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I. INTRODUCТION 

In this paper we report on resu1ts of measurernents of the 
· · f 3 н 3 н d 4 н · 4н 11 · · · h · ern~ss~on о • е. an е ~n е со ~s~ons w~t var~ous 

nuc1ear targets: 9 ве • 12 с. 27 Al • 64cu. 108 Ag. and 197 Au at а be­
arn kinetic energy of 3.33 GeV per nuc1eon . Тhе inc1usive cross 
sections l1ave been rneasured at three ang1es е =45 ° .90° and 135 ° . 
Тhе ernitted fragrnents have been detected for energies of 20-
180 MeV for Z = 2 fragments and ID-70 MeV for tritiurn. 

The ernission of fragrnents in high energy co11isions has been 
studied over а long period of tirne.s ee Refs.l-3 and references 
therein. Тhе rna jority of experirnents have been perforrned with 
hadroп bearns / 1-5/, but in the 1ast decade it becarne possiЬle 
to acce1erate ions to an energy of а few GeV per nuc1eon and 
to study fragrnent' production in nuc1eus- nucleus interactions/б-IO.f. 
For review of nuc1eus-nuc1eus ·co11isions at high energy and an 
extensive 1ist of references see / ll /. 

A1though the experirnenta1 situation seerns to Ье quite good. 
our know1edge of fragrnentation processes is not satisfactory. 
There is а cornrnon consensus that the ernission of the s1owest 
fragments. those wi th an enerfl of а few MeV. is dorninated Ьу 
the evaporation rnechanisrn 112· 1 proposed Ьу V. Weisskopf. 
In this rnode1 the excited nucleus resernЬles а hot drop of 1iquid 
which evaporates to decrease its energy. Тhе ternperature of such 
an excited nuc1eus is а few MeV. and it cannot significant1y 
exceed the binding energy per nuc1eon since the excited nuc1eus 
is assurned to Ье rnetastaЬle. -

On the other hand. а variety of rnode1s has been proposed 
to describe the ernission of fast fragrnents with energy per nuc­
leon greater than 30 MeV. The cross sections for proton ernissi­
on can Ье reproduced in а wide c1ass of cascade rnode1s / 14-17/ 
where а nuc1eus-nuc1eus interaction is а superposition of had­
ron-h3dron co11isions. Light nuc1ei are produced due to а coa-
1escence mechanisrn / 18-221, fina1 state interaction~ of nuc1eons 
with a1rnost equa1 rnornenta. The defect of the coa1escence rnode1 
is that re1ative yie1ds of fragrnents are unpredictaЬle since 
coalescence radius is а free parameter of tl1e rnodel. А simul­
taneotts description of the emission of nuc1eons and co~osite 
fragrnents is off ered Ьу statistica1. hydrodynarnical/23- 5/ 
and therrnodynarnica1 / 2б-3О / mode1s. In these mode1s the assump­
tion of chemica1 equilibriurn makes it , possiЫe to predict re1a­
tive yie1ds of all produced.e1ernentary and cornposite.particLes. 
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The aim of this paper is to consider fragmentation processes 
in the intermediate energy region of secondaries . We have cho­
sen three fra~ents: 3 н, Зне and ~е. An internal structure of 
two of them (Н and 3Не) is very similar while the structure 
of ~е is significantly different from the others. Thus, compa­
rison of spectra of these ions can Ье helpful to differentiate 
mechanisms responsiЬle for the emission of light fragments. 

II. EXPERIMENT 

The experiment has been performed at an internal beam of the 
Dubna s~nchrophasotron. The target has been placed inside а va­
cuum chamber of the accelerator. Secondaries have been registe­
red Ьу а telescope of six semicoductor detectors. The absolute 
monitoring of the beam has been reached Ьу detecting deuterons 
knocked out of а deuterized polyethylene (CD2) foil due to 
elastic interactions with incident nuclei. А goьd knowledge of 
elas tic cros s sections made it possiЬle to determine absolute 
values of the fragmentation cross sections under study with an 
error of less than 20%. А detailed description of the experi­
mental set-up and technical proЬlems ' c~n Ье found in Ref.ЗI. 

