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Events with 3-5 intermediate mass fragm€iitsF’'s), Z>2] have been studied for peripheral and more
central collisions in the®Ca+ “°Ca reaction aE,=35 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 pres¢BEb6-28188)02804-(

PACS numbss): 25.70.Pq, 24.10.Nz, 25.70.Gh, 25.70.Lm

I. INTRODUCTION In this work we report on the observation of the IVS in
the “°Ca+ %°Ca reaction aE,,,=35 MeV/nucleon. Globally,
The dynamics of peripheral heavy ion collisions exhibits athe source is observed in about 15% of all well-defined
predominantly binary evolution characterized by strong enevents and contains about 0.2 to 0.4 of the total charge.
ergy dissipation at least at low collision energigselow The experimental data are presented in Sec. Il. After
about 10 MeV/nucleonand large impact parametefs].  briefly describing the experimer(Sec. Il A, we discuss,
Thus, in the exit channel, we observe targetlike and projecsuccessively, selection of impact paramet&rec. Il B), Gal-
tilelike fragments(TLF’s and PLF’$ which summed kinetic iléan invariant(Gl) velocity plots(Sec. Il Q, and chargeZ)
energy is much smaller than the entrance channel energ§istributions (Sec. 11 D. Transition towards more central
For more central collisions the colliding ions form a com- collisions is discussed in Sec. Il E.

pound nucleus which appears in the laboratory frame of ref.. 1N Sec. lll we display and discuss results of microscopic

erence as a single source moving with the center-of-masaNV simulations. The results of these calculations are in
(c.m) velocity. At higher energies, above 10 to 20 MeV/ qualitative agreement with our observations but significantly

. ; _— underestimate the importance of the intermediate velocity
nucleon, new phenomena appear, including significant pre:

equilibrium emission, production of IMF’s, projectile and Source. Summary and conclusions are given in Sec. IV.
target fragmentation, and incomplete fusion. Nevertheless IIl. EXPERIMENT
collisions in this energy range are still reminiscent of binary '
dissipative process¢&]. At much higher energies the fusion A. Experimental setup and data
cross section becomes negligible and the participant- The experiment was performed at the Grenoble SARA
spectator picture dominaté3]. facility using the 47 multidetector systenaMPHORA [11].
Recently, a source of IMF’s has been observed which iAdditional 30 ionization chambers were installed on two
located between the velocities of PLF's and TLRke in-  AMPHORA rings at 31.2-6.5 and 46.78.9 degreeqd12].
termediate velocity sourc@VS)] [4—6]. Such a source has Their purpose was to lower energy thresholds for IMF's
been previously suggested at intermediate impact parametefirom 5-9 MeV/nucleon(standardAMPHORA) to about 1
(b) by Boltzmann-Uehling-Uhlenbeck(BUU) [7] and MeV/nucleon. Without ionization chambers observation of
Boltzmann-Nordheim-VlasoBNV) [8] calculations. It was the TLF source would not be possible. The global solid angle
interpreted as a new type of neck instability coupled to dy-coverage was approximately 80%. Experimental details, and
namic fluctuations which increase with ener{]. The procedures are described in Rdfs3] and[14].
mechanism could be similar to the multiple neck rupture in  Distribution of the total charge detected byiPHORA is
fission[9]. On the other hand, it cannot be exactly that ofbroad with a mean value 22(Fig. 1). However, as iff14]
low-energy ternary fission where, e.g., ampatrticle is emit-  we impose the condition that for well defined events, used in
ted in the scission configurati¢fi0] because of the involved further analysis, the total detected chaigg>30. In the
time scale[5]. It may be intermediate between the low- majority of events 2 IMF's are emitted but emission of 1, 3,
energy neck formation and thghigh-energy participant- 4, and 5 IMF’s is also observed with reasonable statistics
spectator mechanism. (see Fig. 2
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FIG. 1. Distribution of the total collected charge.

