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Based on the fireball model and the spectator-participant picture, a statistical simultaneous multifragmenta-
tion model is developed for heavy ion induced reactions, with the entrance channel characteristics taken into
account. This model has the density as the only parameter and it predicts the excitation energy, the temperature,
and the frgmentation cross section, etc., once the incident energy, the projectile, and the target nuclei are
specified. As a first application, it has been applied to the central collision data taken at National Supercon-
ducting Cyclotron Laboratory on th#Ar-+45Sc reaction at incident energies ranging from 35 to 115 MeV/

A. The study brings out the similarity in the characteristics of high energy proton induced and medium energy
heavy ion induced reactions. It is observed that with rise of bombarding energy, the onset of simultaneous
multifragmentation occurs at some energy between 50 and 60 MeV/

PACS numbsdis): 25.70.Pq, 24.10.Pa

I. INTRODUCTION It must be emphasized that multifragmentation phenom-

ena offer the possibility of production and study of low den-

A heavy nucleus undergoes binary decay in the wellsity nuclear matter in the laboratory, which is of equally
known fission process, when a thermal neutron of almos@reat astrophysical importance as high density nuclear mat-

negligible energy strikes it. However, when a very high en-ter. _ . L _

ergy proton or a mediun energy heavy ion collides with a N heavy ion collisions, the excitation energy imparted to
target nucleus imparting several hundred MeV of energy, ithe composite system before the fragments are emitted is the
decays into many fragments. Whether this process is a seri¢§Y. variable which governs the nature of the decay process.
of sequential binary decays or a simultaneus decay to man identify various processes operative at different regimes
fragments, which is a completely new mode of decay of thef energy, it is worthwhile to develope good and precise

nucleus, has been an important question in recent years. E?odels based on definite mechanisms. In this regard, we

: ) . . ave attempted to build a simultaneous multifragmentation
has not yet been possible to satisfactorily resolve it at th odel appropriate for collision of two heavy ions at interme-
experimental level. In the scenario emerging from manyy;

. L ate energies with the specific aim of finding the bombard-
model studie§1—3], there has been indication that at lower ing energf/;, excitation errl)ergy, temperature,gand density at

bombarding energy, the former mechanism prevails, and &fhjch this process is favored. In the past, we have developed
higher bombarding energies, the latter dominates. Howevep statistical simultaneous multifragmentation model for high
the true nature of the mechanism, excitation energy, tempergnergy proton induced heavy ion collisions using the grand
ture, etc. of this decay are yet to be ascertained fully. canonical picture, taking into account both the nuclear and
Another major interest in the phenomena of multifrag- Coulomb fragment-fragment interactiof@ through the re-
mentation has been the possibility of observation of a liquid-spective mean fields calculated using a well defined statisti-
gas phase transition in nuclear systems. The liquidlike beeal procedure. The success of this improved statistical model
havior of finite nuclei in the ground state has beenhas been amply demonstratg@-11] through the enhance-
recognized since the early days of nuclear physics. Since th@ent of neutron and other charge particle multiplicities, re-
advent of heavy ion collision, it has been possible to heat theluction of temperature, and simultaneous description of
nucleus and study the extent of temperature up to which thimass yield, isotopic yield, and kinetic energy spectra. This
property persists to see if eventually one could find thevas an extension of our earlier model proposed in collabo-
liguid-gas phase transition. It is expected that a process likeation with Grosset al. in which only Coulomb interaction
multifragmentation, through which a hot nucleus decays, isvas taken into account, treating the Coulomb radius as an
likely to carry this signature. The earliest effort in this regardextra parametdrl2]. One major deficiency of such models is
has been the Fermilab-Purdue experimentphKr and that the incident energy did not specifically enter into the
p+ Xe reactions in which the mass yield was fitted with thecalculation and the excitation energy could not be specified.
power law AT prescribed by the Fisher droplet modél. It could be estimated from the temperature, which was
However, an alternative description of the same data througtreated as a parameter in the model, determined from the fit
models which do not explicitly have a liquid-gas phase tranto mass yield and other data. In the present work, we attempt
sition mechanisn{5—-8] rendered this matter inconclusive. to develop a statistical simultaneous multifragmentation
Since then, other investigations have been carried out, but ihodel in which this drawback is removed and the entrance
has not been possible to arrive at a definite conclusion.  channel characteristics are taken into account. The model has
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only one parameter, namely, the density of the decaying sys- The lab energy of the projectile and the target part which
tem, and it gives an estimate of the excitation energy, mast®rms the fireball are given by
yield, and temperature, etc., once the bombarding energy,

