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Introduction

Recent years it i1s observed an tncreasing interest to the
problem of intermediate-mass fragment CIME) production in cot-
listons of energetic bombarding particies with nugtei L1-231
This interest, in particutar, has been stinulated by the works
(1=3, 7/, 104, vwhere some of the observed (MF production
characteristics, suck, Jor example, as power-law dependence of
the fragment mass or charge yetlds (o ~ A(Z)_T) and others are
related to possibie creation in nuclear ratter instabilities
and critical phenomena at excitation energies in Gev region,
Based on analyeis of available and new obtained experimental
data (mainty from proten and heavy ‘on  induced reactions),
novetl conceptions and models fer (M production have been pul
ferward in these years. Among the advanced models, one can, Jor
exampte, single cut the liguid gas phage transition model (3-9)
the cold nuciear breakup model (104, the nuclear lattice model
{111, variety o the siatistical nultifragmeniation nodels
{12-131, and o on. Special atltention hac atso  been pard o
determinaticn scurce {or sources) of LMt emission. There are
both the works fuggesting cn  IMP emission frem a fully
equilibrated remnan. {3,26-27} and thece -on essential  contre -
eution cf ror-equilibriun sources (14-17). in spite of muny
works devoted (o thies greblen there s nct, at present, cleur
understanding or the processes, leading tco IMF  jormation  and
eﬁtsston. Ihous, jor elucidation of the above prodiem, addition-

.
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al experimental and thecretical ej/or

ding stwdy ©f Irr groucciion  in reaciions  unduced by  ener-
getic electrons ana shotons, which is, unfortunatetly, almost

absent {18-Z2). in ! .. Lork we cresernt experimental data and
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their arcivsils on IMF (4SZ 2100 emission, at angles af &0, 30
; .

@ 107 : . . N R
and A0 wn et dus frt ox reaction induced by X GeV zlectrons.
Z. Exgerimental technigue
The recsurements were performed on internal bear of

Yerevan synchrotron using exgerinental set—up "e-4A~ 12337
waiiccliy shown i fig. 1. A thin (~ tund gold film , oroviding
muitigle electron beam traversals, was used as the targetl.
Frosments emittz2a from the targetl were detected (in sgolid

. R o .
cf =10 Terd by AL-E-V telescepes, each consisting of

three s.cicon semiconductor detectors of thickness 20-50, 100Q0.
and 1000 pm. s espsctively.  Tne telescepes were tocated tn the
e charser of the sel-ug, at angles of s50°. 90% and 120 1o
the dirsciien o the electron dean. The measured range nf_. the
frognent Rinetle Snergy uwag within ~ &-7 eV nuci. The accuracy
of the energy determinalion was - 5%. The fraogments were iden-
tified oy chergs wiih the resoluticn of ~ 10%, matnly  deger-
derni o A detestor ihickness noncuntforimely. Extroaction, ar-
cumntlation and preliminary  processing of the data were per-

of electronmic system operating on~line with

jorned Oy
rrcrocompurer ULLeninianca 60" 1241, Elecirons troversed

tiw ravgaet were meonitored by means of Gauss—gquantoretl=r
accastrry Cremetrahiung emitied from the targel. Lhe accurscy

of the wonltoring was ~ 157%.

2. Generc! jfeatures of the pragmenc eneirgy speclra
After perjerning datla hardling ogerations and ‘acounting

crrrections  Juch, fer example, a2 the fragment

Conizatiorn losses in the target, Adetecticr. efficiency, and



others, we have obtained the fragment energy spectra, used in

subceguent analysis. Fig. 2 shows, for example, the fragmen

energy spectra at @0%. As can be seen jrom the [figure, the
X

spectra have HMaxwell-Holtzrar-type form

decreasing tavis; avsolutle dijfsrencial
times less than corresgonding ones obtcined on proiza beams. al
bombarding energies clese to ours [i4

fragment kinelic energy ts shifted to Righsr ensrsies wits the
fragment charge. The typical dependence cof the fragment soecirn

on measured angtle 1s shown, for ¥ and N froswents. i figl ¥

<

As can be seen jrom the jigure, the frogreni =ijffsrential c:

sections decrease with ihe
that low energy cut-cf; of

al <

tained at 20 "and i1z0 ] (s

deteclors wsed ul these angles

in these parts cof the speciic.

