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Collisions between48Ti 1 93Nb at 19.1 MeV/nucleon were studied using two 4p detection 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 model.@S0556-2813~96!05212-0#
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I. INTRODUCTION

One of the most striking findings in the early days
low-energy, heavy-ion nuclear physics was the observa
of deep inelastic collisions~DIC! @1#. These reactions ca
make up a substantial fraction of the total reaction cross
tion and are characterized by the conversion of a la
amount of the relative kinetic energy into internal excitatio
of the colliding nuclei without obliterating the identity of th
projectile and target. With increasing bombarding ener
the reaction picture becomes considerably more comp
New phenomena, such as preequilibrium emission@2#, inter-
mediate mass fragment~IMF! emission@3#, and projectile
breakup@4# enter the reaction process. However, the rec
experiment on intermediate-energy, heavy-ion reactions
Lott et al. @5# indicates that the collisions of136Xe1 209Bi at
28.2 MeV/nucleon are predominantly of a binary natu
leading to highly excited massive primary projectilelik
~PLF! and targetlike fragments~TLF!. Surprisingly, this bi-
nary character persists for collisions at 45 MeV/nucleon@6#
even when a large number of the IMF’s are observed. T
binary dissipative processes were observed recently at e
gies approaching 100 MeV/nucleon@7# and at 29
MeV/nucleon in collisions of very heavy nuclei@8#. The im-
portant characteristics of these strongly damped reactions
the partition of the mass, charge, excitation energy, and
gular momentum between the PLF’s and TLF’s. Despite
obvious importance of the DIC process, a complete und
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standing of it is far from being achieved.
In this article, we report on the excitation energy partiti

in the 48Ti 1 93Nb reaction at 19.1 MeV/nucleon. Exper
mental studies of the excitation energy acquired by the
mary PLF’s and TLF’s, as a function of the total kinet
energy loss, are important because they provide informa
on the mechanism for the conversion of kinetic energy i
internal excitation@9–11#. However, the experimental infor
mation about the primary fragments is obscured by their s
sequent decay. Thus, in order to reconcile the measu
postevaporative fragments with the primary reaction pr
ucts, complicated reconstruction procedures must be
vented. This is done in the present work and the experim
tal results are compared to dynamical calculations wh
utilizes a quantum-molecular dynamics concept.

The paper is organized as follows. In Sec. II we sketch
experimental procedures and the detection systems. The
perimental results which include selected PLF energy sp
tra, the light charged particle~LCP! and neutron multiplici-
ties, andg-ray fold distributions are presented in Sec. III. A
event reconstruction procedure is described in the first pa
Sec. IV. In the second part of Sec. IV, the primary fragme
characteristics are given. The reconstructed experime
data are compared to the molecular dynamics model ca
lations in Sec. V. Finally, the conclusions are summarized
Sec. VI.

II. EXPERIMENTAL PROCEDURE

The experimental setup consisted of two 4p detection
systems. A small highly segmented CsI~Tl! system called the
‘‘Dwarf Ball-Wall’’ ~DBW! @12# was used to detect the ligh
charged particles~LCP! and intermediate mass fragmen
(3<ZIMF<25). The most forward part of this device, calle
the ‘‘Dwarf Wall’’ ~DW!, consists of 40 detectors and cove
4–36 deg in the laboratory frame. The ‘‘Dwarf Ball’’~DB!
consists of 62 detectors. The DBW system was placed in
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54 3089COLLISIONS BETWEEN48Ti193Nb AT 917 MeV
the Oak Ridge Spin Spectrometer~SS! array @13#, a 72-
element 4p detection system, which measured the to
g-ray energy and multiplicity as well as the neutron angu
distributions and multiplicities. Both systems were trigger
by the detection of IMF’s in the DW. The events with tw
IMF detected have been studied in a separate paper@14#.

The 917-MeV~19.1 MeV/nucleon! 48Ti beam was pro-
vided by the Holifield Heavy-Ion Research Facility using t
tandem heavy-ion accelerator coupled to the Oak Ridge
chronous Cyclotron~ORIC!. A self-supporting93Nb target
was used with thickness of 991mg/cm2. The beam spot
diameter was; 2 mm and permitted us to bombard th
target at five consecutively different positions, which
lowed us to minimize carbon deposits on the93Nb foil.