111; QUALITATIV~ FEATURES OF SPECTRA 

In figs. 1, 2 , 3, 4, S,and б are shown the spectra measured 
in this experiment*. They have the following features: 

1 ' 

- The form of the inclusive cross sections is not exponential. 
So, the spectra cannot Ье described Ьу а single Weisskopf/12/ 
or Maxwell-Boltzamann ~istribution. 

- The anisotropy of the spectra increases with fragment ener-
gy. 

- The absolute values of the cross sections significantly 
increase with the atomic number of the target. 

- For heavy targets the cross sections· for 4 не emission with 
an energy less than \00 MeV exceed those for 3 не emission. 

IV. VELOCITIES AND TEMPERATURES OF SOURCES OF ТНЕ FRAGМENTS 

Assuming the existence of а souFce, which emits fragments, 
the anisotropy of fragment spectra can Ье treated as а measure 
of а longitudinal velocity of the source. This velocity can Ье 

*Тhе taЬles containing the numerical values of cross sections 
can Ье found in Ref.З2. 
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Fig.l. The invaPi~nt cPoss sections of 3 не and 4 не 
emission in 4 Не- 197 Au and 4 Не- 9 Ве coUisions at () =45° ~ 
90° and 135° vePsus fPagment kinetic enePgy. The ep­
POPS of individual point s (statistical and systemati­
cal) аРе i ndicated in the figuPe. The aЪ~olute noPтa­
lization еРРОР is 20% . The fiPestPeak model pPedicti­
ons (solid and dashed lines) аРе noPтalized at Т= 
:= 100 MeV. 

estimated applying the following procedure. We determine the 
energies for which the values of Lorentz invariant cross sec­
tions are equal at different angles. Assuming that these ener­
gies, different in the LАВ system, correspond to the same ener­
gy in the СМ of the source, we can find the velocity ~ of the 
source for each pair of spectra measured at different angles. 
For this analysis we have used no experimental points but the 
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Fig . 2. The invariant 
cross sections of 
4Не emission at е = 
= 45° in 4не collisi­
dns wi th 9 Ве 12 С" 
27 Al .. 64cu" losлg and 
197 Au versus frag­
ment energy. The er­
rors of individual 
points (statistical 
and systematical)are 
indicated in the fi­
gure. The aЬsolute 
norтalization error 
is 20%. The firestre­
ak model predictions 
(dashed lines J are 
norтalized at т = 
= 100 мео/. 

1 

curves fitted to the experimental spectra. In Fig.7 are shown1 

the values of ~ for different LАВ energy of the fragment emit­
ted at (J = 90°. Because there are spectra at three angles. in 
our experiment, we have determined ~ three times for each pair 
of angles. The lines pr esented in the figure correspond to the 
average values, and the "errors" are differences bet.ween the 
average and maximal (minimal) values. It is seen that the frag­
ments with higher energies are emitted Ьу the source with, on 
the average, hi gher velocities. Let us observe а very striking 
feature of the sources. Their velocity does not depend on the 
target. When the target mass is changed Ьу а factor of 22 (from 
9ве to '197Au), the velocity as а function of fragment energy is 
practically the same. 

· То estimate the temperatures, т0 of the sources, we have 
fitted the spectra at 90° with the formula 
• d

3 а * V -Т* 
Е-- = С Е ехр ( --- - ) 

d3p То (Т*) ' 

where Т* is fragment kinetic energy in the СМ of the soнrce. 
Е and Е* denote total fragment energy in LAB and СМ, respecti-
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Fig . 3. The i'nvariant ~ 
cross sections of 3не ~ 
emission at (J = 45° ~ 
in 4 не collisions ыith ~ 
9ве" 12 с" 27лl" б4 сu" ~, 
I08Ag, and l97Au ver- ~ ~ 
sus fragment energy . -ош -о 
The errors of indivi­
dual points (statis- 1 

tical and systemati­
cal) are indicated in t 
the figure. The abso­
lute norтalization er­
ror is 20%. The fire­
streak model predic­
tions (dashes lines) 
are norтalized at Т = 
= 100 MeV. 
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vely. Because the spectra cannot Ье described with а single ex­
ponential function, we have assumed the linear dependence Т0 
on Т*. For emission angle (J = 90 ° , Т* = Т + m~ 2/2.We have used 
linear parame.trization for f3(T), namely, 

f3 = 0.0005 · Т + 0.02 for 3 не ~ = О.ООО4·Т + 0.01 for 3 Н 

f3 О.ОООЗ ·Т + 0.01 f or 4 не. 
Coulomb barrie-r, V, has been found according to the formula 

