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Light fragment production in the interaction of 84 Mev/nucleon '~C with Pb
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Using a CR-39 plastic track detector, it is proved that the low energy light fragments (5 &Z &26)
produced in the interaction of 84 MeV/nucleon ' C with a Pb target originate predominantly from
the binary breakup. The characteristics of light fragments and their corresponding heavy partners
have been determined. The dependence of measured parameters on the atomic numbers of light
fragments is observed. The obtained values of the velocity of the c.m. system of fragments indicate
that high longitudinal momentum transfer to the target is characteristic for this reaction channel.
The data are consistent with the assumption that at the energy used in this experiment the projectile
is stopped in the target nucleus.

I. INTRODUCTION

The production of low energy light fragments (with
typical atomic numbers 3&Z &26) is a phenomenon
characteristic of interactions induced by intermediate and
high energy projectiles. These fragments are considered
to be the products of target fragmentation, in contrast to
the light fragments, with velocities close to the beam velo-
city, which are the products of projectile fragmentation.
Target fragmentation has been studied mainly in inclusive
experiments. ' " Only recent experiments at high ener-
gies' ' provided the detection of light fragments in coin-
cidence with the fast light particles. The mechanism (or
mechanisms) of the production of low energy light frag-
ments is not explored and understood enough. Various
theoretical assumptions have been made to explain this
process. In most of the theoretical considerations, the for-
mation of an equilibrated hot zone was supposed. In this
way the production of light fragments was explained by
emission from a thermal source. ' ' ' Relying on the
experimentally obtained light fragment mass yields in
high energy proton-induced interactions, the Purdue-
Fermilab collaboration proposed a connection between
light fragment production and the liquid-gas phase transi-
tion in nuclear matter. The target fragmentation has
more recently been interpreted in this manner by others as
well. ' ' A different interpretation of the fragmentation
process is based on a model ' ' in which the fragments
are supposed to be the products of the cold, nonequilibri-
um breakup of spectator residues. It was assumed that
the nucleons from the initial fireball enter the cold specta-
tor matter and deposit energy and momentum. This leads
to a global destabilization of the spectator matter and fi-
nally to its breakup.

At intermediate energies, the emission of low energy
light fragments was examined in some recent studies.
The results of these inclusive measurements were mainly
analyzed assuming the emission from a thermal
source. ' *" Comparison with the cold breakup model has

been made by Fields et al. ' It was established that the
exclusive measurements of light fragments and heavy resi-
dues or target remnants are necessary for a better under-
standing of the fragmentation process.

In our experiment we studied the production of nuclei
with atomic numbers 5&Z &26 in the interaction be-
tween 84 MeV/nucleon ' C and a Pb target by using a
CR-39 plastic track detector. Our experimental setup per-
mitted us to study the correlated production of all frag-
ments, in 4m geometry, with atomic numbers Z & 5 in a
single interaction.

In this way it was proved that the light fragments ori-
ginate mainly from binary breakup. We have measured
the atomic numbers, angular distribution, and distribution
of energy per nucleon (velocity) of light fragments with
atomic numbers 5 &Z & 26 and their corresponding heavy
partners. The results of these measurements are presented
and compared with the predictions of some theoretical
models. The data concerning linear momentum transfer
are also presented and discussed.

II. EXPERIMENT

In our experiment we used the stacks arranged as
shown in Fig. 1. The Pb target (97.69% isotopically
enriched) was vacuum evaporated on sheets of a CR-39
detector (produced by Homolite Wilmington). The free
surface of the target was then covered with another CR-
39 sheet. In this way the target was sandwiched between
the two detector sheets, which enabled detection of the re-
action products in 4m geometry. The dimensions of the
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FKJ. 1. Schematic diagram of the stack.
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CR-39 sheets used were 50X 50 X0.5(1) mm. The
thicknesses of the lead target varied from stack to stack
between 0.7 and 0.8 mg/cm . To prevent a change in the
recording properties of CR-39 due to high temperatures,
the cooling of the detector sheets was applied during the
evaporation of the target layers. The third sheet of CR-39
was used as a beam monitor. The detector sheets were
mounted on a plexy holder with six screws (1 mm) and be-
cause of that they could be put back in the same position
after track etching. In this way the correlation between
emitted fragments was preserved.