The LCP identification was accomplished by pulse-sh
discrimination of the CsI~Tl! light output and IMF identifi-
cation was obtained from both the fast plastic and CsI~Tl!
light output. The hydrogen isotopes detected in the DB w
energy calibrated using 14 and 24 MeV proton beams e
tically and inelastically scattered off a12C target. The energy
calibration of the DW also utilized the observed and cal
lated punch through pulse heights and energies for hydro
isotopes. The energy calibration then was extended to
IMF’s @12#. All elements were separated as well as hydrog
isotopes in the DB. However, we were not able to sepa
the hydrogen isotopes in the DW detectors.

The NaI~Tl! detectors of the SS were energy calibrat
using radioactive sources. Neutron andg-ray pulses were
distinguished by the time-of-flight method. Since the CsI~Tl!
detection system employed leading-edge discriminators
light ions deposited little energy in the fast plastic, addition
time walk corrections had to be made in order to achie
neutron-g separation.

III. EXPERIMENTAL RESULTS

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

Figure 1 shows the element distributions of the PLF
recorded at 8.4° and 14.8°. In order to make the anal
tractable, only two PLF triggers were selected, name
ZPLF 5 11, which contains only half of the projectile charg
andZPLF 5 20, which is close to the projectile charge. T
angular distributions of these two PLF’s are displayed in F
2 and the energy spectra detected in the second ring o
DW (14.8°) are shown in Fig. 3. The arrows in Fig. 3 ind
cate the energy corresponding to the beam velocity assum
APLF52ZPLF11. The PLF energy spectra were divided in
four and five bins forZPLF 5 11 andZPLF 5 20, respectively.
These bins are separated by the vertical dashed lines in
3. Analyses were performed by sorting the events accord
to the detection angle, charge, and energy bin of the P
trigger.

In order to recognize the emission pattern of the LCP
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Fig. 4 shows polar plots of the invariant cross section a
function of longitudinal (VL) and transversal (VT) compo-
nents of velocity for~a! protons and~b! a-particles detected
in coincidence withZPLF 5 20 observed at 14.8° for the
lowest-energy bin. The LCP detectors that were with
630° of the reaction plane were selected. Note the isotro
emission from the TLF in the backward hemisphe
(u.60°) and a more complex picture in the forward hem
sphere. The proton anda-particle multiplicities recorded by
the DBW in coincidence withZPLF 5 11 and 20 as a func
tion of the PLF energy are displayed~solid circles! in Figs. 5
and 6, respectively. The multiplicities recorded for po
angleu.60° ~squares! were used to deduce the total LC
multiplicities associated with the emission from the TLF~tri-

FIG. 1. Element distributions of the PLF’s recorded at 8.4° a
14.8°.

FIG. 2. Angular distributions of theZPLF 5 11 ~circles! and 20
~squares! fragments in the laboratory frame. The lines connect
the points is to guide the eye.



co
he
ye
a
s

a
Fi
t
ar
o

ie
e
t-
e

a
eu
e
y

or
e

tem,

is
tal
g

to

nd

b

ine
ro-

3090 54T. KOZIK et al.
angles!. Here we note that the proton anda-particle emission
from the TLF increases with decreasing PLF energy~more
damped collisions!.

The normalized neutron fold distributions measured in
incidence with the PLF’s having kinetic energies from t
lowest- and highest-energy bins, respectively, are displa
in Fig. 7. The neutron data were used to obtain the aver
neutron multiplicities associated with the TLF emission u
ing the procedure discussed in Ref.@10#. Derived neutron
multiplicities associated with emission from the TLF, as
function of the PLF energy, are presented as triangles in
8. The PLF triggers withZPLF 5 11 and 20 were detected a
8.4° and 14.8°. The emission of neutrons from the TLF v
ies with the PLF kinetic energy in a manner similar to that
the LCP’s.

Figure 9 shows theg-ray fold distributionsP(kg) ob-
served in coincidence with the PLF’s having kinetic energ
from the lowest- and highest-energy bins, respectively. H
we note that thekg distribution corresponding to the highes
energy bins shifts upward with PLF energy for th
ZPLF511 case. The reverse is seen for theZPLF520 frag-
ments, where the highest-energy bin corresponds to qu
elastic collisions. This can be interpreted as follows: the n
tron multiplicity is a function of excitation energy of th
system whileg-ray fold may be influenced significantly b
the angular momentum. TheZPLF 5 11 produced with 100–
200 MeV of kinetic energy may come on average from m
central collisions than theZPLF 5 20 case. In this case th

FIG. 3. Energy spectra of theZPLF 5 11 and 20 fragments
detected in the second ring of the DW detectors. The arrows i
cate the energy corresponding to the beam velocity assumingAPLF

5 2ZPLF 1 1. The energy bins used in the analysis are indicated
the vertical dashed lines as numbered.
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g-cascade may be shorter due to lower spins in the sys
despite the high excitation. In theZPLF 5 20 case, then and
g multiplicities trends agree because the primary system
likely to be created closer to the yrast line. The experimen
kg fold distributions were converted into the TLF spin usin
the prescription given in Ref.@15#.