projectile, and target nuclei are specified. Epp=Ap X(e+m'), (]
The general features of collisions between two complex
nuclei for bombarding energy below 10 Me/Ehow strong E&F A xm’, @)

collective behavior of matter in bulk, which is manifested in

phenpmeqa like deep inelastic. coIIisio.n,. f_usion, ﬁSSion'wheree is the lab energy per nucleon of the projectil®, is
guasielastic processes etc. At high relativistic energies, thﬁ]e effective nucleon mass in the nuclei. i.e.. 931 MeV. and
collision process is dominated by the interaction of the indi- P ’

) . S . : ~Ap, andAg, are the number of nucleons from the projectile
vidual nucleons in the projectile v_v|th their counterparts in 4 o target, respectively, that form the fireball. Then we
the target. For SU(.:h. an energy regime, 'ghe f|reba_|| mp_del aNflave the momentum of the projectile in the laboratory frame,
the spectator-participant pictur&3], in which the tripartition
of the total system takes place, have been quite successful. PP — V(EP) 2= (m An)? 3
For the intermediate energy range of 20 to 200 MeV one lab™ V(Epap) "= (M"Apr)~ @)
expects a drastic change of the mechanism in the nuclear _ .
collision, as it includes the landmark Fermi energy of 35 SO the center of mass energies of the two parts are given
MeV for the nuclear matter, which determines the nature ofY
the response of the nucleus to external perturbation. For en-

P _ P P
ergies around and above the Fermi energy, the nucleus no Ecm=vX(Ejap— BPiap) 4
longer responds as a whole to the collision. Thus the fireball

model has been found very useful for the description of in- Elm=7XEpp, (5

termediate energy heavy ion collisions. Such a picture has
been used to describe data obtained with energy 20 MeV/ \wherey=1/J/1— 2, andp is given by
A, even as low as 13 Me¥/[14,15. Hence we adopt such

a framework in developing our statistical simultaneous mul- pP
tifragmentation model. = (6)
: - ; Efpt Epp)
An outline of the model is presented in Sec. Il. In Sec. llI (Efabt Eja

we apply this model to the specific case of the central colli- o ] .
sion data taken at Michigan State University on tar  So the excitation energy in the c.m. frame is
induced *°Sc reaction with incident energy varying from 35
to 115 MeV per nucleon. The results and discussion are pre- E*=Ecm—MX(Ap +Ap), (7)
sented in Sec. IV. Finally in Sec. V we conclude.
m being the free nucleon ma$s939 MeV) and E.. ,, the
Il. THE MODEL total center of mass energg’,+E{

Consider a heavy nucleus with mass numbemt rest in 2. Projectilelike spectator part
the laboratory undergoing collision at a given impact param-

eter W'thpa prOJectl]e nuclegs having mass numBgrand o game velocity as that of the projectile before the collision
energyE,,. Assuming the fireball model and the spectator-;, he laboratory. Being severed, this part will have

participant picturg 13] for the collision process, one would (Ap—Ap) number of nucleons, and due to distortion, will
expect contributions to the fragmentation yield from threepq iy an excited state of the corresponding nucleus with the
sources, namely the fireball formed by the participant partSgy me nucleon number. The excitation energy can be esti-
and the projectilelike and targetlike spectator parts. The prog,ateq by calculating the change in the surface endBy
jectilelike spectator moves in the laboratory with a longitu- ;4 the Coulomb energdE. from that of the spherical
dinal velocity the same as the velocity of the projectile, Wh"eshape appropriate for the gcround state. The calculation of
the targetlike part remains at rest. For calculation of the frag—AES andAE, is done following the prescription described in

mentation cross section we have to know the excitation eng, o Appendix. Then the excitation energy for the projectile-
ergies and the constitution of each part. In this model th?jke spectator part in its frame is given by

number of nucleons constituting each part is determine
from the geometry.

