statistical uncertainty, the whole
linear momentum, and mass. However, the resulting set ahethod is biased with the assumptions which are exactly true
equations contains the experimental observables measuredly for the exact mean values. We assumed that all param-
with statistical errorge.g., the mass of the LCB’'and cer-  eters which are put in E421) may vary inside some definite
tain parameters which are known with limited accuréey., interval. For instance, the laboratory angle of the PLF can be

2. The numerical method and error estimations
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any angle inside the range of the solid angle of the detectodeviation. Therefore the primary PLF mass is confidently
and the mass of PLF can be any mass of the isotopes of thdetermined in 3 nucleon wide range.

elementZp g, etc. Now, instead of solving Eq21), we

performed the numerical procedure of minimization of the 3. The excitation energy division

quantity The emission of the light particle@eutronsn, protons

, V12 p, and alpha particles) from the TLF (see Sec. I)l was
|QpLe— Qriel”. (22) used to deduce its primary excitation energy. In order to
derive the relationships between the multiplicitids (i=n,
The values of parameters needed to reach the minimum ¢f anda) of the light particles and the excitation energy, the
Eq.(22) are considered to contain the statistically regularizedstatistical model codeace[18] was used. Here we assumed
solution of Eq.(21). emission from an excited nucleus with the mass obtained
The uncertainty in the reconstruction procedure originategrom the kinematical reconstruction and with the neutron to
predominately from two sources. The first of them comesproton ratio close to the value of the target nuclésse
from the uncertainty 0Qgys which depends on the degree of below). A spin value of the primary TLF was deducftb]
clusterization of the BVP’s. For the case of the emission agrom thek,, measurements. The application of the alternative
free mutually unbound nucleons, the most likédy value  method of the spin determination based on the angular dis-

was estimated to be tribution of E2 y transitions[16] was not possible in this
experiment. The excitation energy of the TLF source was
Qsvp= —8 [MeV]mgyp, (23)  adjusted to reproduce the experimental multiplicities ripr

p, and « altogether. We required that the differences be-
where 8 MeV stands for the average binding energy for dween the experimental and calculated multiplicities must be
single nucleon. As any higher degree of clusterization of thesmaller than 5% and 20% for the LCP and neutron emis-
BVP's yields a less negativ® value, it was assumed that sions, respectively. However, in order to achieve the agree-
the upper bound for th®gyp is zero. The solutions of Eq. ment, small variations of the neutron to proton ratio and of
(22) for these two limiting values ofQgyp determine the the spin value were necessaflsually, theZ value of the
limits of reasonable results and will be displayed as dashegrimary TLF derived from the target’s neutron to proton ra-
areas in the subsequent figures. tio was too large by up to three unitsThis procedure

At 19.1 MeV/nucleon preequilibrium emission can have ayielded a remarkably good agreement between the calculated
substantially lower energy and can even be deflected a&nd experimental multiplicitieésee Figs. 5, 6, and)8
angles covered by the DWB detection apparatus. The BVP When the primary TLF excitation energy was established,
velocity influences the reconstruction procedure through EgEg. (16) was used to obtain the primary PLF excitation en-
(14). It should be noted that the case@gys=0 is identical  ergy.
with the case ofQgys=—8 [MeV]mgys and the energy of
BVP of 11.1 MeV/nucleon, that is 58% of the beam energy.
Therefore the reconstruction of data wi@gys=0 shows ) ) ) ]
also what would be the trend of results if BVP velocity de- !N this section we will present the primary fragment char-
viates from that of the beam. acteristics derived from the event reconstruction procedure.

The second significant source of error results from thdn Fig. 10 we display the deduc€l’ value[see Eq(16)] for
ambiguity of solutions. It should be noted thagys in Eq.  the collisions when th&p ¢ = 11 and whenZp ¢ = 20
(23) is not known and, therefore, an iterative procedure wadragments were detected &) 8.4° and(b) 14.8°, respec-
applied to manage this problem. Initially, the value of tively. In this, and the foII_ovylng three figures, theT dashed
Qsvs is calculated for an arbitrary starting valmgﬁ, and @area displays _the uncertainties of the reconstruction proce-
the reconstruction procedure is performed giving a ne ure (a_s me_zntloned ab_ove_:, this uncerta’lnty 1S o_btalned by