4. Anclysre and aescripticn of th2 ‘fragment energy specira
a) dnalysis of the invariant differentict cross sections.

For ali of the meuswred fragments we have determined the

1 azo R

jragment invariant differential cress sections —— T and
Rlsg-N

pletted ti» corresponding energy spectra. {ypical dependence of
these spzctra on measured angles is shown in fig. 4 for £ and
O fregmenis, respectively. Such dependence suggesis a possibi-
lity of the i1sctropic fragment emission from a common source
(systen’, meuwing with sone transicate velocity with respect tco
laboralizry systen. o check the validity of this concept for

the fragmeviis enitied n the measured reaction and estimate the
dze

;3_ d0YiE

/¥y VL‘ cragrams for lorgitudinal and transverse fragmsnt

source  wvelooitly I8, w2 have plotted the known



velocity components, at several values of constant invariant
cross sections. Fig. 5 shows, for example, these diagrams for B
and O fragments, at 3 walues of constant invariant cross

seclions, denoted on the figure by numbers {.2.3.4s can be seen
from the figures, the dots with equal numbers lie on
semi-circles draun from the same center, shifted along W axis

on some value fle= 0.01. Similar pictures have been observed for

all measured fragments and, mcreover, the value for f3s has

turned out to be the same and equal to 0.0f. Thus, the results

of performed analysis are in agreemsnt vwith the concept ofﬁ
isotropic emission of ihe measured fragments from a common
moving source.

b)) “Angle joined” fit of exponentdlly decreasing parts

(’tatls”> of the fragment energy spectra.

For additional verification of applicabil;ty of the above
concept for the fragment emission in the measured reaction and
determination of the source velocity, it has been proposed and
performed join fit of the exponentially decreasing parts
("tails”) of each fragmeni energy spectra (at angles of 50° 90°
120°) with equation (1)

3 »
= xS O exp (- 5 0, €1

Fo T » ’
E 1

wvhere N- common (50, 90, 120°) normalization constant,
£~ fragment kinetic energy in laboratiory system

z 2
M, 3 M
= ee L2 A\fr !

cos 8 —fragment kRinetic ener-
gy tn source rest frame,

i* - translate source veloctity in laboratory system,
=



Mr—/ragment mass number (mass number of the most intensively
producing isotope of each element (3, 261D,
8C50; 907 1200)—fragment emission angle in ladboratory systenm,
T; - common (500,900,1200) slope parameter of tﬁe fragment
spectra in source frame, vhere index ! i1s used to denote
"tarls” of the spectra, and prime ('J - no accounting for
source recotl (see also: €O d3J.
The values for ﬁsand T; obtatned from this "angle joined” fit
of each measured fragment, are presented in Table !.
Table 1
The values for Bs and T; obtained from the "angle joined”

fit of exponentially decreasing parts of the fragment spectra.

Fragments (s 1 7 crnervs 2/
Be 0.0106 * 0,0008 10.5 + 0.53 0.63/10
B 0.0102 t 0.0005 10.1 £ 0.37 3.6/17
c 0.0099 t 0.0006 9.4 t 0.5 2.7/15
N 0.01 t 0.0009 9.6 t 0.9 2.9/12
o 0.014 * 0.0012 8.6 + 1.6 0.16/9
F 0.01 t 0.0016 7.4 £ 1.6 1,177
Ne 0.0092 t 0.0037 7.5 £ 3.7 0.2/4

n- number of experimental points used in the fit.
As can be seen from Table !, it s observed:
- Rather good fit of the joined ¢50°, 90°, 120°> exponentially
decreaing parts of each fragment spectra, gy eq. (12,
- Constancy of source veloctity vatue, f1s=0.0¢, obtaired from
this fit of each measured fragment spectra.
Thus, the results of this fit are also consistent Cat
least, for the fragment kinetic energies above the TCoulom&

peak”>  with the rsotropic emission of the measured fragments



from a common mouing source. Using the obtainsd value for the
source velocity ((3=0.01), we have transformed the laboratory
energy spectra of each fragment, measured at 500,900,1200, into
the source rest frame. Examples of such transformation, for Be,
B, N, O fragments are shown in figs. 6-7. As can be <cecen from
the figures, the fragment energy spectra in the source rest
frame nearly coincide with -each otker, what addilionaltly
itlustrates the tisotropic fragment emissicon from «a common

moving scource in the measured reaction.