IV. ANALYSIS

A. Event reconstruction procedure

The main goal of the event reconstruction procedure is
obtain primary fragment characteristics~mass, excitation en-

i-

y

FIG. 4. Invariant cross section plots for~a! protons and~b!
a-particle emitted in coincidence withZPLF 5 20 fragments ob-
served at 14.8° for the lowest-energy bin~300–400 MeV!. The
small arrows indicate the targetlike emitter velocity. The dotted l
points to the projectilelike trigger detector. The box sizes are p
portional to the logarithm of invariant cross section.
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54 3091COLLISIONS BETWEEN48Ti193Nb AT 917 MeV
ergy, etc.!. The term primary refers to the time after th
preequilibrium phase of the reaction is terminated and
hot PLF’s and TLF’s are separated beyond the Coulomb
rier radius~see Sec. V!. This goal was achieved by a two
step process. The first one consisted of the kinematica
construction of events. The second step of the proced
deals with the excitation energy division between the p
mary PLF and TLF. This step utilizes a deduced relations
between the excitation energy of the fragment and the m
tiplicities of the LCP’s and neutrons, and the totalg-ray
energy.

While the analysis was performed event-by-event, the
known parameters for the events were substituted with
values of maximum likelihood for a selected class~PLF en-
ergy, atomic number, and detection angle! of events~see
below!.

1. The kinematical reconstruction

The kinematical reconstruction was performed assum

FIG. 5. Proton multiplicities. Those recorded by the DBW
coincidence with PLF’s are shown by the closed circles. The
multiplicities recorded atu.60° are shown as full squares an
were used to deduce the proton multiplicities associated with
TLF’s ~triangles!. The results of the statistical model calculatio
~see text! are given by the large open circles. The lines are draw
guide the eye.

FIG. 6. Same as Fig. 5, but fora particles.
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~i! The preequilibrium emission of the beam velocity pa
ticle ~BVP! precedes the binary splitting of the hot compos
system.

~ii ! The primary PLF and TLF each deexcite by a varie
of decay modes, on a time scale such that the decays are
weakly influenced by the other primary fragment.

~iii ! The velocity vectors of the primary PLF and TLF a
preserved despite the emission during deexcitation.
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o

FIG. 7. Normalized neutron fold distributions measured in c
incidence with the projectilelike triggers detected in the second r
of the DW detectors. The charge valuesZPLF and the bin energies
are indicated.

FIG. 8. Total neutron multiplicities~triangles! associated with
emission from the TLF deduced from the neutrons recorded at
polar angleu.60° ~squares! in coincidence with PLF triggers. The
statistical model results~see text! are shown by the large ope
circles. The lines are drawn to guide the eye.
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3092 54T. KOZIK et al.
Two equations of the linear momentum conservation
the end of the early phase of the reaction can be written

p12pBVP5pPLF8 cosuPLF8 1pTLF8 cosuTLF8 ~1!

and

05pPLF8 sinuPLF8 1pTLF8 sinuTLF8 , ~2!

wherep1 andpBVP are the linear momenta of the projecti
and the BVP, respectively. The bar sign above the subsc
is used to denote the variables associated with the fragm
and particles which have not been observed experiment
Solving of the above equations with respect to the lin
momentum of the primary PLF one obtains

pPLF8 5
p12pBVP

cosuPLF8 2sinuPLF8 cotuTLF8
. ~3!

From this we obtain the mass of the primary PLF as

mPLF8 5
1

vPLF8

p12mBVPv1
cosuPLF8 2sinuPLF8 cotuTLF8

, ~4!

wherevPLF8 5 vPLF is the PLF velocity, measured experime
tally, andv1 is the beam velocity. In order to utilize Eq.~4!
for the primary PLF mass determination, the mass of

FIG. 9. g-ray fold distributionsP(kg) observed in coincidence
with the PLF’s detected in the second ring of the DW detector. T
fragmentZPLF values and their associated bin energies are in
cated.
t

pt
nts
ly.
r

e

BVP,mBVP, and the emission angle of the TLF,uTLF8 , must
be reconstructed. The latter quantity can be expressed as
lows:

uTLF8 5arcsin
vTLF

'

uvW TLFu
, ~5!

wherevTLF
' and uvW TLFu are the transverse and total velociti

of the TLF, respectively.
As shown in Sec. III~see Fig. 4!, the reaction system is

sufficiently asymmetric to allow us to use the difference
kinematic focusing of the emitted particles to distinguish t
emission from the slowly moving TLF. In view of this, i
was possible to obtain the value of TLF velocity.