0 . assuming either the emission of the BVP’s as a single cluster

value ofmgyp. If |mgys—mevel >0, then the reconstruction "7 jet of separated nuclepn3he vertical error bars
pré)cedure is repeated. The calculations are repeated unfil,esent the maximum scatter of the derived observables for
Mgys and Mgy agree to within a preset value, which in this 19 jndependent procedures of the reconstruction. The total
analysis was set to 2. This iteration procedure combined witlinass of the BVP’§assumed to be emitted in the preequilib-
the minimization of Eq(22) leads to some dispersion of the rium phase of the reactignis shown in Fig. 11. The recon-
reconstructed observables. In order to estimate the errors @fructed PLF and TLF masses are shown in Figs. 12 and 13,
the reconstructed observables, 10 independent procedurgSspectively. Finally, the reconstructed primary PLF and
were performed; the maximum scatter of the derived observ|_F excitation energies per nucleon are given in Fig. 14.
ables is presented in the figures as vertical error bars. Several noteworthy features of this analysis are apparent:

The nondetection of the TLF makes it difficult to deter- (1) Up to 30% of the projectile kinetic energ917 MeV)
mine the primary TLF velocity. Its value and direction were js converted into internal excitation of the colliding nuclei
found from the analyses of LCP’s invariant cross sectiongsee Fig. 10
and from the transversal momentum, respectively. This part (2) For the most violent collisions, a large fraction of the
of analysis causes some uncertainty, e.g., on the primary PLfrojectile kinetic energyup to~ 400 Me\) is taken away in
mass,Amp , as a consequence of the uncertainty of thethe early phase of the reaction by the BViége Fig. 11
reconstruction of the TLF emission angié&y, . The typical (3) For the highest kinetic energy bin of the detected PLF,
error A9 == 4.6° propagates oAmy ¢ as the+=2.8%  the primary TLF partner accepts almost A — Ap r nucle-

B. Primary fragment characteristics
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FIG. 10. Results of the kinematical reconstruction for @é FIG. .12' Same as for F'.g' .10 but for thg primary PLF masses.
The horizontal dotted lines indicate the projectile masé%f and

value defined in Eq(16). The Zp ¢ = 11 and 20 fragments were .
detected afa) 8.4° g(nd()b) 14.8°P'L.F|.he borders of thegdashed areasmasses of the secondary PLF's. The PLF masses were estimated
fgom detectedZp, ¢ values ashp (=27Zp + 1.

are the results of the reconstruction where the BVP’s are emitted a

(i) one cluster(circles or (ii) a jet of separated nucleofsquares _ .
The vertical error bars represent the maximum scatter of the derive (7) For Zp ¢=20 at 8.4 deg, the reconstructed primary

observables for 10 independent procedures of the reconstructio .LF has a mass close to the projectile mass while the pr_i-
The mean results of this 10 reconstructions are drawn as squaresn@’y TLF has a lower mass than the target mass, the remain-
ing mass being BVP. It looks like BVP has a TLF origin.

ons and very few BVP's are emittddee Figs. 12 and 13 This in turn implies that the.true ve!ocity of BVP may be
(4) If the kinetic energy of the detected PLF is reduced smaller tha_n the beam velocity, as d}scugsed in Sec. IVA2.

thus driving up the amount of energy available for excitation "€ numerical method and error estimation.

(Q value becomes more negatiyehe primary PLF's be-

come progressively heavier, while the primary TLF's be- V. MODEL CALCULATIONS

come lighter than the target nucleiee Figs. 12 and )3 The primary PLF and TLF characteristics were calculated

(5 For the lowest k'net.'c energy bm; fOI" t.he deteCtedutilizing the molecular dynamics concept. The applied model
fragmentZp =11, the excitation energy is divided almost [19], or rather its numerical implementation named
equally between the primary PLF and TLF partneee Fig. CHIi\/IERA (Code for Heavy lon Medium Energy ReAc-
14). Taking into account the observation that in these deep|¥ions) is a combination of two recently devised models
inelastic collisions the largest preequilibrium mass is emit—n mély the Quantum Molecular Dynami@MD) model of '
ted, these events can be visualized as a fast disintegration R?chelir; and Staker [20] and the Quasi-Particle Dynamics
the PLF nuclei. (QPD) model of Boal and Glosli21]. The code is described