In our quest for thdV source we shall follow evolution
of Gl velocity distributions in different regions df, due to

suggestiong4—§| that it should be located at intermediate

impact parameters.

B. Selection of impact parameters

We have shown in Refl14] that, in the case of our reac-

tion, the angular momentum versus charged particle mul-

tiplicity M dependence, although monotonic in average val

ues, is very broad and saturates at loweralues. Therefore

P. PAWLOWSKI et al.

To select midcentral collisions we also employ as filters
global variablesy and ¢:

. @
A

¢= L] 2
sz

wherem denotes IMF multiplicity and; , A;, andZz; is the
c.m. energy, mass number, and atomic number ofithe
IMF in the event, respectively. The heaviest IMF is omitted
in Eq. (2). This quantity (¢=S,) was used originally by
Campi[15] to study fluctuations in fragment sizes. For our
reaction it is used to select midcentral collisions. We use
here, 2 MeV/nucleon <n»<6 MeV/nucleon, and
0.5<Iné<2. As checked by simulations, quantities and
In¢ are large for peripheral collisions and small for more
central onegsee alsd16)).

These three filters select a similar regiorbobut because
of some correlations, probably not exactly the same sets of
events.

C. Different sources of IMF's

Figure 3 presents invariant velocity plots for IMF’s emit-
ted in different bins of the impact parameter, which are se-
lected with three different filtersvl, », and In§). The figure
was prepared using events with three emitted IMF's. It

|Shows evolution from two IMF sources for most peripheral

collisions, to three IMF sources for more central ones. The

it cannot be used as a good impact parameter filter for mors®Urce picture is very similar for the three different impact

central collisions. It is, however, adequate for selecting co

lisions with averagd values from 4 to 6 fm which we shall
call midcentral collisions. Such values correspond roughly
to 100 <L <150" and the range §M <13 (see Fig. 7@

in Ref.[14]).
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FIG. 2. Distribution of IMF multiplicity m for well defined
events.

|parameter filters.

In Fig. 3 the energy threshold limifor Z=5) is indicated
by solid lines forAMPHORA with ionization chambers, and by
dotted lines for standaradvPHORA without ionization cham-
bers. As one can see, without ionization chambers the IMF
source located at negative velocities could not be observed.

The sources at positive and negative velocities come from
decays of the PLF and TL&his was verified by simulation
Due to asymmetry of themMPHORA 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 and is
taller, as the TLF particles are seen only in the two detector
rings equipped with ionization chambers. TLF's at smaller
angles are not observed because of energy thresholds. For
larger lab angles TLF's are not identified. Consequently, for
the TLF source we observe only larger transverse velocities.

The explanation for the mid velocity source is less obvi-
ous. For example it could be produced as a superposition
from decays of the PLF and TLF. To investigate this possi-
bility we display in Fig. 4 distributions of events in the Gl
velocity plot for IMF's (events with 3 IMF'$ with border
lines (somewhat arbitrady separating the three source re-
gions. These borders are shown as solid lines. No impact
parameter filters were applied. In Fig. 4 predictions of an
event generator are also presented. Event generator simulates
the composite system formation and decal atlues small
enough, the DIC scenario at properly laigeralues and has
no subroutine to produce IMF's from the intermediate veloc-
ity source[14,17). Figures 4a) and 4b) was prepared under
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FIG. 4. Distribution of IMF’s in the GI velocity 8=wv/c) plot
for events withm=3 and in coincidence with IV$a),(b), or with
the PLF and TLF regiongc),(d). Solid lines separate the three
source regions. Experimental data and event generator predictions
are presented.
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events withm=4 (a), andm=5 (b), respectively. The num-

of M (@), » (b), and ¢ (c), serving as impact parameter filters. ber of such events is much smaller compared withrtize3
Events withm=3. Solid and dotted lines indicate energy thresholdscase, especially for peripheral collisions, where the PLF and
(Z=5) for the case with and without ionization chambers, respec-TLF excitation energy is usually too small for emission of

tively. more than one IMF.