To find the transverse velocity of the TLF,vTLF
' , a trans-

verse momentum analysis was applied to the experime
data. The equation of linear momentum conservation for
perpendicular component of the cold reaction products
be written as

05pPLF
' 1pTLF

'
1pLCP

' 1pLCP
'

1pN
'1p

N̄

'
. ~6!

Again, we assumed that the transverse momentum of
BVP is equal to zero. This equation contains three eleme
which are not available from the experimental data, nam
the transverse momenta of the undetected TLF and LC
and the total transverse momentum of the neutrons~the SS
detection system recorded only the neutron multiplicities
gular distributions!. A small fraction of the LCP’s and neu
trons escaped detection due to the limited acceptance of
detection systems. Therefore the missing transverse mom
tum pMM

' can be defined

pMM
' 5pTLF

'
1pLCP

'
1pN

'1p
N̄

'
. ~7!

The missing transverse momentum is dominated by
transverse momentum of the undetected TLF. In order
calculate the last three terms of Eq.~7!, we assumed that the
neutrons and the undetected LCP’s are emitted from
effective source, consisting of the contributions from the p
mary projectilelike and targetlike emitters. The perpendicu
component of the source velocity for this effective sour
was calculated as follows:

veff
' 5

mPLF
eff

mPLF
eff 1mTLF

eff vPLF
' 1

mTLF
eff

mPLF
eff 1mTLF

eff vTLF
' , ~8!

where mPLF
eff 5(mPLF8 1mPLF)/2 and mTLF

eff 5(mTLF8
1mTLF) /2.

On the other hand, the missing transverse momentum
equal to

pMM
' 52pPLF

' 2pLCP
' . ~9!

The momenta on the right side of Eq.~9! were measured in
this experiment. Now, the transverse velocity of the TLF c
be written as

vTLF
'

5
2pPLF

' 2pLCP
' 2veff

' ~mLCP1mN1mN̄!

mTLF
. ~10!

e
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54 3093COLLISIONS BETWEEN48Ti193Nb AT 917 MeV
The undetected TLF mass is given by the equation of
mass conservation

mTLF5mP1mT2mPLF2mLCP2mLCP2mN2mN̄2mBVP.
~11!

The masses of the undetected LCP’s,mLCP, and the unde-
tected neutrons can be calculated

mLCP5mLCPS 1

f LCP
21D , ~12!

mN̄5mNS 1f N 21D , ~13!

wheref LCP 5 0.93 is the efficiency of the DBW to detect th
LCP’s andf N 5 0.87 is the total triggering efficiency of th
SS for neutrons.

The final step of our kinematical reconstruction proced
utilizes total energy conservation to determine the mass
the BVP’s. The emission of the BVP’s causes the availa
kinetic energy to decrease

TP5TP8 2
mBVPvP

2

2
1QBVP, ~14!

whereTP8 andQBVP are the projectile kinetic energy and th
Q value to emit the BVP particle, respectively, andvP de-
notes the projectile velocity. Two scenarios for the emiss
of the BVP’s were considered, namely, the BVP’s escape
one fragment or as a jet of free nucleons.
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After the BVP’s were emitted, a binary separation ensu
which produces the primary TLF and PLF. The effecti
projectile has mass,mP5mP8 2mBVP, and the available ki-
netic energy is shared as follows:

TP1Q85TPLF8 1TTLF8 , ~15!

whereTPLF8 andTTLF8 are the kinetic energies of the primar
PLF and TLF, respectively. TheQ valueQ8 is determined
by

Q85Qgg2E8PLF* 2E8TLF* , ~16!

whereQgg is a ground stateQ value,E8PLF* andE8TLF* denote
the excitation energies of the primary PLF and TLF, resp
tively. Supplementing Eq.~15! with the following two equa-
tions of momentum conservation

AmPTP5AmPLF8 TPLF8 cosuPLF8 1AmTLF8 TTLF8 cosuTLF8 ,
~17!

