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Emission of intermediate mass fragments from neck zone in thé®Bi+2%Pb reaction
at 11.6 MeV/nucleon
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Intermediate mass fragments<Z=<25) in correlation with projectilelike and targetlike fragments have
been revealed among the ternary events produced in 11.6 MeV/nutd®&ir-2°®Pb reaction. Their charac-
teristics (energy and angular distributionare in agreement with the emission from the neck zone formed
between projectile and target during partially damped collision. The analysis indicates that they can be pro-
duced by various mechanisms. Till now fragments with similar behavior were observed at incident energies
above 20 MeV/nucleon.
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In recent years the studies of heavy ion collisions at infragments. The mechanism responsible for their production
termediate energies have been mainly dedicated to the emiat such low beam energy is still unclear.
sion of intermediate mass fragmelitsF’s) (3<Z<25) in Our experimental method enabled a 2letection geom-
these interactions. It was thought that the production of thesetry in the laboratory system. For fragment detection we
fragments(multifragmentation can be connected with the used a CR-39 plastic track detector. The layers of 0.5-0.7
behavior of the highly compressed hot nuclear matter formedng/ cn? of 2°Pb were evaporated on one surface of the
during the interaction, and various theoretical models regardsheets of CR-39. So prepared samples were irradiated by a
ing this process assumed that the production mechanism ebrmally incident 11.6 MeV/nucleofP*Bi beam at UNILAC
IMF’s mainly has a statistical character. But, recently in ex-(GSI, Darmstadt After irradiation the target layers were re-
periments at projectile energies in Fermi energy domairmoved by dissolving in 20% HN£ Chemical development
(20—-50 MeV/nucleonsuch IMF’s have been observet-7]  of the tracks of the emitted fragments was carried out in
whose characteristics indicate that they are produced by @&25N NaOH at 70C in a mechanically stirred bath. The
mechanism that is more of a dynamical origin than of theetching time wa 1 h and this enabled us to get fully devel-
statistical origin. It has been found that such IMF’s are pro-oped (finished tracks of all fragments wittZ=3 produced
duced in peripheral and midcentral collisions and that theifn the interaction. Due to the detector characteristics and etch
angular distribution and energy distribution is consistent withconditions used in our experiment, the protons and ions with
their emission from the midrapiditineck zone formed be- Z=2 having an energy per nucled/A>1 MeV did not
tween the two interacting ions. It seems that both the shap@'Ve observable tracks in CR-39. For other reaction products
(dynamical instabilities and excitation can play a role in the there was a decrea§e in the detection eff|C|en.cy in the vicinity
formation and emission of these fragments from the midra®' the angle of 90with respect to the beam direction due to
pidity zone. It should be noted that the neck emission oith'_Ck_neSS of the Ph target. 'I_'he influence of the target on the
IMF’s has been also observg8,9] in ternary fission of the f-:-ff|0|ency of the dgtectlon Ty stronge{st for Iow-gnergy
excited heavy nuclei produced in interaction ©fTh with |on§(suph as targetlike frag_ments after peripheral collisions
low energy light ions. Taking into account the th_lck'nes'ses of the targets u;ed apd

As already mentioned, till now the IMF emission from the angular and energy distribution of the products investi-

necklike structures has been experimentally observed in i gated in our experiment it can be shown that the influence of

termediate(Fermi energy domain. In their theoretical study he target thickness on the measured values is about a few
percent and can be neglected.

of the dissipation mechanisms in the overlap zone for semit Scannina and measurement have been done by one optical
peripheral heavy ion collisions Fabet al. [10] concluded icrosco e? As an identification method we useﬁ the n?ea—
that the neck instabilities at beam energies just above 18’ pe. o

Surement of the parameters of the finished trafk$|.

MeV/nucleon would lead to large variances in projectilelike Namelv. from the measured parameters of the finished tracks
and targetlike observables and that the larger effagisto Y P

the cluster formation in the neck regjocan be expected at the rangeR, the mean etch rate rati&/¢/Vg), and emission
higher energies. Also, Plagnet al.[7] in their experimental angle with respect to the beam directidrwere determined
study of Xe+Sn reaction at energies between 25 and 500r each fragment. The azimuthal anglewas measured di-
MeV/nucleon have found that the onset of the midvelocityrectly. The atomic numbeZ and energy per nucleoB/A
emission is around 25 MeV/nucleon. In this Brief Report wewere determined from the values B8f and V;/Vg as de-
report on the observation of the IMF’s £ <25) with the  scribed in[11]. According to the calibration results the
characteristics consistent with the emission from the necklikeharge resolution in our experiment wAZ=<1 for Z=<30,
zone in the reactiorf®Bi+2%%Ph atE=11.6 MeV/nucleon. AZ<2 for heavier fragments with energg/A=0.5 MeV

In our experiment these fragments have been detected armthd AZ=<4 for heavy fragments with energyE/A
measured in coincidence with projectilelike and targetlike<0.5 MeV. The energy resolution for observed fragments
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o . . FIG. 2. (a) Distributions of the energy per nucleon of IMF’s in
FIG. 1. The distribution of the relative velocmes_ between the o laboratory systemE(A),., and projectilelike and targetlike
fragments taken two by two fof@) ternary events with one IMF . system E/A). ., respectively.(b) Average E/A)., as a
fragment andb) rest of the ternary events. The labels of the frag-¢,nction of Zyye - The solid line is explained in the text.

ments are explained in the text.

