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Intermediate velocity source of intermediate-mass fragments in the40Ca140Ca reaction
at E lab535 MeV/nucleon
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Events with 3–5 intermediate mass fragments@~IMF’s!, Z.2] have been studied for peripheral and more
central collisions in the40Ca140Ca reaction atElab535 MeV/nucleon. For a significant portion of events, in
coincidence with projectilelike and with targetlike fragments, we observe IMF’s, with velocities close to zero
in the center-of-mass reference frame. Properties of this ‘‘intermediate velocity’’ source suggest a stochastic
character of its creation. Microscopic model calculations are also presented.@S0556-2813~98!02804-0#

PACS number~s!: 25.70.Pq, 24.10.Nz, 25.70.Gh, 25.70.Lm
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I. INTRODUCTION

The dynamics of peripheral heavy ion collisions exhibit
predominantly binary evolution characterized by strong
ergy dissipation at least at low collision energies~below
about 10 MeV/nucleon! and large impact parameters@1#.
Thus, in the exit channel, we observe targetlike and pro
tilelike fragments~TLF’s and PLF’s! which summed kinetic
energy is much smaller than the entrance channel ene
For more central collisions the colliding ions form a com
pound nucleus which appears in the laboratory frame of
erence as a single source moving with the center-of-m
~c.m.! velocity. At higher energies, above 10 to 20 Me
nucleon, new phenomena appear, including significant
equilibrium emission, production of IMF’s, projectile an
target fragmentation, and incomplete fusion. Neverthe
collisions in this energy range are still reminiscent of bina
dissipative processes@2#. At much higher energies the fusio
cross section becomes negligible and the participa
spectator picture dominates@3#.

Recently, a source of IMF’s has been observed which
located between the velocities of PLF’s and TLF’s@the in-
termediate velocity source~IVS!# @4–6#. Such a source ha
been previously suggested at intermediate impact param
~b! by Boltzmann-Uehling-Uhlenbeck~BUU! @7# and
Boltzmann-Nordheim-Vlasov~BNV! @8# calculations. It was
interpreted as a new type of neck instability coupled to
namic fluctuations which increase with energy@8#. The
mechanism could be similar to the multiple neck rupture
fission @9#. On the other hand, it cannot be exactly that
low-energy ternary fission where, e.g., ana particle is emit-
ted in the scission configuration@10# because of the involved
time scale@5#. It may be intermediate between the low
energy neck formation and the~high-energy! participant-
spectator mechanism.
570556-2813/98/57~4!/1771~7!/$15.00
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In this work we report on the observation of the IVS
the 40Ca140Ca reaction atElab535 MeV/nucleon. Globally,
the source is observed in about 15% of all well-defin
events and contains about 0.2 to 0.4 of the total charge.

The experimental data are presented in Sec. II. A
briefly describing the experiment~Sec. II A!, we discuss,
successively, selection of impact parameters~Sec. II B!, Gal-
ilean invariant~GI! velocity plots~Sec. II C!, and charge (Z)
distributions ~Sec. II D!. Transition towards more centra
collisions is discussed in Sec. II E.

In Sec. III we display and discuss results of microsco
BNV simulations. The results of these calculations are
qualitative agreement with our observations but significan
underestimate the importance of the intermediate velo
source. Summary and conclusions are given in Sec. IV.

II. EXPERIMENT

A. Experimental setup and data

The experiment was performed at the Grenoble SA
facility using the 4p multidetector systemAMPHORA @11#.
Additional 30 ionization chambers were installed on tw
AMPHORA rings at 31.266.5 and 46.768.9 degrees@12#.
Their purpose was to lower energy thresholds for IMF
from 5–9 MeV/nucleon~standardAMPHORA! to about 1
MeV/nucleon. Without ionization chambers observation
the TLF source would not be possible. The global solid an
coverage was approximately 80%. Experimental details,
procedures are described in Refs.@13# and @14#.