The projectilelike spectatdaPS part will be moving with

Ef=AE+AE.. (8)
A. Determination of constitution and the excitation energy 3. Targetlike spectator part

1. Fireball part The excitation energy of the targetlike spectdf®) part,

For a given impact parametbr say,Ap, andA;, nucle-  EF, will be determined exactly like the projectilelike spec-
ons are severed from the projectile and the target respetator part. However, this energy will be in the rest frame of
tively and form the fireball. For the calculation of these num-the target.
bers, the prescription given in Ref13] is followed. We After determining the number of constituent nucleons and
adopt relativistic kinematics for the calculation of excitationthe excitation energy of all the three parts, we study their
energy. fragmentation following the mechanism described below.



53 STATISTICAL SIMULTANEOUS MULTIFRAGMENTATION ... 1835

B. Statistical decay of the excited system ai=(nj(b))oi, (15)

The three parts described above have specified amounts of . _ . .
excitation energy, due to which each will undergo decay intdVN€réain is the total inelastic cross section.
various fragments, which in a statistical model will be gov- 10 9et the cross section for all impact parameters one has
erned by the available phase space. For the decay of ealfintegrate it over alb’s:
part, we follow the basis of the grand canonical model de-
veloped earlief9-12). The important difference here is that Ui:f ni(b)2mbdb. (16)
we describe the collision between two heavy ions with the

energy being specifiea priori in the present case, while it Finally one has to take the contributions to the cross sec-

was an unknown quantity in the former case. tion from all the three parts, converted to the c.m. frame, and
We consider an assembly of fragments at statistical equi- parts, " k

librium with temperatureT, interacting through both the add them up to get the total yield:
nuclear and Coulomb interactions. In this model, the loga-

. . . . Tiota— gt Opst O 15 1
rithm of the grand partition functiog, in terms of neutron total = TFB T TIPS TETS 7
and proton chemical potentiajs, and x|, and the inverse

temperature8= 1/xT, is obtained as IIl. APPLICATION TO CENTRAL COLLISION PROCESS

As a first application, we apply the model to the case of
|n§(,un,,up,3)=2 Wi tp ), (99  central collision of two nuclei having nearly equal numbers
' of nucleons. In particular, we attempt to explain the central
collision data of the*®Ar induced reaction orf°Sc taken at
the National Superconducting Cyclotron Laboratory of
Michigan State University(MSU), with incident energy

wherew; is the multiplicity of a particular fragment of type
i.

The expression fow;(u,,up,B) is given by varying from 35 MeVA to 115 MeVA [16]. Since we have
a2 collision between two systems having almost equal numbers
| _ ) ? X
Wi( i o, B)=| =———=| Voi(B8)xexp—B[—B +C of nucleons, we restrict our calculation to the fireball part
bttt ) 27Tﬁ2[3> 4i(B) A=AL=BitC only, which hasA=80 andZ=36. The contribution from the

targetlike spectator part to the total yield is very small, and
can be neglected.
DeterminimgA, Z, andE*, we solve the three conserva-
Ugjon Egs.(11)—(13) to getu,,, up, andT consistently. Using
ose values we obtaiw; and hencen;(0)). For oy, we
tIa\ke the empirical parametrization

+\7i—,un(Ai—Zi)—MpZi]}- (10

Here V=47r3A/3 is the volume of the expanded fireball
with rq being the radius constant, related to the freeze-o
density.B; is the binding energy, ang; (8) is the internal
partition function of the excited but particle-stable states o
fragmeljti. C; andV; are.th(.a mean Coulomb and nuclear o= 7TR%X[(Arl)/erA%/s)_bO(A;l/erA;1/3)]2 (18)
interaction of the fragmeritwith the rest of the system.

Knowing the excitation energf”, the charge number ysed by Heckmaet al, [17] whereR, = 1.36,b, = 0.75,

Z, and the baryon numbér of the decaying system, one has andA, andA+ are the mass numbers of projectile and target
to solve the following three conservation equations, to gefyclei.

consi§tent values for the three unknown quantipigs xp, In our calculation of the mean nuclear interactién we
andT: have followed the statistical prescription developed earlier
[9,10]. We have used the proximity potential for the heavy
A:Z AW (0, tp,B), (1  fragments and the actual optical potentials for the lighter
I

ones. We have taken the value f to be 1.85 fm which
corresponds to a freeze-out density @g#r which we got