2 Z1 ( Z 1 - Zr) е 
v 

r((At - Ar )1 / 3 + л; /з) . 

( 1) 

where r = 1. 4 fm and "f" denotes fragment parameters. In Fig. 8 
we show 'IO as а function of Т. It is seen that the temperature 
increases with the energy of emitted fragment. For 4не emission 
т (Т) is simi lar for all targets, while for 3н and 3 не we obser-· 
v~ а systematic increase of the temperature with the target mass. 
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V . А ROLE OF EVAPORATION 

Fig . 4. The invariant 
. cross sections о{. ЗН 

emission in 4не- 97лu 
collisions at 8 =45°J 
90 о and 135 о versus 
fragment energy . The 
errors of individual 
points (statistical 
and systematical) are 
indicated in the fi­
gure . The aЪsolute 
norтalization error 
is 20% . The firestre­
ak model P.redictions 
(solid and dashed li­
nes ) are normalized 
at Т= 50 MeV. 

In the previous section we have found that the temperatures 
of some sources exceed а value of 10 MeV~ This means that eva­
poration can contribute онlу to а soft part of the spectra. 
In our opinion, higher temperatures are not realistic from the 
point of view of the evaporation model to the assumption of me­
tastability of an excited nucleus. Let us discuss а role of eva­
poration ·more carefully. 

In the framework of the evaporat i on model1 12• 131 the probabi­
lity, Р(Т*), of emission of а fragment with energy Т* can Ье 
approximated in the rest frame of emitting nucleus Ьу the for­
mula 

Р(Т*) = C(l- V*) 8(Т* - V) ехр(- ТТ* ), 
т о 

(2) 

(1 - V/T"') 8(Т*- V) is а classical penetrating factor and С is 
а constant. Using the formnlae (1), we have transformed (2) 
from СМ to LАВ. In figs.5 and 6 we present the spectra of 3 не 
and 4 Не emitted in collisions with 12с and 1°8Ag . For the 1 2с 
case we have taken the experimental value of the evaporation 
temperature1341, while for 108Ag we have got the maximal, in 
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Fig . 5. The invariant 
cross sections of 
3 не an<} 4не emissi ­
on in ~е-12 с col­
lisions at 8 = 90 ° 
versus fragment ener­
gy. The experimen­
tal points J 

are taken from Re{ 
33. Весаиве 2н- 1 с 
collisions have Ъееп 
studied in1331, the 
points are renorтa­
lized according to 
the experimental 
dependenceJ namely 
л2/3. The evapora­
tibn curves (dashed 
lines ) are norтali­
zed at Т = 10 MeV. 
The firestreak model 
predictions are nor­
malized at Т = 
= 100 MeV. 

opinion, value т0 = 10 MeV. Normalization of the evaporation 
model predictions is arbitrary. It is seen that the contribu­
tion of evaporation is more important for light targets. In the 
case of ЗНе emission from heavy targets the evaporation seems 
to Ье negligiЪle in the fragment energy under consideration. 
For all targets the contribution of evaporation is bigger for 
4не than for 3 не . The above observations agree with the systema­
tics of fragmentation cross sections performfd for low energy 
nuclear collisions / 351 . It has been shown135 that, in agreement 
with the evaporation model, а fragment emission cross section 
crucially depends on reaction energy which, in particular, ma­
kes favouraЪle emission of strongly bound system iike 4 Не. 