Distribution of the total charge detected byAMPHORA is
broad with a mean value 22.3~Fig. 1!. However, as in@14#
we impose the condition that for well defined events, used
further analysis, the total detected chargeZtot.30. In the
majority of events 2 IMF’s are emitted but emission of 1,
4, and 5 IMF’s is also observed with reasonable statis
~see Fig. 2!.
1771 © 1998 The American Physical Society
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1772 57P. PAWL”OWSKI et al.
In our quest for theIV source we shall follow evolution
of GI velocity distributions in different regions ofb, due to
suggestions@4–8# that it should be located at intermedia
impact parameters.

B. Selection of impact parameters

We have shown in Ref.@14# that, in the case of our reac
tion, the angular momentumL versus charged particle mu
tiplicity M dependence, although monotonic in average v
ues, is very broad and saturates at lowerL values. Therefore
it cannot be used as a good impact parameter filter for m
central collisions. It is, however, adequate for selecting c
lisions with averageb values from 4 to 6 fm which we sha
call midcentral collisions. Suchb values correspond roughl
to 100\<L<150\ and the range 5<M<13 „see Fig. 7~a!
in Ref. @14#….

FIG. 1. Distribution of the total collected charge.

FIG. 2. Distribution of IMF multiplicity m for well defined
events.
l-

re
l-

To select midcentral collisions we also employ as filte
global variablesh andj:

h5
( i 51

m Ei

( i 51
m Ai

, ~1!

j5
( i 51

M Zi
2

( i 51
M Zi

, ~2!

wherem denotes IMF multiplicity andEi , Ai , andZi is the
c.m. energy, mass number, and atomic number of thei th
IMF in the event, respectively. The heaviest IMF is omitt
in Eq. ~2!. This quantity ~j5S2! was used originally by
Campi @15# to study fluctuations in fragment sizes. For o
reaction it is used to select midcentral collisions. We u
here, 2 MeV/nucleon ,h,6 MeV/nucleon, and
0.5, lnj,2. As checked by simulations, quantitiesh, and
lnj are large for peripheral collisions and small for mo
central ones~see also@16#!.

These three filters select a similar region ofb, but because
of some correlations, probably not exactly the same set
events.

C. Different sources of IMF’s

Figure 3 presents invariant velocity plots for IMF’s em
ted in different bins of the impact parameter, which are
lected with three different filters:M , h, and ln(j). The figure
was prepared using events with three emitted IMF’s.
shows evolution from two IMF sources for most periphe
collisions, to three IMF sources for more central ones. T
source picture is very similar for the three different impa
parameter filters.

In Fig. 3 the energy threshold limit~for Z55) is indicated
by solid lines forAMPHORA with ionization chambers, and b
dotted lines for standardAMPHORA without ionization cham-
bers. As one can see, without ionization chambers the I
source located at negative velocities could not be observ

The sources at positive and negative velocities come fr
decays of the PLF and TLF~this was verified by simulation!.
Due to asymmetry of theAMPHORA filter the shape of PLF
and TLF ‘‘hills’’ is different. The PLF ‘‘hill’’ has a larger
base and is lower. The TLF one has a smaller base an
taller, as the TLF particles are seen only in the two detec
rings equipped with ionization chambers. TLF’s at smal
angles are not observed because of energy thresholds
larger lab angles TLF’s are not identified. Consequently,
the TLF source we observe only larger transverse velocit

The explanation for the mid velocity source is less ob
ous. For example it could be produced as a superposi
from decays of the PLF and TLF. To investigate this pos
bility we display in Fig. 4 distributions of events in the G
velocity plot for IMF’s ~events with 3 IMF’s! with border
lines ~somewhat arbitrary! separating the three source r
gions. These borders are shown as solid lines. No imp
parameter filters were applied. In Fig. 4 predictions of
event generator are also presented. Event generator simu
the composite system formation and decay atL values small
enough, the DIC scenario at properly largeL values and has
no subroutine to produce IMF’s from the intermediate velo
ity source@14,17#. Figures 4~a! and 4~b! was prepared unde



s
ing
e
e
,
a

o
ce

3.
t.
rr

m

ro
L
te
d
o

e

ts
fo

and
of

s.
ld
ec

e
tions

57 1773INTERMEDIATE VELOCITY SOURCE OF . . .
a condition that in each event at least one fragment exist
the IVS region. For clarity, the contour lines correspond
only to two other IMF’s are presented. These two oth
IMF’s can be located everywhere. As one can see, exp
ment reveals two sources~the third one in the middle exists
but is not presented!, while the event generator creates
completely different picture. Figures 4~c! and 4~d! display a
situation where in each event at least one IMF is located
the TLF region and one in the PLF region. Contour lines
the third IMF only are presented. As before all three sour
exist in the experiment~two of them are not presented!. The
IVS is clearly observed in a similar location as in Fig.
Again the event generator crates something very differen
maximum observed here is due to the PLF decay and co
sponds to fragments located outside the arbitrarily assu
PLF region.