05AmPLF8 TPLF8 sinuPLF8 1AmTLF8 TTLF8 sinuTLF8 , ~18!

allows two independent prescriptions to be employed to c
culate theQ value. One prescription can be used when
primary PLF energyTPLF8 and the emission angleuPLF8 are
measured:
r

QPLF8 5
TP~mP2mTLF8 !1TPLF8 ~mPLF8 1mTLF8 !22AmPTPmPLF8 TPLF8 cosuPLF8

mTLF8
. ~19!

The second prescription can be used when the primary TLF energyTTLF8 and the emission angleuTLF8 are measured o
determined

QTLF8 5
TP~mP2mPLF8 !1TTLF8 ~mPLF8 1mTLF8 !22AmPTPmTLF8 TTLF8 cosuTLF8

mPLF8
. ~20!
d
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All quantities appearing in Eqs.~19! and ~20! are given by
Eqs. ~4!, ~5!, and ~11!, and depend onmBVP. The obvious
equation

QPLF8 5QTLF8 ~21!

makes the set of our equations complete, and all charact
tics of the primary PLF and TLF can be reconstructed.

2. The numerical method and error estimations

The kinematical reconstruction procedure introduced
the preceding section is based on the conservation of ene
linear momentum, and mass. However, the resulting se
equations contains the experimental observables meas
with statistical errors~e.g., the mass of the LCP’s! and cer-
tain parameters which are known with limited accuracy~e.g.,
is-

n
gy,
of
red

the laboratory angle,uPLF). In this situation, the standar
solution of a set of the equations can~see, e.g., Ref.@17#!,
and does in the present case, become problematic~some re-
sults are pathological!. This failure of the exact treatmen
comes from the fact that the problem is posed imprope
The equations and their solutions are strict and they con
mean values of observables in the literal, mathemat
sense. The values measured experimentally are close to
statistical mean values. The correct~and reasonable! solu-
tions may be found when, additionally, some method of s
tistical regularization of the solution is applied.

In our case besides the statistical uncertainty, the wh
method is biased with the assumptions which are exactly
only for the exact mean values. We assumed that all par
eters which are put in Eq.~21! may vary inside some definite
interval. For instance, the laboratory angle of the PLF can
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3094 54T. KOZIK et al.
any angle inside the range of the solid angle of the detec
and the mass of PLF can be any mass of the isotopes o
elementZPLF, etc. Now, instead of solving Eq.~21!, we
performed the numerical procedure of minimization of t
quantity

uQPLF8 2QTLF8 u2. ~22!

The values of parameters needed to reach the minimum
Eq. ~22! are considered to contain the statistically regulariz
solution of Eq.~21!.

The uncertainty in the reconstruction procedure origina
predominately from two sources. The first of them com
from the uncertainty ofQBVP which depends on the degree
clusterization of the BVP’s. For the case of the emission
free mutually unbound nucleons, the most likelyQ value
was estimated to be

QBVP528 @MeV#mBVP, ~23!

where 8 MeV stands for the average binding energy fo
single nucleon. As any higher degree of clusterization of
BVP’s yields a less negativeQ value, it was assumed tha
the upper bound for theQBVP is zero. The solutions of Eq
~22! for these two limiting values ofQBVP determine the
limits of reasonable results and will be displayed as das
areas in the subsequent figures.

At 19.1 MeV/nucleon preequilibrium emission can have
substantially lower energy and can even be deflected
angles covered by the DWB detection apparatus. The B
velocity influences the reconstruction procedure through
~14!. It should be noted that the case ofQBVP50 is identical
with the case ofQBVP528 @MeV#mBVP and the energy of
BVP of 11.1 MeV/nucleon, that is 58% of the beam ener
Therefore the reconstruction of data withQBVP50 shows
also what would be the trend of results if BVP velocity d
viates from that of the beam.

The second significant source of error results from
ambiguity of solutions. It should be noted thatmBVP in Eq.
~23! is not known and, therefore, an iterative procedure w
applied to manage this problem. Initially, the value
QBVP is calculated for an arbitrary starting valuemBVP

0 and
the reconstruction procedure is performed giving a n
value ofmBVP. If umBVP

0
2mBVPu.0, then the reconstruction

procedure is repeated. The calculations are repeated
mBVP
0 andmBVP agree to within a preset value, which in th

analysis was set to 2. This iteration procedure combined w
the minimization of Eq.~22! leads to some dispersion of th
reconstructed observables. In order to estimate the erro
the reconstructed observables, 10 independent proced
were performed; the maximum scatter of the derived obs
ables is presented in the figures as vertical error bars.