(6) For theZp =20 detected fragment, the excitation en- ; il el herél9 2 h hall PN
ergy partition between the primary PLF and TLF approac motrjtzﬁl cizfgzl:teerriftigé'a and here we shall specify its im

the equal temperature limisee Fig. 14
(@) (b)

2 @) M Ons =8.4° Ops = 14.8°
Op =8.4° O = 14.8°
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20 ) wol
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FIG. 13. Same as for Fig. 10 but for the primary TLF masses.
FIG. 11. Same as for Fig. 10 but for the BVP masses. The horizontal dotted line indicates the target mas$3hib.
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FIG. 14. Primary PLRclosed circlesand TLF(closed squargs o F 3
excitation energies per nucleon obtained from the event reconstruc- 10 — I 1
0 S0 100 150 200

tion procedure. Open circles and squares indicate the hypothetical
equal division of the excitation energy for PLF's and TLF's, respec- A
tively. Dashed lines give the hypothetical equal temperature divi-
sion limits. Solid and dotted lines are drawn to guide the eye.

(1) The nucleons are represented by constant-width
Gaussian wave packets obeying the minimal requirement of
the uncertainty relatiof20]. The centroid of the Gaussians
are assumed to evolve along classical trajectories.

(2) The scattering of the nucleons is treated as if they
were free(stochastic scattering with the experimental free
nucleon-nucleon cross sectjoriThe collisions are statisti-
cally independent and the interference between two different
collisions is neglected.

(3) The real part of the transition matrix is replaced by an
effective potential. The nuclear effective potential was de-

(360-390) ¢m/c

(270-300) tm/c E

Number ot events

rived from a Skyrme parametrization of the potential energy , B ]
density and was supplemented with the Coulomb potential
and the momentum-dependent Pauli potential to simulate the -
fermionic nature of the nucleons. Calculations were per- {90-120} tm/c 3

formed for the nuclear potential corresponding to a soft L ——_—
equation of statéthe nuclear matter compressibilig~= 200 456 7 8 910
MeV). E(MeV]
(4) The experimental values of the ground state binding
energies and rms radii are well reproduced by the model FIG. 15. (@) Fragment mass angh) excitation energy/nucleon
calculations. distributions obtained from QMD calculation. The excitation energy
(5) The two Co|||d|ng ions are assumed to move a|ongdi$tl’ibuti0n5 are drawn as solid and broken lines for TLF's and
classical Coulomb trajectories until the distance betweeffLF's, respectively. The distributions are plotted for fragments
their surfaces is 3 fm. The set of &%+ A;) equations of from binary split within indicated time intervals
motion is solved numerically, wher®, andA; are the pro-
jectile and target mass numbers, respectively. terminated at 450 fro/ when the binary splitting into the
A close inspection of the time evolution of the collision PLF (20<Ap <60) and TLF (76=Ay <120) ceases. The
shows that the required time interval for the system to splireconstructed experimental data are shown in Figh)16
into the PLF and TLF is dependent on the inelasticity of theThere is an obvious difference between the model calcula-
collision (a stronger damping implies a later disintegration tions and the reconstructed data, namely, that the total mass
This can be seen in Figs. 8 and 15b) where the fragment of the reconstructed PLF and TLF is considerably lower than
mass and excitation energy distributions are plotted at th&om the simulation except for the least damped collisions
time when the binary splitting occurs. Here we note that adeading toZp, =20 fragments. In Fig. 17 we show the scat-
the separation time increases, both the mass and excitatider plot of the TLF versus PLF excitation energy. The calcu-
energy distributions become broader. lated events were sorted with respect to the PLF and TLF
Figure 1&a) displays a scatter plgnumber of evenjsof = masses, the PLF velocity, and detection angle. These condi-
the PLF versus TLF mass, as predicted by the model calcuions were selected to match the reconstructed events produc-
lation. The calculated events were generated for collisioning Zp =20 fragments detected in the second ring of the
with impact parameters9b<9 fm. The calculations were detectors with the kinetic energy of the fifth bisee Fig. 3.
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70 T — T FIG. 17. Scatter plot of the TLF versus PLF excitation energies.
The calculated events were sorted with respect to the PLF and TLF
masses, the PLF velocity, and detection arigée text The result

) obtained from the reconstruction procedure and statistical model
(b calculations is shown as the star.