Z= Z Ziwi(fn s pp s B), (12 TABLE I. Excitation energy per nucleon and temperature of the
excited system at different bombarding enerdig$ quantities are
J in MeV).
* __
E aﬂlng(,un,up,ﬁ), (13 Bombarding energy Excitation energy
per nucleon per nucleon Temperature
where A; and Z; are the mass and charge number of the
Getting all three quantitieg,, u,, andT, we have the 45 3.1828 4.5755
mean multiplicity(n;(b)) of a fragment of typd, for par- 65 8.1105 6.5895
ticular impact parametds, given as 75 10.5648 7.7300
85 13.0129 8.8301
(i(D)y=Wi (. itp, B). (14 95 15.4545 9.8861
105 17.8899 10.9036
Hence the cross sectian for the production of fragmentat 115 20.3194 11.8872

someb in a nucleus-nucleus collision is given by
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low T=2.33 MeV, medium T=3.90 MeV, and high
1000¢ T=6.59 MeV, respectively, are reproduced in the same tem-
perature regimes as in the case of proton induced reactions.
So it is satisfying to find that introduction of new elements
like the bombarding energy dependence and heavy ions as
projectiles yields similar general features. This further brings
out the similarity between the dynamics of high energy pro-
ton induced multifragmentation processes and intermediate
energy heavy ion reactions. This enhances our confidence

about the suitability of the present model for the description
of the MSU data.
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IV. RESULTS AND DISCUSSIONS

We would like to emphasize at this stage that except the
A . : .
value ofry which determines the density, the present model

has no other parameter. The Coulomb and nuclear mean
FIG. 1. Mass distributions for central collision 8fAr+“°Sc at  fields are also totally fixed by this parameter. We have car-

different lab energies. The solid, dashed, and dotted lines are for laled out calculations for all the eight sets of data obtained
energies 35, 40, and 65 MeX¥/ which correspond to temperatures yyijth bombarding energy ranging between 35 MaVand
2.33, 3.90, and 6.59 MeV, respectively. 115 MeV/A. The corresponding excitation energies and tem-
peratures obtained in our study are summarized in Table I. It
the Dbest fit with the experimental data, whereis interesting to note that the values of the temperatures lie in
po=0.17 fm 2 is the nuclear matter ground state density. the appropriate range where multifragmentation phenomena
First we would like to make a model study to see if thehave been observed in high energy proton induced heavy ion
general features of mass yield, like thieshape, and expo- reactions. In Fig. 2, we have presented the cross sections as a
nentially falling shape, etc., seen in high energy proton infunction of fragment charge as open circles, and compared
duced nucleus collision which could be described in our prewith the experimental datfl6], given as filled circles and
vious model, are also reproduced in the present case whetke histogram, which are corrected and uncorrected for ac-
temperature is no longer a parameter. Takifyg,=35, 40, ceptance, respectively. It can be seen that the general trend of
and 65 MeVA for the present reactioi?Ar +%°Sc we ob-  the steepness of the charge distribution with increasing en-
tained T=2.33, 3.90, and 6.59 MeV, for which the mass ergy is quite well reproduced for all the beam energies higher
yields are shown in Fig. 1. We find that the shoulderlide, than 45 MeVA, where as for 35 Me\W it is quite poor. In
shape, and exponentially falling shape of distributions forFigs. 3 and 4, we have presented the average number of

104 35 Mev/A 45 MeV/A 65 MeV/A 75 Mev/A
[ )
10 ,
O
10
( o) .ga
¥ % b
0 E— . . . .
10§ FIG. 2. Charge distribution for central colli-
S 4 F 5 sion of “°Ar+“5Sc. The open circles are the re-
£ ’05 sults obtained in the present model. The histo-
N g 85MeV/A 95 MeV/A .‘05 Mew/A .”SM‘?V’A gram and the solid circles represent the
&)

uncorrected and the corrected data for the reac-
tion “°Ar+ 5S¢ taken from Ref[13].
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FIG. 3. The average number of charge partigldg) plotted FIG. 5. Total charge distribution for central collision #fAr+

ot inci id ci #5Sc at different lab energies. The solid, dashed, and dotted lines are
against incident beam energy. The open and the solid circles repre- : gies. » U )
sent the uncorrected and the corrected data for the reattor  for lab energies 35, 45, and 65 Me\/which correspond to tem-
53¢ taken from Ref[13] and the squares represent the results ofPeratures 2.33, 4.57, and 6.59 MeV.