The nondetection of the TLF makes it difficult to dete
mine the primary TLF velocity. Its value and direction we
found from the analyses of LCP’s invariant cross sectio
and from the transversal momentum, respectively. This
of analysis causes some uncertainty, e.g., on the primary
mass,DmPLF8 , as a consequence of the uncertainty of
reconstruction of the TLF emission angleDuTLF8 . The typical
error DuTLF8 .6 4.6° propagates onDmPLF8 as the62.8%
r,
he
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deviation. Therefore the primary PLF mass is confiden
determined in 3 nucleon wide range.

3. The excitation energy division

The emission of the light particles~neutronsn, protons
p, and alpha particlesa) from the TLF ~see Sec. III! was
used to deduce its primary excitation energy. In order
derive the relationships between the multiplicitiesMi ~i5n,
p, anda) of the light particles and the excitation energy, t
statistical model codePACE @18# was used. Here we assume
emission from an excited nucleus with the mass obtai
from the kinematical reconstruction and with the neutron
proton ratio close to the value of the target nucleus~see
below!. A spin value of the primary TLF was deduced@15#
from thekg measurements. The application of the alternat
method of the spin determination based on the angular
tribution of E2 g transitions@16# was not possible in this
experiment. The excitation energy of the TLF source w
adjusted to reproduce the experimental multiplicities forn,
p, and a altogether. We required that the differences b
tween the experimental and calculated multiplicities must
smaller than 5% and 20% for the LCP and neutron em
sions, respectively. However, in order to achieve the agr
ment, small variations of the neutron to proton ratio and
the spin value were necessary.~Usually, theZ value of the
primary TLF derived from the target’s neutron to proton r
tio was too large by up to three units.! This procedure
yielded a remarkably good agreement between the calcul
and experimental multiplicities~see Figs. 5, 6, and 8!.

When the primary TLF excitation energy was establish
Eq. ~16! was used to obtain the primary PLF excitation e
ergy.

B. Primary fragment characteristics

In this section we will present the primary fragment cha
acteristics derived from the event reconstruction proced
In Fig. 10 we display the deducedQ8 value@see Eq.~16!# for
the collisions when theZPLF 5 11 and whenZPLF 5 20
fragments were detected at~a! 8.4° and~b! 14.8°, respec-
tively. In this, and the following three figures, the dash
area displays the uncertainties of the reconstruction pro
dure ~as mentioned above, this uncertainty is obtained
assuming either the emission of the BVP’s as a single clu
or as a jet of separated nucleons!. The vertical error bars
represent the maximum scatter of the derived observable
10 independent procedures of the reconstruction. The t
mass of the BVP’s~assumed to be emitted in the preequili
rium phase of the reaction! is shown in Fig. 11. The recon
structed PLF and TLF masses are shown in Figs. 12 and
respectively. Finally, the reconstructed primary PLF a
TLF excitation energies per nucleon are given in Fig. 14

Several noteworthy features of this analysis are appar
~1! Up to 30% of the projectile kinetic energy~917 MeV!

is converted into internal excitation of the colliding nucl
~see Fig. 10!.

~2! For the most violent collisions, a large fraction of th
projectile kinetic energy~up to; 400 MeV! is taken away in
the early phase of the reaction by the BVP’s~see Fig. 11!.

~3! For the highest kinetic energy bin of the detected PL
the primary TLF partner accepts almost allAP2APLF nucle-
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54 3095COLLISIONS BETWEEN48Ti193Nb AT 917 MeV
ons and very few BVP’s are emitted~see Figs. 12 and 13!.
~4! If the kinetic energy of the detected PLF is reduce

thus driving up the amount of energy available for excitat
(Q value becomes more negative!, the primary PLF’s be-
come progressively heavier, while the primary TLF’s b
come lighter than the target nuclei~see Figs. 12 and 13!.

~5! For the lowest kinetic energy bins for the detect
fragmentZPLF511, the excitation energy is divided almo
equally between the primary PLF and TLF partners~see Fig.
14!. Taking into account the observation that in these dee
inelastic collisions the largest preequilibrium mass is em
ted, these events can be visualized as a fast disintegratio
the PLF nuclei.

~6! For theZPLF520 detected fragment, the excitation e
ergy partition between the primary PLF and TLF approa
the equal temperature limit~see Fig. 14!.