The prepared stacks were irradiated with a normal in-

cident 84 MeV/nucleon carbon beam at the CERN-SC
(Geneva). The total number of incident particles varied
between (0.35—1))&10 for different stacks. The uncer-
tainty in the beam intensity determination was -7%.

After irradiation the target layers were removed by dis-
solving in 30% HNOi. The track etching was carried out
in 6.25K NaOH at 70'C in a mechanically stirred bath.
We employed the method of successive etching. The
durations of the etching periods were 1, 3, and 5 h. The
parameters of the tracks of heavy products (such as fis-
sion fragments, heavy fragmentation partners„or spalla-
tion residues) were measured after 1 h of etching. The
measurements on the tracks of light products (for exam-

ple, light fragmentation partners) were mostly done after
3 or 5 h of etching. Such durations of etching periods
were chosen to get fully developed (finished) tracks so that
the method of identification of fragments described in
Ref. 22 could be applied.

Scanning and measurements have been done with an
optical microscope under magnification of 53)&8 and
100X 8, respectively. Our scanning revealed the following
types of events: (1) events characterized by the presence
of one target fragment in the exit channel, (2) events
characterized by the presence of two correlated target
fragments, (3) events characterized by the presence of
three target fragments in correlation. The projectilelike
fragments were observed after 3 or 5 h of etching because
of their large track induction time (Tind). The projec-
tilelike fragments with Z & 3 were observable in our
experment.

From the measured parameters of the finished tracks
the range (8), mean etch rate ratio ( Vr/Vq), and emis-
sion angle with respect to the beam direction (8) were
determined for each target fragment. The mean etch rate
ratio is the ratio of the mean etch rate (Vr) along the
track to the bulk etch rate ( Vii) Vii

——1.35 pm/h for our
etch conditions. From the values of R and Vr/Vs, the
atomic number ( Z) and the energy per nucleon ( E/2 ) of
products were determined as described in Ref. 22. Essen-
tially, the method is equivalent to the experiments using
AE and E counters which allow the determination of the
Z and E of fragments. The available charge resolution
according to the calibration results (taking into account
errors in the determination of 8 and Vr/Vii ) was b,Z & 1

for fragments with Z & 30, hZ & 2 for heavier fragments
with energy E/A & 0.5 MeV, and b,Z &4 for heavy frag-
ments with energy E/A &0.5 MeV. The maximum error
in the determination of angle 0 was 5 deg; on an average,
this error was -2 deg. The classification of events in dif-

ferent reaction channels was made after the product iden-
tification using criteria based on the characteristics of ob-
served target products.

Due to the detector characteristics and the etch condi-
tions used in our experiment, the protons and ions with
Z=2 having an energy per nucleon (E/A) & 2.5 MeV did
not give observable tracks in CR-39. Also, very peri-
pheral interactions resulting in targetlike fragments with
extremely small energy could not be observed. For other
reaction products there was a decrease in detection effi-
ciency in the vicinity of the angle of 90 deg with respect
to the beam direction. There are two reasons for this:
thickness of the Pb target used and the "critical an-
gle" of the incoming product. The influence of target
thickness on the detection efficiency is strongest for low

energy ions. For the thicknesses of targets used in this ex-
periment the detection efficiency at an angle of 85 (and 95
in the case of detection in A. geometry) deg was about
37% for ions with E/3=0. 1 MeV. At the same angle
the efficiency was 100% for products with energy
E/A &0.4 MeV.

The fission fragments, spallation residues, and heavy
fragmentation partners have critical angles at 0—2 deg
with respect to the detection surface, i.e., 88—90 (and
90—92) deg with respect to the beam direction. For the
light fragmentation products (i.e., products with atomic
numbers 5 &Z &26) in the energy region relevant to our
experiment (0& E/A &6 MeV), the critical angles varied
between 85—89 (and 91—95) deg depending on their ener-

gy and atomic numbers. Taking into account the experi-
mentally obtained energy and angular distribution of
products, it can be shown that a maximum 10% of the
emitted spallation and a few percent of fragmentation and
fission products were undetected because of their stopping
in the target and the critical angle effect. In any case, the
uncertainties in our results due to losses of reaction prod-
ucts in the target and critical angles are small in compar-
ison with other uncertainties.