¢) Analysis of the fragment spectra slope parameter (T;J‘

The values for the fragmenf spectra slope parameter,
obtained from the described ~angle joined 7 fit, are alse
presented in Table I. As can be seen from Table I, it is obser-—
ved some decrease of this parameter with the fragment charge
number. In the earlier work [25]1 an IMF producttion 63$2f£14) in
P + Xe +fr + X and P+Kr-» fr + X reacttions, unduced by high.
energy,protons, 1t was cbserved a linear decrease af the:
fragment specirum slope parameter CT'> with the fragment mass
number for fragments heavier than carbon (fig.8> vwhich wdis .
interpreted there as the emission of these fragments thrqugh' a
mechanism of quasi-two-body desintegration af a remnant, having
some quantity T'(apparent temperature), related to the sl.ope

parameter T by
At
o= TCI—TZ— 2, (=8
R

where Af -fragment mass number,

A -remnant mass humber.
R,

The values for, 1, obtained there had turned out to be,



TP SR T ot L O~ 4-1BMeVD for s neuasured reactions,
cid € A, cese o (~ 20 ne zon nase  Lessld the
targ - mu L nas. runber. Emission ¢  the  lighler measured
rag . cate f:f</>, however, could not! ¢ in eroreted there in
such o

g we wos also plotted the cuiationsalp between 1
(ses Tabl. £ . obtatned from the argte jowned”  fit  of
QUL €nerg. r,xut s nunber or the mnwst 1nisnsively produc-
ing .ot Cpoeo o emat (3,867 way o-ed o éf. As can be
seei. 1rov. the figows the nearly (inear us. ecfs ¢f the slope
parcreete: Z; Wits 0 fragmeiit mass nuns: Tt wiso cbserved
for our ¢ta and roreover, itncluding the lighier measured

fragments (452{(:/. Yased on the approaci suggested in (25] we
have ass.wed tha! t'.is decrease of T' iz due to two-body kine-
1

matics and approxitited Ut with equatior similar to (20

It (- A .) 32
1 ) As
where As - sourcs 1o s numbe
T1 - apppa s . temperatl s

The values fcr cogarent temgerature, 7‘,(>n a souwrce wass NUm-—
beq‘AslobtaLned 7oon such approximation, or how 1n Table 2.
' lTable 2

The values for “11” and "As” cédtawned freoc ao, roxination  with

eq. (3.

FiLZed_fragments Ti(MeV) As xz/n

Be - Ne 1.7 * 1.2 b2 + 17 0. 36,7
Be - F 12.8 £ 1.3 Bz * 17 - 0.35/6
B - Ne 12.8 r 1.6 51 rty 0. 3576
B - F 129 x 1.7 51 20 0. 3575

n —number cof the fitted fragments

As can be sgen from the Table 2, ths b0 iy value for "
fy



(i13MeV> ts close to the ones, obtained from proton induced
reactions (i4-15, 25-271, but the value for VAs” - essentially
less than the target-nucleus mass number C~ 200,
d> Description of the fragment energy spectra obtained at 90°
The fragment energy spectra measured at QO'C/ig 27 in some
extent, include low-energy part of Rinetic energies (before
"Coulomb peak™> and as can be geen from the fig.2 have Maxwell-
Boltzmann~type form, typical fpr IMF energy spectra jrom\ pro-
ton~nucleus and nucleus-nucleus induced reactions. For approxi -~
matton of these spectra at 90°; ve have followed to the concept
{3] of thermal and nonthermal contributions to IMF energy
spectra and have used the expression (4>, basically similar to
the one proposed in the cited work (3]

E* KB 4
—i-6=N —-E | 172 if as2,  * 172 * .
ARAE ( E*% 1[ £ TCE -KB-g) exp{—u:/r, HE -KB-£2/T3 Jgd;
where N - normalization constant,
e.z z f( Z —5,'*,)

B = v = - nomrinal Coulomb . barrier,
‘;[Af +ca-a3" 3

Al,Zt,Af.Z[ - mass number and charge of larget-nucleus
and fragment respectively,

-K - nominal barrier fraction,

]

ro 1.44 fermt,

v = A:é;Z‘"“ factor accounting for source recotl,

As - source mass number,

T - slope parameter (apparent temperature’,

T - temperature of fragment emittling system (source’,

& ~— fragment energy variable relatled to Fermi motion of

nucleons in puclear systen.