FIG. 10. Results of the kinematical reconstruction for theQ8
value defined in Eq.~16!. The ZPLF 5 11 and 20 fragments wer
detected at~a! 8.4° and~b! 14.8°. The borders of the dashed are
are the results of the reconstruction where the BVP’s are emitte
~i! one cluster~circles! or ~ii ! a jet of separated nucleons~squares!.
The vertical error bars represent the maximum scatter of the der
observables for 10 independent procedures of the reconstruc
The mean results of this 10 reconstructions are drawn as squa

FIG. 11. Same as for Fig. 10 but for the BVP masses.
,

-

ly
-
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h

~7! For ZPLF520 at 8.4 deg, the reconstructed prima
PLF has a mass close to the projectile mass while the
mary TLF has a lower mass than the target mass, the rem
ing mass being BVP. It looks like BVP has a TLF origi
This in turn implies that the true velocity of BVP may b
smaller than the beam velocity, as discussed in Sec. IV A
The numerical method and error estimation.

V. MODEL CALCULATIONS

The primary PLF and TLF characteristics were calcula
utilizing the molecular dynamics concept. The applied mo
@19#, or rather its numerical implementation name
CHIMERA ~Code for Heavy Ion Medium Energy ReAc
tions!, is a combination of two recently devised mode
namely, the Quantum Molecular Dynamics~QMD! model of
Aichelin and Sto¨cker @20# and the Quasi-Particle Dynamic
~QPD! model of Boal and Glosli@21#. The code is described
in detail elsewhere@19,22# and here we shall specify its im
portant characteristics:

as

ed
n.
s.

FIG. 12. Same as for Fig. 10 but for the primary PLF mass
The horizontal dotted lines indicate the projectile mass of48Ti and
masses of the secondary PLF’s. The PLF masses were estim
from detectedZPLF values asAPLF52ZPLF11.

FIG. 13. Same as for Fig. 10 but for the primary TLF mass
The horizontal dotted line indicates the target mass of93Nb.
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3096 54T. KOZIK et al.
~1! The nucleons are represented by constant-w
Gaussian wave packets obeying the minimal requiremen
the uncertainty relation@20#. The centroid of the Gaussian
are assumed to evolve along classical trajectories.

~2! The scattering of the nucleons is treated as if th
were free~stochastic scattering with the experimental fr
nucleon-nucleon cross section!. The collisions are statisti
cally independent and the interference between two diffe
collisions is neglected.

~3! The real part of the transition matrix is replaced by
effective potential. The nuclear effective potential was d
rived from a Skyrme parametrization of the potential ene
density and was supplemented with the Coulomb poten
and the momentum-dependent Pauli potential to simulate
fermionic nature of the nucleons. Calculations were p
formed for the nuclear potential corresponding to a s
equation of state~the nuclear matter compressibilityK. 200
MeV!.

~4! The experimental values of the ground state bind
energies and rms radii are well reproduced by the mo
calculations.

~5! The two colliding ions are assumed to move alo
classical Coulomb trajectories until the distance betw
their surfaces is 3 fm. The set of 6(AP1AT) equations of
motion is solved numerically, whereAP andAT are the pro-
jectile and target mass numbers, respectively.

A close inspection of the time evolution of the collisio
shows that the required time interval for the system to s
into the PLF and TLF is dependent on the inelasticity of
collision ~a stronger damping implies a later disintegratio!.
This can be seen in Figs. 15~a! and 15~b! where the fragmen
mass and excitation energy distributions are plotted at
time when the binary splitting occurs. Here we note that
the separation time increases, both the mass and excit
energy distributions become broader.

Figure 16~a! displays a scatter plot~number of events! of
the PLF versus TLF mass, as predicted by the model ca
lation. The calculated events were generated for collisi
with impact parameters 0<b<9 fm. The calculations were

FIG. 14. Primary PLF~closed circles! and TLF~closed squares!
excitation energies per nucleon obtained from the event recons
tion procedure. Open circles and squares indicate the hypothe
equal division of the excitation energy for PLF’s and TLF’s, resp
tively. Dashed lines give the hypothetical equal temperature d
sion limits. Solid and dotted lines are drawn to guide the eye.
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terminated at 450 fm/c when the binary splitting into the
PLF (20<APLF<60) and TLF (70<ATLF<120) ceases. The
reconstructed experimental data are shown in Fig. 16~b!.
There is an obvious difference between the model calc
tions and the reconstructed data, namely, that the total m
of the reconstructed PLF and TLF is considerably lower th
from the simulation except for the least damped collisio
leading toZPLF520 fragments. In Fig. 17 we show the sca
ter plot of the TLF versus PLF excitation energy. The calc
lated events were sorted with respect to the PLF and T
masses, the PLF velocity, and detection angle. These co
tions were selected to match the reconstructed events pro
ing ZPLF520 fragments detected in the second ring of t
detectors with the kinetic energy of the fifth bin~see Fig. 3!.