a condition that in each event at least one fragment exists in My =4

the IVS region. For clarity, the contour lines corresponding BL F T . m®>20

only to two other IMF's are presented. These two other 0.05 F ST L 3

IMF’s can be located everywhere. As one can see, experi- EL g

ment reveals two sourcéthe third one in the middle exists, E o

but is not presentgd while the event generator creates a 0.05 | i

completely different picture. Figurege} and 4d) displaya @ [poow ke

situation where in each event at least one IMF is located in 2 3

the TLF region and one in the PLF region. Contour lines of 0.05 a =

the third IMF only are presented. As before all three sources (a)

exist in the experimentwo of them are not presentedrhe

IVS is clearly observed in a similar location as in Fig. 3.

Again the event generator crates something very different. A BL :

maximum observed here is due to the PLF decay and corre- 0.05 | g

sponds to fragments located outside the arbitrarily assumed g £

PLF region. : 2
Evidence of Fig. 4 shows that the IVS can not be pro- 0.05 E é’

duced as a superposition from decays of the PLF and TLF. ; S

Therefore one can say that in Fig. 3 we see indeed an inter- 0.05 F ‘_gl

mediate velocity source of particles. It is slightly shifted

from the c.m. position towards higher velocities because of (b)
the AMPHORA forward-backward energy threshold asymme-

try.

FIG. 5. Gl velocity (3=v/c) plots of IMF’s for different bins

The IVS exists also in events with four and five IMF’s. Its of ¢ serving as impact parameter filter. Events witls=4 (a) and
evolution with the impact parameter is presented in Fig. 5 fom=5 (b).
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FIG. 7. Charge distributions of IMF’'s from the TLF, IVS, and
PLF source, respectively, for different filter bins. Numbers indicate
average charge values. Events with-3.

tions forZ=1 andZ=2 particles, respectively, in different
bins of b, selected with thév filter. For protons no distinct
sources are seen, probably because of multiple cascade emis-
sion and high proton velocities. For alphas three maxima can
be observed, especially fortM <7 and 8<M <10. How-

ever, in this case it is not possible to exclude a possibility,
that part of the source in the middle comes from a superpo-
sition from decays of the PLF and TLF.
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Impact Parameter

D. Charge distributions

In order to investigate the distribution of charges between
the three sources we use the border lines of Fig. 4 and a
: condition, that an IMF is observed in each source region.
& : apateatsiizisaiotaainaiaassi: Distribution of charges between the TLF, IVS, and PLF
I - o scedd LR sources {n=23) is given in Fig. 7 and average fractions of
(b) -0.1 0 0.1 charges from different sources are shown in Fig. 8, as a
ﬁ” function of the impact parameter related variables. Direction
of the increasing impact parameter is also indicated. As one
FIG. 6. Gl velocity (3=v/c) plots of Z=1 (a) andZ=2 (b) can see, fom=3, the IMF charge is more concentrated in
particles, for different bins o. the PLF and TLF sources for more peripheral collisions,
while the IVS becomes more important for more central col-

A systematic trend can be observed in the probability fo :E;gn; sﬁn?:ltm”ar trend is observed fon=4. Form=5 itis

events which include an intermediate velocity source. Thus
an IVS can be found in 23, 29, and 34% of events having 3,
4, and 5 IMF's, respectively.

One may ask if an IVS can also be observed for light Up to now our analysis of data was restricted to the region
particles. Figures @ and &b) present Gl velocity distribu- of midcentral collisions with impact parameters in the range

0.1

E. Transition towards central collisions
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In(S,) (K=200 MeV). The calculations suggest intermediate values

FIG. 8. Average fractions of the IMF charges in the TLF, IVS
and PLF source, respectively, versus (&), » (b), and Ir§, (c).
Events withm=3.

from about 4 to 6 fm. We now briefly investigate the evolu-
tion of the IMF sources for more central collisions. We shall
use here @ filter, described in detail in Ref$13] and[14].