Evidence of Fig. 4 shows that the IVS can not be p
duced as a superposition from decays of the PLF and T
Therefore one can say that in Fig. 3 we see indeed an in
mediate velocity source of particles. It is slightly shifte
from the c.m. position towards higher velocities because
the AMPHORA forward-backward energy threshold asymm
try.

The IVS exists also in events with four and five IMF’s. I
evolution with the impact parameter is presented in Fig. 5

FIG. 3. GI velocity (b5v/c) plots of IMF’s for different bins
of M ~a!, h ~b!, and j ~c!, serving as impact parameter filter
Events withm53. Solid and dotted lines indicate energy thresho
(Z55) for the case with and without ionization chambers, resp
tively.
in

r
ri-

in
f
s

A
e-
ed

-
F.
r-

f
-

r

events withm54 ~a!, andm55 ~b!, respectively. The num-
ber of such events is much smaller compared with them53
case, especially for peripheral collisions, where the PLF
TLF excitation energy is usually too small for emission
more than one IMF.

s
-

FIG. 4. Distribution of IMF’s in the GI velocity (b5v/c) plot
for events withm53 and in coincidence with IVS~a!,~b!, or with
the PLF and TLF regions~c!,~d!. Solid lines separate the thre
source regions. Experimental data and event generator predic
are presented.

FIG. 5. GI velocity (b5v/c) plots of IMF’s for different bins
of j serving as impact parameter filter. Events withm54 ~a! and
m55 ~b!.
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A systematic trend can be observed in the probability
events which include an intermediate velocity source. T
an IVS can be found in 23, 29, and 34% of events having
4, and 5 IMF’s, respectively.

One may ask if an IVS can also be observed for lig
particles. Figures 6~a! and 6~b! present GI velocity distribu-

FIG. 6. GI velocity (b5v/c) plots of Z51 ~a! and Z52 ~b!
particles, for different bins ofM .
r
s
,

t

tions for Z51 andZ52 particles, respectively, in differen
bins of b, selected with theM filter. For protons no distinct
sources are seen, probably because of multiple cascade e
sion and high proton velocities. For alphas three maxima
be observed, especially for 5,M,7 and 8,M,10. How-
ever, in this case it is not possible to exclude a possibil
that part of the source in the middle comes from a super
sition from decays of the PLF and TLF.

D. Charge distributions

In order to investigate the distribution of charges betwe
the three sources we use the border lines of Fig. 4 an
condition, that an IMF is observed in each source region

Distribution of charges between the TLF, IVS, and PL
sources (m53) is given in Fig. 7 and average fractions
charges from different sources are shown in Fig. 8, a
function of the impact parameter related variables. Direct
of the increasing impact parameter is also indicated. As
can see, form53, the IMF charge is more concentrated
the PLF and TLF sources for more peripheral collision
while the IVS becomes more important for more central c
lisions. A similar trend is observed form54. Form55 it is
less distinct.

E. Transition towards central collisions

Up to now our analysis of data was restricted to the reg
of midcentral collisions with impact parameters in the ran

FIG. 7. Charge distributions of IMF’s from the TLF, IVS, an
PLF source, respectively, for different filter bins. Numbers indic
average charge values. Events withm53.
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57 1775INTERMEDIATE VELOCITY SOURCE OF . . .
from about 4 to 6 fm. We now briefly investigate the evol
tion of the IMF sources for more central collisions. We sh
use here ar filter, described in detail in Refs.@13# and@14#.
We introduce a coordinate systemx,y,z with
x5p1 /pp, y5v rel /vpt, z5e. Herep1 ,pp ,vpt , ande are the
momentum of the heaviest fragment in an event, the pro
tile c.m. momentum, the entrance channel projectile-tar
relative velocity, and the event elongatione in the momen-
tum space, respectively. Relative velocity of the heav
fragment detected in an event and of the second heavie
denoted asv rel . We define the global variabler as

r5Ax21y21z2. ~3!