_ ) IMF is present the distributions 0¥, between IMF and
was A(E/A)=<0.05 MeV. It should be noticed that a de- heavy fragments have a maximum at small value¥ qf .

crease in charge resolution for heavy. SIOV.V fragments_ doespe gistribution ofV,¢, between the two heavy fragments is
notllead to an increase of the uncertainty in determining of,, )\ o4 towards larger values Wf,, . For system considered
their energy per nucleon. For these products the dependenﬁ(\aevrel between projectile and target was 4.8 cm/ns. This is

O,f theRrange OE/X‘E latom|c number is sr_rFEII and, ?t the Sf‘miﬁ agreement with scenario, which supposed that after the
time, R versuse/A plots are very steep. The angular resolu- ., ision the projectilelike and targetlike fragments move

tion wasA §,A p<5°. away at large relative velocities leaving behind them a small
From the detected events we separated and analyzed t@fzynent emitted at rest in the c.m. system. For ternary

nary events, i.e., the events that were characterized by ﬂ'@/ents from the second group the distribution\of, be-

presence of three fragment tracks in correlation. Since in OUlyeen fragment 1 and fragment 2 has a well defined peak
experiment 2r geometry was available, suc_h events can repy, 5¢ corresponds to the fission of projectilelila targetlike
resent true ternary events, i.e., the events in which only thre agments as it was expected

fragments were present in the exit channel and events wit Distributions of the energy per nucleon of IMF’s in the

higher multiplicity of fragments in Fhe exit channel but laboratory systemi(E/A),.;] and in the center-of-mass sys-
where one or more fragments are emitted backward and WeLR 1 of projectilelike and targetlike fragmentE/A), ] are

not detected. We have found that about 10% of events WitE R .
. i X . presented in Fig. @). In Fig. 2b) the dependence of the
three tracks in correlation can be attributed to the events wit verage E/A). ., on theZ,r is shown. The points present

four or more emitted fragments. They mostly correspond t he values averaged ovEry e intervals over four units. The

z:]heetlirl<eea(;trl1c<)jn;rlc:}evggllglrilkeelf:‘?;grfemgiln(ijoeurls:aoq‘]isz?;z t;]r?dti: %olid line corresponds to the values obtained by calculations
. . . f th i i [
of the four fission fragments was emitted backward in the e Coloumb barier for touching spheres given by

laboratory system. Such events were omitted from our con-
sideration. We have found that the ternary events that repre- 1A% e (Zsource= Zimr)
sent the events with three fragments in the exit channel can Ec:1 AAB L (A A 42
be, as it was expected, mostly identified as the projectilelike AAMET (Asource™ Aimr) ]
(or targetlike fragment in correlation with two fission frag-
ments originating from the decay of targetlik@ projectile-  where forAggyrce and Zgoyce We have used the values 208
like) fragment. But about 10% of these events were characand 82 to approximate emission from projectilelike or target-
terized by the presence of one IMF in correlation withlike source. To determind, s we supposed that proton-to-
projectilelike and targetlike fragments. We have detected andeutron ratio of source is preserved in emitted IMF’s. This
analyzed 870 such events. approximation can influence the, values by not more than

In Fig. 1 we present the distributions of the relative ve-10%. If the IMF's examined in this experiment were pro-
locities V,¢; between the fragments taken two by two for duced by statistical emission from projectileliker target-
ternary events in which one IMF fragment is present and folike) excited fragments, after collision their energies per
the rest of the ternary events, respectively. In each event theucleon should roughly be near of the calculated values pre-
lightest fragment was labeled 1 and the heaviest one 3. Theented by solid line in Fig. (®). It can be seen from the
points present the values averaged ovgy intervals of 0.4  Figure that the measured values &/A). ., are a few times
cm/ns. It can be seen from the figure that in events wheréwer than the calculated.

ev, (1)
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THEL FIG. 4. (a) In-plane angular distribution of IMF'qb) Distribu-

FIG. 3. Distribution of the total kinetic energy lo&s, for  tion of angles between IMF's and the reaction plane.
ternary events with one IMF.
[1,2,6,7 the emission from intermediatéheck zone was
The IMF originating from the neck zone should be prac-observed in peripheral and semiperipheral collisions.
tically at rest in the c.m. system of heavy fragments in the e defined the reaction plane as the plane specified by the
case of symmetric systems due to the near cancellation of thgeam axis and the separation axis of projectilelike and tar-
Coulomb fields of heavy fragments. This is in agreemenyetlike fragments in their center-of-mass system. The in-

with the small values of E/A)., obtained in this experi-
ment and presented in Figs(a® and Zb). Also, the mean

plane angleb of IMF was defined as the angle between the
projection of the IMF velocity(in the corresponding c.m.

values of the velocities of these fragments in the laboratorgystem onto the reaction plane and heavy fragments separa-
Vimriap Should coincide with the velocity of the center-of- tion axis. The separation axis is taken to have positive direc-

mass system of heavy fragments,, . From our results we

obtained the value¥,prjap=(1.65+0.25) cm/ns and/. .
=(1.75+0.25) cm/ns, respectively.