III. RESULTS AND DISCUSSION

Our results directly show that in the interaction of 84
MeV/nucleon '2C with Pb, target fragments with atom-
ic numbers 5 & Z & 26 predominantly originate from
binary breakup. The measurements revealed that a frag-
ment with 5&Z&26 was always accompanied by one
heavy fragment (36&Z &77), except in a very limited
number of cases when two light target fragments
(3&Z &20) were found in correlation with one heavy
fragment (30 & Z & 70). Two groups of binary events with
atomic numbers of lighter fragments Z =24—26 were ob-
served. One group fulfilling the kinematical requirements
for fission was classified in this reaction channel, and the
other group not fulfilling these conditions was taken as a
contribution from the fragmentation process. The
analysis included 750 binary fragmentation events with
the atomic numbers of lighter products 5&Z(26. The
measured cross section for production of such events was

oz ——830+70 mb (or about 20% of the total reaction cross
section). According to our results, the events with three
correlated target fragments with Z) 3 contribute to the
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total reaction cross section by less than 1%. These ter-
nary events were omitted from our further analysis be-
cause of poor statistics. The projectilelike fragments were
not observed in correlation with events characterized by
the presence of target fragments with 5 &Z & 26.

The counter experiment of Lynen er al. indicated that
the fragments with 6&Z &20 from interactions of 85
MeV/nucleon ' C with gold originate from binary break-
up and that the probability of multifragmentation is
below 5%. This is directly proved in our exclusive experi-
ment. The probability of producing more than two target
fragments, as mentioned in the same paper, seems to be
higher for lighter targets. Also, according to Ref. 25,
several medium-size fragments (2 &Z & 8) are emitted in
the central collisions of 55—110 MeV/nucleon '2C with
AgBr (nuclear emulsion). In connection with that we
want to point out that there is a similarity of these data
with the ones obtained for interactions induced by high
energy protons and a particles. Namely, it has been
noticed that the ratio of ternary to binary events ( T/8) in
the above interactions '~ increases with decreasing target
atomic number. It indicates, in our opinion, that the
probability of multifragmentation is not determined by
the total energy in the entrance channel or the energy per
nucleon of the projectile; it is determined by the energy
per nucleon available to the whole system. More data
from experiments using other projectiles at various ener-
gies are necessary to prove this statement. They can offer
useful information for theoretical studies regarding
characteristics of nuclear matter and its breaking point.

The light fragment charge distribution obtained in our
experiment is presented in Fig. 2. The average values of
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the nuclear charges of heavy fragmentation partners (ZH )

are presented in Fig. 3 as a function of the nuclear charge
of corresponding light fragments (ZL ).

We compared the data (Fig. 2) with the power function
A ' and with the exponential function 8",assuming that
an average mass number A =2ZL corresponds to the
fragment atomic number ZL. The simple expression
F(A)a:A ' has been used extensively to describe the
yield of intermediate mass fragments from high energy
proton and heavy ion induced reactions. Typical values of
the exponent found in fitting the data were 2—3. Some
authors ' claimed that this indicates the condensation
as a production mechanism, since, according to the theory
of the liquid-vapor transition, the distribution of cluster
sizes should obey a power law whose exponent is between
2 and 3. Our best fit gave the value r= 1.97. However, as
can be seen in Fig. 2, such a power law distribution does
not describe the experimental data better than the ex-
ponential function 8" (8 =0.93+0.01).

We fitted our data according to the formula given in
the cold breakup of spectator residue calculations ' as
well. The average sum of the atomic numbers of light
and heavy fragments (Zo ——ZL+ZH) was used as the
spectator atomic number (Zo). The obtained value of the
total fragmentation cross section was cr=227 mb. It is
considerably smaller than the value of the measured frag-
mentation cross section oF ——(830+70}mb. It can also be
seen (Fig. 2} that the power function (A ') and the cold
breakup of spectator residue calculations overestimate
cross sections of lighter elements. This is understandable
bearing in mind the fact that the multiplicity of fragments
is not limited in these calculations and that the measured
fragments originate from the binary breakup. The smaller
than theoretically assumed multiplicity of emitted frag-
ments can perhaps explain the unrealistic small values of
the charge (Zo) of the target spectator obtained by com-
parison of the data from the 30 MeV/nucleon ' C+' Au
interaction'o with the cold breakup of the spectator resi-
due model.