SOF 3,4 5007 .

S ] constructed by a procedure developed which utilized the in-
G'E @ Se 6y ] formation provided by two 4 detection systems. The ex-
I 1a ] perimental results were compared to one of the most

30 |k a2 4 _advanc_eq microscopic treatments of the dynamics of heavy

I oh L ] ion collisions.
3N The trends in the reconstructed primary fragment excita-
tion energies and masses cannot be reconciled with any
- single process. We can however reconcile the observed
1070 : 9'0 '0 30 trends seen in the data by considering a mixture of those
a 1 ! features expected from strongly damped collisions and those
TLF

expected for the projectile fragmentatifitv].

First, we will consider those events producing the ob-
FIG. 1_6. (a) Scatter plot of the masses of th_e second heaviest vgearye(d fragments with charge only slightly less than that of
the heaviest fragment from the QMD calculatidsse text for the o projectile Zp = 20). We observe that the excitation en-
sorting condition}; (b) Primary PLF and TLF masses obtained from ergy divisions are always weighted towards the target. For
the reconstruction procedure for t&, =11 (diamonds and 0" ajier energy losses, the mass flow is also towards the
ZpLp=20 o(trlangles) for the PLF's detected at 8.4dpen symbols target. With increasing energy loss the mass flow moves to-
and 14.8°(full symbols. wards symmetry, but the available excitation energy remains

) i . divided in proportion to the primary PLF and TLF masses
The experimental valqe_obtamed from th(_e r_econstructloqequm temperature regimeThis finding is at odds with the
procedure(and the statistical model calculationis marked  qfien cited concept that energy goes to where the mass flows
as the star. Here we note that both the experiment and the3) However, excitation can be generated in both the pri-
model calculations predict equal excitation energy Peimary PLF and TLF even when the net mass transferred is
nucleon of the primary PLF and TLF. However, the predic-gqual to zero as long as there has been a flow of nucleons in
tions from the model calculation are higher than the experiyih directions. Moreover, it has been noted that the stripped

mental values by10-20%. nucleus may acquire excitation via a hole generation process
A quantitative discrepancy between the CHIMERA code[p4],

results and the reconstructed experir_nental FJata may be a our other case, events producing final fragments with
consquence of the nucleon—nucleon interaction used in 0Wyy half of the mass of the projectile, have excitation energy
model. This study of, as well as the extensive model calcupartitions which change from being biased toward the target
lation, are in progress. (for smaller energy lossgso nearly equal partitiorifor the
largest energy lossgsHere we can understand the smaller
energy losses as resulting from massive transfers which in-
creases the mass of the target at the expense of the projectile,
The primary fragment characteristics were studied in redeaving the primary TLF with more excitation than the pri-
actions of®Ti + %3Nb at 19.1 MeV/nucleon. The excitation mary PLF. The counter intuitive evolution toward equal en-
energy partition between the primary PLF and TLF was re-ergy division with increasing damping is we suspect a trivial

VI. SUMMARY
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result of our selection of low mass of the detected fragmentanodel falls far short of a quantitative description of these
Specifically, the dominant mechanism for producing thesealata.
final fragments with the mass far from the projectile is from

the fragmentation of the projectile that has unusually large
excitation energy.

An essential feature of the CHIMERA code calculations One of us(Z.M.) would like to thank Prof. D. G. Saran-
is that the model predicts a higher temperature of the PLF'$ites for his kind hospitality during his stay at Washington
and TLF's and a lower preequilibrium mass loss than is obUniversity in St. Louis. This work was supported by the
served. Director, Office of Energy Research, Office of High Energy

In summary, we conclude that, at 20 MeV/nucleon pro-and Nuclear Physics, Nuclear Physics Division of the U.S.
jectile energy, the interactions between heavy ions show phédepartment of Energy, under Grant Nos. DE-FG02-88-
nomena, which at present can be only understood phenonR40406 and DE-FG02-87-ER40316. Oak Ridge National
enologically with a combination of models. While a Laboratory is managed by Martin Marietta Energy System,
guantum-molecular dynamics model has some success at f@c. under Contract No. DE-AC05-840R21400 with the De-
producing selected features of the data, on the whole thipartment of Energy.
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