We introduce a coordinate systemx,y,z with
X=P1/Pp; Y=0rel/Vpt, 2= €. HETEP1,Ppy 0y, @ande are the
momentum of the heaviest fragment in an event, the projec-
tile c.m. momentum, the entrance channel projectile-target
relative velocity, and the event elongatierin the momen-

tum space, respectively. Relative velocity of the heaviest £
fragment detected in an event and of the second heaviest iss”

denoted a® . We define the global variable as
p= \/Xz-‘r y7+ Zz.

Each event is represented now by a point inxhgz space.

Its dimensionless coordinatgsy,z have values from O to 1.

It is clear, that for nearly central collisions events should be
located close to the origin of the coordinate sys{emall p
values. For DIC’s and quasielastic collisions one expects
events up tp=233,

Figure 9 presents Gl velocity plots for IMFgvents with
three IMF’g for differentp bins. We observe here evolution
from three sources into practically one midvelocity source.

For sufficiently central collisions contribution of events

)
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having IMF’s coming from the PLF and TLF source is very from BNV calculations for different moments of time (fo)/ and
small. Forp<0.5 it is 1, 2.8, and 8% for events with 3, 4, b=4 fm, K=200 MeV. “Ca+“’Ca reaction a€E,= 35 and 50

and 5 IMF’s, respectively.

MeV/nucleon.
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of b as a region of impact parameters where the intermediatéhe IVS is not observed in all events. This suggests a sto-
velocity source of IMF’s is most likely to be produced. chastic character of its creation. The number of events in
Figure 10 presents density scatter plots in the reactiomvhich an IVS has been found increases from 23 to 34% with
plane for different moments of time (fim)y and impact pa- the number of IMF’s increasing from 3 to 5, respectively.
rameterb=4 fm. The calculations were carried out for 35 It was shown in previous papef43,14 that for suffi-
MeV/nucleon and for 50 MeV/nucleod°Ca+“°Ca colli-  ciently central*®Ca+“°Ca collisions a composite system is
sions. We clearly observe evolution of the “neck” region formed. It is difficult to say if for more central collisions the
and disintegration of the system into three sources. CreatiotVS will evolve into a decaying composite system, formed in
of the IVS is more distinctly observed at 50 MeV/nucleon. more or less incomplete fusion, or if both reaction scenarios
For a hard equation of stat&,=380 MeV, the “neck” are different and independent.
formation and rupture are not seen in the BNV simulations. The calculations of the Boltzmann-Nordheim-Vlasov type
One should cite here Landau-Vlasov calculatiJd®]  suggest a creation of an intermediate velocity source in the
made almost 10 years ago for tH&Ca+*°Ca reaction and ‘“neck’” region between colliding nuclei and for impact pa-
collision energies 20—100 MeV/nucleon. They suggested ap-ameters corresponding to mid central collisions, but under-
pearance of several sources for higher collision energies argktimate its “strength” at 35 MeV/nucleon. However, these
larger impact parameters. calculations do not include two body and higher order cor-
relations. This fact may be responsible for this distinct dif-

IV. SUMMARY AND DISCUSSION ference with experiment.

In this work we have studied sources of intermediate mass
fragments for the*°Ca+“°Ca reaction atE,,=35 MeV/
nucleon. The experimental data not only reveals the exis- The authors are indebted to Dr. Gordon J. Wozniak for
tence of PLF and TLF sources but also provides strong evisupplying a working version of the BNV code. This work
dence for the existence of an intermediate velocity sourcewvas supported by the Polish-Fren@gN ,P;) agreement and
This latter source is already visible in the Gl velocity plot butthe Committee of Scientific Research of PoldK@N Grant
has been confirmed by more sophisticated gating techniqueslo. PB719/P3/93/04
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