The difference (b,Z) between the sum of the atomic
numbers of projectile and target and the sum of the atom-
ic numbers of light and heavy fragmentation partners
[bZ =(Z +Zr}—(ZH+ZL )] represents the sum of the
charge numbers of emitted light particles (protons, a par-
ticles). They can be emitted before, during, and after the
binary breakup. In the case of peripheral collisions, hZ
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FIG. 2. Charge distribution of light fragments obtained in
our experiment. The full line is a comparison with the exponen-
tial function 8"; the dashed curve is a comparison with the
power law A '; ihe dashed-dotted curve is a comparison with
the cold spectator breakup calculations (Ref. 21).
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FIG. 3. Average values of the atomic numbers of heavy frag-
mentation partners (ZH) plotted versus the atomic numbers of
corresponding light fragments ( ZL, ).
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TABLE I. The average values (hZ) of the sum of the charge
numbers of emitted light particles (protons, a particles).
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would include, also, the atomic number of the projectile-
like fragment but, as previously mentioned, the fragmen-
tation events, examined in our experiment, were not ac-
companied by projectilelike fragments. The average
values of hZ for various atomic numbers of emitted light
fragments (Zz ) are given in Table I.

The folding angles between fragmentation partners with
respect to the beam direction are given by 8L +8H, where

8L and 8H are the emission angles of light and heavy
fragments, respectively. The folding angles in the plane
normal to the beam direction were also measured. Figure
4 shows the distributions of folding angles obtained in our
experiment.

The distribution of folding angles between the correlat-
ed fragments represents, in a first approximation, the dis-

FIG. 4. Distribution of folding angles for fragmentation
events: ———,with respect to the beam direction;, in
the plane normal to the beam direction.

tribution of the velocities (momenta) of the emitting (c.m. )

system of fragments. As can be seen in Fig. 4, the distri-
bution of folding angles in the plane normal to the beam
direction has a peak around 180—175 deg and is narrower
than the distribution of folding angles with respect to the
beam direction. It means that the transverse momentum
(velocity) of the c.m. system of light and heavy fragments
is relatively small compared to its longitudinal momen-
tum (velocity).

To calculate the longitudinal component (Pii) of the
velocity of the c.m. system of light and heavy fragments,
the following relations based on momentum conservation
were used:

Al ——2ZL,

AH —[(ZL +ZH )/(Zp +Z, )](Ap+ A, ) —AL,

[(AL /(At +AH ) j(P/A )I cos8L + [AH /( AL +AH ) j(P/A )0cos8H =Pp,

Pi i
=Pp/m„.

(2)

(4)

At. and AH denote the mass numbers of light and heavy
fragmentation partners, respectively; ( P/A )I and
(P/A)H denote the linear momenta per nucleon of frag-
ments obtained from their energies per nucleon (E/A)t
and (E/A)H, respectively; 8L, and 80 denote the emission
angles of the fragments; Pp denotes the longitudinal
momentum per nucleon of the c.m. system of fragments;

Pii denotes the longitudinal velocity of the c.m. system;
and m„=931.481 MeV.

The calculated values of Pii are not very sensitive to the
assumptions about the mass numbers of fragments made
in relations (1) and (2). Changing the AH values by 20%%uo

would modify the value of Pii by less than 7%.
The distribution of the longitudinal velocity (Pii) of the

c.m. system of fragments is presented in Fig. 5. For the
sake of comparison, the longitudinal velocity of the fis-
sion c.rn. systems is also shown in the same figure.

Galin et al. inferred from their fission studies and
low energy proton emission data that, generally, in the in-
teractions induced by 15—84 MeV/nucleon ' C ions the
transferred longitudinal momentum does not exceed 2
Ge&/c. This fact has been used to suggest that this lim-
itation is evidence for soliton formation in heavy ion in-

teractions near the velocity of sound in nuclear matter.
On the other hand, Kowalski et al. ' suggested that the
observed limiting momentum transfer appears as a natural
consequence of the transition from the peripheral to the
more central collisions, i.e., that the limitation is observed
in the measurements of reaction products originating
from the peripheral collisions. The most probable
momentum transfer, measured in our experiment, for the
fission process was also around 2 GeV/c. We have found

30-
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P„(velocity of the moving frame)

FIG. 5. Distributions of the longitudinal velocity of the c.m.
system of fragments for fragmentation and fission.
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that the sum of the atomic numbers of fission fragments
is on an average less than 10% larger than the sum of the
atomic numbers of fragmentation partners. Therefore,
our results presented in Fig. 5 directly show that the tar-
get fragmentation corresponds to the higher linear
momentum transfer. The limitation observed for the fis-
sion reaction channel does not exist for the fragmentation
reaction channel.