The expression (40 is a convolution of two Maxwell-Boltz-
mann-type disiributions, one of those with parameter 7:, at-
tributed - to “tails” of the energy speclra, accounts for
nontherpal contribution, while the other one - heating of the
fragment emitiing system (sourced to temperature Tz. The choice
of such approximation is alsoc supported by the obtained high
value for T1 (~ 13MeV>, close to those (~ 12-15MeV) for IME
specira from proton tnduced reactions [{4-15, 25-27]. 4s it was
noted in a number of works (3-5, 251, it is problematic to
consiépr such high value as a nuclear temperatﬁre, and in some
works . [3-5,28] this . parameter is related to mean square
momentum of nucleons in cold nuclear system, what s also
consistent with the observed rnearly tndependence of tRis
parameleér on bombarding energy and target wused in IMF
production reacticns (3, 8, 25].

Below, we briefly describe the fil of the fragment energy
spectra at 90°, by using eqg. (45. At first, we have performed
individual fits of each fragment spectra to obtain values for
normalization constant,N, and nominal Coulomb barrier fraction,
K. Theée fits were performed at v={, and fixed values for the
fragment spectra slope parameter, Y;, and the source wvelocity,
s (see Table 12.The values for K obtained from these fits have
turned out to be nearly tindependent on fragment charge and
egual to 0,5 close to those for IMF from proton-induced
reactions [(26-27]1. Then, at fixed values of, N,and, K, (obtained
from the individual fits), (3, and T1 (see Table 20, we have
performgd, using eq.(4>, simultaneous fit of all measured
fragment energy spectra and determined the values for muass

number, 4e, and temperature, TZ of the fragment emitting source.



The results obtained from this stmultaneous fits are presented
in Table 3.

Table 3

The values for, As and Tz obtained from simultianeous jit

of the fragment energy spectra at 90°

" Fragments fitted Ig(MeV) A (nucleon mass) xzfn
stmul taneously ®
Be - Ne 4.8 + 0.2 60 + 4.5 71/64
Be - F 4.9 * 0.3 56 * 4 6457 ,
B - Ne 4.8 + 0.3 60 * 5.2 55/64
- B - F ‘ 5 0.3 56 t 5 48,47

n-number of the fitted points.

As can be seen from the Table 3, the obtained values for,
As, are in agreement with those obtained from the fit of the
vslope parameters, T; (see Tabie 2> and the value for the source

temperature, Tz, is~ 5MeV.

Concluding remarks

The results obtatned from performed-analysis, apparently,
evicence that in the neasured € + ‘°7Au + fr + x reaction, in-
duced by 3GeV electrons, the fragments (452{510) are tisotropi-
cally emitted from some hot (Tz ~ BMeV) source, moving relative
to the laboratory system with the veloctity {3 = 0.01 and having
the size (~50—6d nucl.mass)> essentially less than target-nucle-
us one (~200). Consistency of the obtained values for the size,
velocity ard temperature of the source can be seen from the
following estimations:
1. Using the obtained values for the stze and velocity of the

source, one can estimate its momentum to be of ~ 500-600 MeV/c



t, e ~15-20% of the incident electron momentum (Pe=3 GeV.7c2,
Having in view, that considerable part of tie incident momentum
ts taken away by scattered electron in this inclusive re&ction,
such estimation for the average momentum, acguired by the
source, seems qulle reasonable. If the measured fragmenis were
emitted from a remnant having mass number close to target
nucleus one, as is apparently the case for proton-induced I1MNF
production reactions [3, 25-27}, then 1its momentum, at the
determined velocity (f3s =0.010, would amount to ~ 70% of the
treident electron momentum, what seemed not probable.