the present study.
all possibleZ values extending up to 36 for three different

beam energies and plotted them in Fig. 5. The solid, dashed,
and dotted lines represent the cross sections for beam ener-
gies 35, 45, and 65 MeW, respectively. For the case of
E.p= 65 MeV/A the yield for fragments with charge number
greater than 12 falls very sharply and beyond charge number
?aS it is less than 0.1 mb. For the casd=f,=45 MeV/A our
alculation shows a flat distribution of charge covering up to

charge multiplicity(N.), and the average number of inter-
mediate mass fragment®N;s), by squares. We have con-
fined theZ value to lie in the range<£Z=<12 for calculation

of (N¢), and 3=Z=<12 for(N;,s), to compare with the data
measured with such restrictiori46]. The filled and open
circles are, respectively, the corrected and uncorrected da
for acceptance. It can be seen that our charge multiplicit ) :
increases and thgN;,1) decreases with increasing beam en- =36 although somewhat lower in m_agnltude compa_red to
ergy, in agreement with the experimental trend. However, fthe observed ones up ©=12. Extending the observations

both these cases, our result is rather poor for the beam enJP—r mtermedla.te charge'fragments, one would f|nq a sizable
gies 35 and 45 Me\A. Thus the comparison of our results yield as per this calculation. However, in the experiment only

for these three sets of data clearly points out that the model i part of it has been observed. This case is reminiscent of the

; - . - hape of mass yield. Thus 45 Me&V/corresponding to
te successful for all the higher bombarding energies com> S e ; .
?nuéncinug from %5 MeVA '9 g g temperature 4.57 MeV marks a transition point, above which

To get a comprehensive understanding of the ObserVegxponential-like decay of charge distribution is favored. For

data, we have calculated the cross section for fragments wi gam energy 35MeW, we have wo branches n the c'har.ge
yield with Z less than 5 and more than 25. This distribution
has no resemblance to the observed yield. This seems to
point to the fact that with such a low excitation energy the

5 system does not decay through the mechanism of simulta-
asf o obo 0 neous multifragmentation but rather by some other mecha-
ok S L4 ° 0O g nism. To arrive at a general picture, we have plotted the
temperature versus the beam energy in Fig. 6. We find that
s i the curve shows strong linear behavior for higher energies,
A 3 ® ° commencing around beam energies 50 to 60 MeVWWhus,
E 2 taking this fact into account, together with the quality of our
AV » results shown in Figs. 2, 3 and 4, it is reasonable to interpret
i o ©O Onoo that the system decays by simultaneous multifragmentation
1.5f O processes above the beam energ§0 MeV/A, and below it
1} 0 o by some other process, maybe that of binary sequential de-
sl cay. The present result does not change appreciably when we
take a fully fused system having=80 andZ=39 as the
% 26 o 60 30 00 420 fireball. It is gratifying to find that Cebrat al.[1] and Barz
€lab /nucleon(MeV) et al. [2] have also observed from their event-shape analysis

of central collision data ofAr + 5V that at 35 MeVA the

FIG. 4. The average number of intermediate mass fragmentgecay is sequential in nature and the onset of simultaneous
(N;ue) plotted against incident beam energy. The symbols have thgnultifragmentation decay occurs between 45 and 65 MeV/
same meaning as in Fig. 3. A. This is also in accord with Trockedt al. [3], who have
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FIG. 6. The variation of temperature of the excited system with
incident beam energy.

also observed from their analysis of reactions'ét, %0,
20Ne, and*®Ar on "Ag and °’Au, that the onset of multi- (a)
fragmentation occurs at excitation energy 300 MeV, which

corresponds to lab energy of 48 MéVfor our system. The

present study clearly shows that the three sets of data,

namely, the charge vyield, the average number of charged 1

particles and average number of intermediate mass fragments \ /

as a function of incident energy, can be described for all N 0.'0

energies at and above 65 Mé\// Thus it is reasonable to ?oo,o.ci .

conclude that onset of simultaneous multifragmentation - o-gg°go

might take place in the energy range 45 to 65 M&V/ *5%0°
The above MSU data have also been fitted byetal. / \

[16] to a power lawA[ predicted in the Fisher droplet model. W &

Combining with previous results, they find a minimum in the

value of r as a function of bombarding energy at 35 to 50 -~

MeV/A beam energy regime. They suggest that this mini-

mum might be related to a liquid-gas phase transition occur- (b)

ring around that energy. As shown above, we find in this

energy regime that the) shape occurs in the mass yield, G, 7. schematic diagram showing the geometry during and
which evolves to an exponential-like fall when the bombard-agter the collision process ifa) and (b) respectively.