\' I • RAТIO OF YIELDS OF 3Н AND 3Не 

In Fig.9 we present the ratio, R. of the yields of 3 Н and 
3 Не as а function of fragment energy in an interval of 2D-70 MeV. 
Тhere are three emission angles 45° , 90° , and 135° and three 
targets 12 с, 108 Ag, and 197Au. It is seen that the ratio decrea-
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Fig . 6. The i nvar iant 
cross sect ions of 3Не 
and 4 Не emission in 
4не-IОо Ag collisions 
at О = 90 о versus 
fragment energy . The 
error s of individuaZ 
points (s tat i sticaZ 
and sys t ematicaZ ) are 
indicated in the fi­
gure . The absoZute 
norтa Zization error 
i s 20% . The evapora­
tion curves (dashed 
Zines) are norтa Zized 
at Т= 20 MeV. The 
f i restreak modeZ pre­
dicti ons (soZid Zines) 
are norтaZized at 
Т = 100 MeV. 

ses with fragment energy for the heavy targets, and it is fair­
ly constant for 1 2с. Let us notice that the ratio does not de­
pend · cwithin the experimental errors) on angle, while the spect­
ra, in the energy interval under consideration, are far from 
isotropy. 

The energy distribution of fragments, Р,(Т~. emitted from 
the nucleus, being the source of the electrostatic Coulomb fi­
eld, can Ье factorized in its rest frame in the following way: 
Р(Т*) = g(T*) f(T*), where g(T*) is the penetrating factor desc­
ribing the influence of the Coulomb barrier and f(T*) is the 
energy distribution of fragments in the absence of electric 
field. In analysing the ratio R, we have not used the classi­
cal penetrating factor quoted previously but а more realistic 
semiempirical function found in studies of the reverse proces­
ses of compound nuclei formation/~/ , 

g (Т*) = ( си 1 T*)ln (1 + ехр ( 211 (Т* - V) 1 си)) , 

where V and си are the height and curvature of the parabolic po­
tential barrier for s -wave. Deformation effects of nuclei are 
taken into account Ьу considering the barrier V to have а uni­
form distribution of values between V- ~ and V + ~ . We have taken 
the values of parameters from Rеf.Зб. 
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lomb f ie ld i s at -· 
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source wi th а con­

stant velocity of 0.05 с . The normali zation of Ъoth curves is 
arbitrary Ъut the same f or all ang l es . The indicated errors 
contain uncertaint ies of absolute normali zation . 

It is reasonaЬle to assume in the small interval of Т* the 
fun·ctions f(T* ) for 3 н and Зне are the same up to the constant 
factor с related to а surplus of neutrons in heavy nuclei. 
Thus, in the rest frame of the Coulomb field (Т * = Т) the ra­
tio R is expressed as follows: 

R = с g 1 (T) / g
2
(T), (З) 

where gl and g2 are the penetrating factors of 3 Н and 3 Не, 
respectively. As is shown in the paper 1B1 and what is confirmed 
Ьу our data, с is about 2 + 3 for а heavy target like 197 Au, 
while simple combinatorical arguments give no more than 1.5 18/ 
Тhе explanation seems to look as follows/ 37 • 81 _ The number of 
neutrons and protons for 3 Н and 3 не formation are reduced Ьу 
those nucleons which fall in other fragments, mainly 2 н and 4Не. 
Because the numbers of n and р are equal in these ions, the ra­
tio of neutrons to protons deposited for 3 Н and 3 Не formation 
is greater than in the emitting nucleus. Unfortunately, it is 
not easy to convert this comprehensiЬle argumentation into mo­
del-independent result. So, in our later considerations the con­
stant coefficient с is arbitrary. If the ratio R were considered 
in а wide interval of fragment energy, it would Ье incorrect to 
assume that с does not depend on fragment energy. Тhе proЬlem is 
that the above mechanism depends on the temperature of the emit­
ting source. When the temperature increases, the formation of 
composite fragments is suppressed and an amplification of the 
effective neutron to proton ratio is weaker. For fast fragments 

10 

it is experimentally shown that the ratio is compatiЬle with 
the neutron to proton ratio in an initial colliding system151 

The solid lines in Fig.9 are found according to the formu­
la (З) assuming that the source of the CoulomЬ field, the tar­
get nucleus as а whole, is at rest in LАВ. In addition, we have 
assumed that the numbers А and Z of the emitting nucleus coin­
cide with those of the target. The dashed lines are found ta­
king the velocity of the Coulomb field equal to O.OSc. It is а 
typical value of the velocity of fragment source being conside­
red in chapter IV. 