It can be seen in Fig.(B) that the values of/A). ., are
in the limit of experimental error independent 8p,e . This

tion towards the direction of the lighter heavy fragment and
@ could take the values betweenl80° and 180°. The out-
of-plane angled is defined as the angle between IMF veloc-
ity and the reaction plane. The distributions®fand® are
presented in Figs.(d) and 4b), respectively.

means that the energy of IMF’s in the c.m. system of heavy Figure 4a) shows that IMF’s have anisotropic angular
fragments is roughly linearly dependent By, . This trend  distribution in the reaction plane. Namely, their velocities
is consistent with the emission of the neck fragments with grojected on to reaction plane are predominantly oriented
fixed initial velocity. It may be noted that a similar depen- along the separation axis of the projectilelike and the target-

dence is observed in experimef&9] in which the emission

like fragments, i.e., in the reaction plane the three fragments

of IMF’s from the neck zone during the fission process wasare almost collinear. Similar anisotropy in the in-plane angu-

examined.

lar distribution was observed in the case of the three-body

In Fig. 3 we present the distribution of the total kinetic exit channels in the reactiorf§Kr +*°%r and 1#*Xe+1%%Sn

energy los€Exg, for ternary events having one IMEqxg.

at 125\ MeV ([12)), and in ®Mo+1®Mo and *?%Sn

is defined as the difference, in the center-of-mass reference *?°Sn at around 2@ MeV ([13]). In these experiments

frame, between the initial available kinetic ener@y, () and
the total kinetic energ¥ 1¢e of the projectilelike and target-
like fragment in the exit channel:

)

Etker = EBinc— Etke»

such behavior was explained by the fast, nonequilibrium,
asymmetric fission that follows the initial inelastic collision.
The light fission fragment is supposed to be located between
the two heavier fragments and is strongly peaked along the
separation axis of the deep inelastic step. Since our analysis
included IMF's with 3=Z<25 it seems logical to suppose

whereErg was calculated from the relative velocity and the that part of them could be produced by such mechanism. In
reduced mass of the dinuclear system. The fact that the emny case the shape of the in-plane angular distribution of

ergy of IMF's was not included in calculation &« does
not have large influence on the distributionefg, because

IMF’s suggests that they are produced by a fast process, i.e.,
during or shortly after separation of heavy fragments.

of their small energy. It can be seen from the figure that the The out-of-plane angular distribution of IMF's is shown
relevant ternary events mainly originate from collisions within Fig. 4(b). It seems that this distribution has two peaks, i.e.,
ErkeL between 600 MeV and 1000 MeV. For the interactionit is the sum of at least two distributions: the first one of

studied in this experiment this interval Bixg, corresponds

which is the contribution of the in-plane emission and the

to the partially damped collisions. It should be mentionedsecond one of which is the contribution of the out-of-plane
that in experiments at energies above 20 MeV/nucleoremission. Therefore, it seems that IMF's in ternary events
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investigated in this experiment are produced by different scetermediateneck zone formed between target and projectile
narios. For example, above mentioned, fast, asymmetric fisduring their collision. Till now such fragments were detected
sion would favor in-plane emission of fragments. On theand studied in heavy ion collisions in Fermi energy domain
other hand, simultaneous ternary breakopck instability ~ (i.e. at energies above 20 MeV/nuclgomhe analysis shows
similar to the fission accompanied by IMF8,9] would fa-  that in our experiment these fragments are predominantly
vor out-of-plane emission of IMF'§14]. If only these two  €mitted in partially damped collisions. They are character-
mechanisms would be responsible for production of fragized by the low kinetic energy that is linearly dependent on
ments examined in this experiment this would mean thafh€ir atomic number. The shape of their in-plane angular dis-
IMF’s with lower Z values would be emitted preferentially triPution indicates that they are produced during or immedi-
out of plane and those with highZwill be omitted in plane. ately after separation of projectilelike and targetlike frag-

But the analysis of our results did not show any dependenCg]:gnrfént-ghseuggggtzf-tﬁ:tn\?ari?)rsjgupl)?(r)cedsl,ité?uitg)nv;;)rfiojzetys/[e)es
of angular d|§tr|but|on oiZ of the fragments. . : of instabilities whose mechanism is still unclear, can contrib-
In conclusion, we have observed the production of inter

. : ; : ‘ute to their formation.
mediate mass fragments€¥ <25) in correlation with pro-

jectilelike and targetlike fragments in 11.6 MeV/nucleon We wish to thank the staff of the Unilac accelerator at GSI
2098j + 20%pp reaction. The energy and angular distributionsfor delivering high quality beams and target labor at GSI for
of these fragments indicate that they originate from the intarget preparation.
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