Each event is represented now by a point in thex,y,z space.
Its dimensionless coordinatesx,y,z have values from 0 to 1
It is clear, that for nearly central collisions events should
located close to the origin of the coordinate system~small r
values!. For DIC’s and quasielastic collisions one expe
events up tor531/3.

Figure 9 presents GI velocity plots for IMF’s~events with
three IMF’s! for differentr bins. We observe here evolutio
from three sources into practically one midvelocity sourc

For sufficiently central collisions contribution of even
having IMF’s coming from the PLF and TLF source is ve
small. Forr,0.5 it is 1, 2.8, and 8% for events with 3, 4
and 5 IMF’s, respectively.

FIG. 8. Average fractions of the IMF charges in the TLF, IV
and PLF source, respectively, versus M~a!, h ~b!, and lnS2 ~c!.
Events withm53.
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III. BNV CALCULATIONS

We employ a standard BNV code@18#. It simulates evo-
lution of the reaction dynamics solving the Boltzman
Nordheim-Vlasov kinetic equation with a large number~40!
of test particles per nucleon. Calculations were performed
local Skyrme forces corresponding to a soft equation of s
(K5200 MeV!. The calculations suggest intermediate valu

FIG. 10. Density scatter plots in the reaction plane obtain
from BNV calculations for different moments of time (fm/c) and
b54 fm, K5200 MeV. 40Ca140Ca reaction atElab5 35 and 50
MeV/nucleon.

FIG. 9. GI velocity (b5v/c) plots of IMF’s for different bins
of r serving as impact parameter filters. Events withm53.



ia

tio

5

n
ti
.

ns

a
a

as

xi
ev
rc
u
u

sto-
in

ith

is
e
in
ios

pe
the
-
er-
se
or-
if-

for
k

1776 57P. PAWL”OWSKI et al.
of b as a region of impact parameters where the intermed
velocity source of IMF’s is most likely to be produced.

Figure 10 presents density scatter plots in the reac
plane for different moments of time (fm/c) and impact pa-
rameterb54 fm. The calculations were carried out for 3
MeV/nucleon and for 50 MeV/nucleon40Ca140Ca colli-
sions. We clearly observe evolution of the ‘‘neck’’ regio
and disintegration of the system into three sources. Crea
of the IVS is more distinctly observed at 50 MeV/nucleon

For a hard equation of state,K5380 MeV, the ‘‘neck’’
formation and rupture are not seen in the BNV simulatio

One should cite here Landau-Vlasov calculations@19#
made almost 10 years ago for the40Ca140Ca reaction and
collision energies 20–100 MeV/nucleon. They suggested
pearance of several sources for higher collision energies
larger impact parameters.

IV. SUMMARY AND DISCUSSION

In this work we have studied sources of intermediate m
fragments for the40Ca140Ca reaction atElab535 MeV/
nucleon. The experimental data not only reveals the e
tence of PLF and TLF sources but also provides strong
dence for the existence of an intermediate velocity sou
This latter source is already visible in the GI velocity plot b
has been confirmed by more sophisticated gating techniq
so
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The IVS is not observed in all events. This suggests a
chastic character of its creation. The number of events
which an IVS has been found increases from 23 to 34% w
the number of IMF’s increasing from 3 to 5, respectively.

It was shown in previous papers@13,14# that for suffi-
ciently central 40Ca140Ca collisions a composite system
formed. It is difficult to say if for more central collisions th
IVS will evolve into a decaying composite system, formed
more or less incomplete fusion, or if both reaction scenar
are different and independent.

The calculations of the Boltzmann-Nordheim-Vlasov ty
suggest a creation of an intermediate velocity source in
‘‘neck’’ region between colliding nuclei and for impact pa
rameters corresponding to mid central collisions, but und
estimate its ‘‘strength’’ at 35 MeV/nucleon. However, the
calculations do not include two body and higher order c
relations. This fact may be responsible for this distinct d
ference with experiment.
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