Тhе fact that an agreement with t~e data is better; when the 
source of Coulomb field is assumed to Ье at rest in LAB, can Ье 
interpreted as follows. 3н and Знеаrе not emitted Ьу the nuc­
leus as а whole (evaporation mechanism), but the fragments are 
emitted Ьу а small object which moves inside the nucleus. Тhus, 
the velocity of а nucleus as а whole is much smaller than the 
velocity ef а fragment source. 

VII. At DEPENDENCE 

In Figs. 10, 11 and 12 we present the dependence of invariant 
cross sections measured at е = 90 ° on the target mass for dif­
f erent values of fragment energy. It is used to parametrize the 
At-dependence on the form: 

3 
Е~= сА~ (4) 

dзр 

with а independent of At. For 3 н and 4 Не the above parametri­
zation can Ье applied while for 3 не а changes with At. As is 
seen, in this case the experimental points do not lie on а 
straight line in the logarithmic scale. For 3 Не emission we 
have applied (4) for middle mass targets (Al, Cu , Ag). Тhе va­
lues of а are given in the figures. For the emission of all 
fragments а significantly increases with fragment energy. 

VIII. COМPARISON WITH ЦШ THERМODYNAМICAL ~IODEL 

According to the previous sections, it is very natural to 
apply the thermodynamical model for .description of fragment 
emission, for soft fragments (energy lower than 50 MeV) the 
old evaporation model and for more energetical fragments the 
nuclear fireball type models. In comparison with experiment 
many variations of the original fireball idea12б/ have been 
used. А thermodynamical content in each of these models is the 
same, only geometrical parts differ. All these models exploit 
t he so-called "participant·-spectator" picture of nucleus-nucleus 
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Fig.lO. The invariant 
cross sections of 3 Н 
emission for four vaZues 
of fragment energy ver­
sus target mass number. 
The indiпated errors 
contain uncertainties 
of aЪsoZute normaZiza­
tion. The soZid Zines 
are А~ fits. 

Fig.ll. The invariant 
cross sections of 3Не 
emission for four vaZu­
es of fragment energy 
versus target mass num­
ber. The indicated er­
rors contain uncertaiп~ 
ties of aЪsolute norma­
Zization. The solid Zi­
nes are А~ fits. 
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Fig.12. The .invariant 
cross sections of 4 не 
emission for four vaZues 
of fragment energy ver­
sus target mass number. 
The indicated errors con­
tain uncertainties of ab­
soZute normaZization. 
The soZid Zines are А~ 
fits. 

interactions. In this picture the only nucleons (participants) 
which interact are those from the overlapping region of colli­
ding nuclei. The rest of nucleons (spectators) fly off after 
collision with essentially unchanged velocity. The firestreak 
model/ 27/ is one of the most ~opular and quite successful in 
describing experimental data 28- 30/. In this model the interac­
tion region is broken up into infinitesimal collinear streaks. 
Collisions between the streaks occur independently. The interac­
ting objects form high1y excited riuclear matter which reaches 
thermal and chemical equilibrium. Тhе fireobject expands to some 
critical density and decays as an ideal gas. Our firestreak 
calculations concerning secondary protons are described in 
Ref.ЗO. То find the spectra of composite fragments, we have used 
the coalescence formula/ 18-221: 