2. The obtained value for the source temperature 1is -~ 5SMe¥.
Using the thermodynamical relationship between excitation
energy U* and temperature 7T,

U = aar ? gy

where a- level dencity parameter ( 1/10),

A- mass number of nuclear system,
one can estimate, that at the obtained values for the mass
number (~ 50-60 nucl.mass) and temperature (~ 6MsV> of the
sourée, tts excltation energy is ~ (25-150MeV, which (s in
agreement with the one (~ {30MeV) resulting from our cascade
calculations of the reaction, by using the program presentied
in (291, It should be also noted, that at present we complete
analysts of our data ocbtained tn the study of the same reaction
induced by 2 and 4,5 GeV electrons. The results of this

analysis, wvhich will be published, also support the ones

described here.
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Figure captions

Fig.!.Schematic view of the experimental set-up "e—A”.

Fig. 2. Laboratory energy spectra for Lu through Mg fragments
emitted at angle of 90° in e+'”’ Ausfr+x reaction induced
by 3GeV electrons. Cross sections have been rultipliied by
factors indicated on figure. In this and subsequent fi-
gures only statistical errors of the differential cross
sections are given. The dashed curves represent the
described fits (see 4d) O of the spectra by modified
Maxuwell-Boltzmann distridbutian accounting for thermal
ard nonthermal contribution to the fragment energy
spectira.

fFig. 3. Laboratory energy .spectra for B and N fragments at angles
50°, 90°,and 120°.

¥ g. 4. Spectra of the invariant differential cross sections for
B and U fragments at angles of 50°, 90° and 120° in labo-
ratory system.

Fig. h.FPlot of the {nvariant cross-sections for B and O frag-
menis wn the Va ¥V ) ptane. Three values of the cross
czcions differing  from each oither by a factor of 2 are
o esented. Center of semicircles passing through the dots

Cthoroust nuwnlbelrs LS chifled acong ¥y axis on the same

e o=l O



Fig. 6.

Fig.7.

Fig. 8.

Energy spectra for B and N fragments at angles of 50°,
90°, and 120° Cin laboratory systemd transformed to the
source rest frame by using determined value of the source
velocity (3s=0.01.

Energy spectra for Be and O fragments at angles 50°, 00°
and 120° (in laboratory system? transformed Lo the source
rest frame by using determined value of the source velo-
city f3s = 0.01.

The dependence of the fragment spectra stope parameter T;
on fragment mass number Af obtatned from the analysis of
our data with dashed line representing the fit of T; by
eq. T; = L(1- AF/4sd>. For comparison, stmilar dependences
obtained in the work (51 are also shown (dashed lines

are drawn to guide the eyes).
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Preprint YerPhRI-1431C1>-95

SOURCE OF INTERMEDIATE-MASS FRAGHENT :EMISSION, 45 Z_ <10,
IN THE INTERACTIONS OF 3GeV ELECTRONS WITH ““Au. NUCLEI

G. £. Markaryan, G.M. Atvazyan, H.V¥.Badalyan,
0. M. Beglaryan, H.G.Zohrabyan

The energy spectira of intermediate = mass fragmentis, ‘4Sf2
% 10, emitled at angles of 50, 90, 120°in the e + 197Au +fr+ x
reaction induced bty 3GeV electrone are gpresented and analyzed.
The measurements were carried aut on internat beam af Yereuvan
synchrotron by using .semicanductor:: :telescope technigue. The
range of the measered.fragment. Rinetic enaergies was within.~ 2-
~7 MeV/nucleon. The perfarned: deinematicat analysis of the frag-
ment energy spectra...and- their: analysis based on . modified Max—
well-Boltzmnann distrilnutions accounting for thermal and nonthe-
rmal contributions ta the specirg suggest on disatropic emission
of the fragments  -from qucommonn : hat . moving (source. which ts
. essentially less, ~ H0-60: quuclear mass, than the téargei-—nucleus
. used. The values for:thamelocity.and. temperature af the saurce
obtained from the aralysts are: fis = 0.0f 0.00!, T.4 5Me¥. The
obtained value for the.;fragment spectra slapea garametar tappar-
ent temperature) ~.fL3Me¥ is.consistent with daminanting rnanthe-

rmal contributian to the high energy parts af the spectira.

Yerevan Physics Institute
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