c-
al
-
i-

FIG. 15. ~a! Fragment mass and~b! excitation energy/nucleon
distributions obtained from QMD calculation. The excitation ener
distributions are drawn as solid and broken lines for TLF’s a
PLF’s, respectively. The distributions are plotted for fragme
from binary split within indicated time intervalst.
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54 3097COLLISIONS BETWEEN48Ti193Nb AT 917 MeV
The experimental value obtained from the reconstruct
procedure~and the statistical model calculations! is marked
as the star. Here we note that both the experiment and
model calculations predict equal excitation energy
nucleon of the primary PLF and TLF. However, the pred
tions from the model calculation are higher than the exp
mental values by~10–20!%.

A quantitative discrepancy between the CHIMERA co
results and the reconstructed experimental data may b
consquence of the nucleon—nucleon interaction used in
model. This study of, as well as the extensive model ca
lation, are in progress.

VI. SUMMARY

The primary fragment characteristics were studied in
actions of48Ti 1 93Nb at 19.1 MeV/nucleon. The excitatio
energy partition between the primary PLF and TLF was

FIG. 16. ~a! Scatter plot of the masses of the second heavies
the heaviest fragment from the QMD calculations~see text for the
sorting conditions!. ~b! Primary PLF and TLF masses obtained fro
the reconstruction procedure for theZPLF511 ~diamonds! and
ZPLF520 ~triangles! for the PLF’s detected at 8.4°~open symbols!
and 14.8°~full symbols!.
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constructed by a procedure developed which utilized the
formation provided by two 4p detection systems. The ex
perimental results were compared to one of the m
advanced microscopic treatments of the dynamics of he
ion collisions.

The trends in the reconstructed primary fragment exc
tion energies and masses cannot be reconciled with
single process. We can however reconcile the obser
trends seen in the data by considering a mixture of th
features expected from strongly damped collisions and th
expected for the projectile fragmentation@14#.

First, we will consider those events producing the o
served fragments with charge only slightly less than that
the projectile (ZPLF520). We observe that the excitation e
ergy divisions are always weighted towards the target.
the smaller energy losses, the mass flow is also towards
target. With increasing energy loss the mass flow moves
wards symmetry, but the available excitation energy rema
divided in proportion to the primary PLF and TLF mass
~equal temperature regime!. This finding is at odds with the
often cited concept that energy goes to where the mass fl
@23#. However, excitation can be generated in both the p
mary PLF and TLF even when the net mass transferre
equal to zero as long as there has been a flow of nucleon
both directions. Moreover, it has been noted that the strip
nucleus may acquire excitation via a hole generation proc
@24#.

Our other case, events producing final fragments w
only half of the mass of the projectile, have excitation ene
partitions which change from being biased toward the tar
~for smaller energy losses! to nearly equal partition~for the
largest energy losses!. Here we can understand the small
energy losses as resulting from massive transfers which
creases the mass of the target at the expense of the proje
leaving the primary TLF with more excitation than the p
mary PLF. The counter intuitive evolution toward equal e
ergy division with increasing damping is we suspect a triv

s

FIG. 17. Scatter plot of the TLF versus PLF excitation energi
The calculated events were sorted with respect to the PLF and
masses, the PLF velocity, and detection angle~see text!. The result
obtained from the reconstruction procedure and statistical mo
calculations is shown as the star.
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result of our selection of low mass of the detected fragme
Specifically, the dominant mechanism for producing the
final fragments with the mass far from the projectile is fro
the fragmentation of the projectile that has unusually la
excitation energy.

An essential feature of the CHIMERA code calculatio
is that the model predicts a higher temperature of the PL
and TLF’s and a lower preequilibrium mass loss than is
served.

In summary, we conclude that, at 20 MeV/nucleon p
jectile energy, the interactions between heavy ions show p
nomena, which at present can be only understood phen
enologically with a combination of models. While
quantum-molecular dynamics model has some success a
producing selected features of the data, on the whole
,
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model falls far short of a quantitative description of the
data.
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