3 Ас 3 р Zr 3 n А -z 
Eda =C[EQ_a_l ·[E _il_Q_] с с 

d3p d3p d3 р 
(5) 

where the cross sections of fragment Ar and nucleons n and р 
are taken at the same momentum per nucleon. С is а constant as 
а function of fragment momentum. Тhе idea of coalescence can Ье 
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treated dually: as а physical concept describin~ the forrnation 
of cornposite particles or as а well verified 138· 9 / experirnen­
tal law apart frorn the interpretation of final state interactions 
leading to fragrnent forrnation. It should Ье rernernbered that the 
assurnption of chernical eruilibriurn also leads to the approxirnate 
power law forrnula (5)/~ . То irnprove an agreernent with the da­
ta, the spectra of protons and neutrons are assurned to Ье diffe­
rent due to Coulornb barrier effects. Narnely, it has been assu­
rned that the rninirnal ternperature of а fireobject, which is suf­
ficient for ernission of neutron is 9 Mev/14/, while the rninirnal 
ternperature for proton ernission is 9 MeV plus ~ Vc, where Vcis 
the value of Coulornb barrier for proton ernission frorn target 
nucleus. (The fragrnents in our experirnent carne, of course, frorn 
the target fragrnentation region). Because the coalescence radii 
(hidden in constant С in the forrnula (5)) are not precisely 
known and the results strongly depend on their values, the ab­
solute norrnalization of the rnodel predictions is arbitrary in 
our considerations. In Figs. 1, 2, 3, 4, 5,and 6 we show the 
firestreak rnodel predictions. It is seen that for fragrnents with 
energy greater than 50 MeV the rnodel reasonaЬly agrees with our 
data. То describe slower fragrnents, the evaporation should Ье 
added. 

IX. SUММARY AND DISCUSSION 

Let us surnrnarize our results. 
If one assurnes the existence of an intermediate object which 

is responsiЬle for fragrnent ernission in high energy nucleus­
nucleus collisions, the velocities and ternperatures of the objects 
increase with an energy of ernitted fragrnent. More precisely, 
on the average, rnore energetical fragrnents are ernitted Ьу the 
sources the velocities and ternperatures of which are greater. 
Тhе velocities of ernitting objects seern to Ье independent of 
target, while ternperatures increase with target rnass. We have 
found that the ternperatures and velocities of the sources ernit­
ting different kinds of fragrnents with, on average, equal ener­
gies are not the sarne. For exarnple, the velocities and ternpera­
tures of the sources emitting 4 Не are srnaller than those of the 
3Не sources. At first sight this fact could Ье treated as an 
arguщent against the hypothesis of therrnal and chernical equilib­
riurn. However, it is not the case because we choose different 
types of collisions detecting 4 не or 3не. Тhе detection of 4 Не 
is likely to Ье the way for triggering srnall excitation events. 
Тhus, inclusive experirnents cannot give the answer to such ques­
tions as that of chernical equilibriurn. 

We have shown that the evaporation rnechanisrn can Ье irnportant 
for the ernission of fragrnents with energy less than 50 MeV. 
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Considering the ratio of the yields of 3Н and 3 Не, we have 
found that the existence of nonreduced Coulornb barrier seerns 
to Ье cornpatiЬle with our data. Тhis result is in di'sagreernent 
with t hose reported in Refs.2-4 and б where it has been argued 
an irnportant reduction (about 50%) of the Coulornb barrier in 
high energy interactions. It should Ье underlined that our ana­
lysis is rnodel-independent while in the quoted papers it has be­
en assurned that experirnental spectra can Ье described Ьу the 
single (Ьу two in Ref.б) Weisskopf of Maxwell-Boltzrnann distri­
bution. In chapter IV we have shown that the experirnental spect ­
rurn is а superposition of rnany distribut i ons with different ve­
locities and ternperatures. If one tries to fit such superposition 
with the single distribution, the value of ternperature found Ьу 
fitting is deterrnined Ьу the hottest sources what leads t 'o an 
underestirnation of the Coulornb barrier. · 

We ha~e discussed the At dependence of fragrnent production. 
As in other exper i rnents we have found that the At dependence 
is stronger for fast than for slow fragrnents. 

At the end of our paper we have cornpared our data with the 
predictions of the slightly rnodified firestreak rnodel. А rea­
sonable agreernent has been found for fragrnents with energy grea­
ter than 50 MeV. The yield of slower fragrnents, particularly 
4 Не, is.as one can expect, underestirnated because а rnain contri­
bution to such fragrnents cornes frorn the evaporation. 
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