ing energy is increased. Since below this energy regime, the

mechanism of simultaneous multifragmentation cannot deperature as a parameter, previously resorted to in the descrip-
scribe the data, while that of sequential binary can accourtion of proton induced heavy ion collisions has been success-
for them, it is very likely that this energy region marks a fully removed. The present study shows that the general
transition at which the mechanism of decay changes fronfeatures of multifragmentation processes encountered in high
sequential to a simultaneous multifragmentation process. R@nergy proton induced reactions and intermediate energy
cently Pan and Das Gupt48] have also found the signature heavy ion induced reactions are similar in nature. As a first
of a phase transition in a similar energy regime in a latticeapplication we have attempted to describe the recent MSU
gas model. Whether all these transitions are related at a furata on“°Ar+4°Sc for central collision at incident energies
damental level is an important question which needs furtheranging from 35 to 115 Me\W. The model can satisfactorily

work for a clear answer. describe the charge yield, the average number of charge par-
ticles, and the average number of intermediate mass frag-
V. CONCLUSIONS ments for incident energies 65 MeVand above. The study

gives the freeze-out density to be 0.22 times the nuclear mat-

In summary, we have developed a statistical simultaneouter density. The present study suggests that the critical point
multifragmentation model for the collision of two heavy at which the onset of simultaneous multifragmentation oc-
ions, based on the fireball model and spectator-participardurs lies somewhere in the range 50 to 60 MeV/A. Also there

picture, taking into account the entrance channel characterisrave been speculations that the liquid-gas phase transition in
tics. Given the incident energy and the projectile and targehuclear matter may occur in this energy range. However,
nuclei, the model predicts the excitation energy, temperaturanore work is necessary to establish this phase transition in
and fragmentation cross section without any adjustable freauclear systems and to see if it is related to the onset of
parameter except the density. The drawback of treating tenmultifragmentation processes. Application of this present
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model to a more general case of noncentral collisions will b2+ r23(AZ3— AZB)
appear elsewhere. coswt= 73 (A4)
2broAs
ACKNOWLEDGMENT The corresponding surface area of the projectilelike part
One of the authorgA.D.) acknowledges the assistance in its spherical ground state, denoted ﬁé IS given as
provided by CSIR for the present work. SgS: 4Trr§(Ap—Ap,)2’3. (A5)
APPENDIX So we have the change in the surface energy for the projec-
. tilelike part,
To calculate the change in the surface and Coulomb ener-
gies,AE, andAE, respectively, of the projectilelike and the AEs=(SPsSpgor (AB)

targetlike spectators, we consider the general case of impa&vthere is th ; Hicient

parametetb in the rangeR;— Rp<b<R;+Rp, whereR; o IS the surlace energy coetricient. .
and Rp are the radii of the target and the projectile nuclei, . The Coulomb_ene_zrgy of the projectilelike p#itpsin its
respectively. The schematic picture showing the geometr)q'smrted shape is given by

during the collision and after collision for a given impact 1 p(H)p(r")
parameter is shown in Figs(&f and 4b). The projectilelike Ecpszzf j Wd3rd3r’
spectator PS and the targetlike spectator TS will have mass

numbers Ap—Ap,) and (Ar—A+/), whereAp: andAr are  where p(r) and p(r’) are the charge distributions in two
the severed parts forming the fireball. The value#\pf and  different infinitesimal volume elements® and d3r’, re-

(A7)

Aq: are determined following Appendix 4 of RéfL3]. spectively, and the integration is carried over the entire dis-
From simple geometrical analysis we have the surfaceorted volume, which has to be calculated numerically.
area of the projectilelike and the targetlike spectat@ss ( The Coulomb energy of this part in its spherical ground
andSrg, respectively as given by state €29 is
Sps=2mr2AZ3(1+ cosap) + mr2AZ3%(1—cofap), (Al) o 3722
Ecps™ e —a 13- (A8)
Sro(Ap—Apr)

Srs=2mr2AZ%(1+ cosar) + wr2AZ%(1—cofar), (A2)
So the change in the Coulomb energy for the projectile-
where ap and a1 are defined in the figure. In terms of the like part is given by
impact parameteb these two angles are given as 0
AECc=Eps— Ecps (A9)
b2+ r3(A AT

(A3) For the targetlike part botAEg and AE. have similar

Cosxp= 173 .
2broAp expressions.
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