The average values of P~~ for fragmentation events with
different light fragment atomic numbers are presented in
Table II. The distributions of P~~ for fragmentation events
with ZL, ——S and 10& ZL, & 14 are shown in Fig. 6. It can
be seen that P~~ is dependent on the atomic number of the
light fragment. The longitudinal velocity of the c.m. sys-
tem of fragments decreases with an increase of the light
fragment atomic number. The average value of P~~ for
events with Zt ——S is nearly equal to the velocity

(p~~
——0.0232}of the nucleus-nucleus (projectile-target) c.m.

system. The angular distributions of light and heavy frag-
mentation partners in the nucleus-nucleus c.m. system are
shown in Fig. 7. It can be seen that the emission of frag-
ments is anisotropic in this system.

Distributions of the laboratory energy per nucleon
(E/A) of light fragments with Zt, ——S, ZL ——8, and
10&ZL, &14, and of their corresponding heavy partners,
are presented in Figs. 8(a) and 8(b), respectively. The peak
in the light fragment energy distribution is usually con-
nected, in the analysis of experimental results, with an ef-
fective Coulomb repulsion energy 8,tt=k8„, , where
8 ff corresponds to the experimentally determined peak
position; k (&1}is the reduction factor; and 8 is the
nominal Coulomb barrier. Conventionally, 8„, is calcu-
lated assuming that the system splits into two spherical
nuclei (one of which is the fragment and the other the
heavy residue) following light particle (nucleon) emission
in the initial interaction between the target and the projec-
tile. The k values obtained in various experiments varied
between 0.1 and O.S. We obtained the value k =0.4 from
the light fragment energy distribution in the c.m. system
of fragments.

On the other hand, the influence of Coulomb repulsion
on the energies of heavy fragmentation products is very
small. Possible contribution of the nominal (tangent
sphere) Coulomb potential to the energy corresponding to
the peak positions of the distributions presented in Fig.
8(b) is about 10%. The longitudinal linear momentum of
heavy fragmentation partners is given by

PHt (P /A )H AH cos8t——t,

0
~ 10 ~Za1I.30-

g
o 20c
CF )0- ~ o

U

0
0 '1 2 3 4 5 (x10 }

P„(velocity of the moving frame)

FIG. 6. Distribution of the longitudinal velocity of the c.m.
system of fragments for fragmentation events with light frag-
ments with atomic numbers Z=5 and 10&Z & 14.

where (P/A)H and Htt are the experimentally measured
linear momentum per nucleon and the emission angle
with respect to the beam direction, respectively, and AH is
the mass number of the heavy fragmentation partner. We
calculated Pttt assuming that the heavy fragment atomic
number ZIt corresponds to the mass number (AH } of the
most stable isotope. This brings uncertainties in the PHt
values of about 10%. The results obtained have shown
that the average longitudinal linear momenta of heavy
products whose light partners have atomic numbers

ZL, ——S and 1S&ZL, &26 are PHt=2330 MeV/c and
PHt =1460 MeV/c, respectively, i.e., about S0% and 30%
of the incident linear momentum.

If the fragmentation process is a result of the cold
breakup of spectator residues, as proposed by Aichelin
et al. , ' then the spectator size in the interaction exam-
ined in this experiment is represented by Zp=Zt, +ZH
(we have already used this expression in the light frag-
ment cross section calculations). But, if the light frag-
ments are emitted from the hot zone, then the heavy frag-
mentation partner (ZH ) corresponds to the spectator resi-
due. Can the relatively large longitudinal linear momen-
tum of the spectator measured in this experiment [accord-
ing to the first model represented by the longitudinal velo-
city of the c.m. system of fragments (P~~) and according to
the second model by the longitudinal linear momentum of
the heavy fragmentation partner] be explained only by the
absorption of a few nucleons from the hot zone, as sup-
posed in some theoretical studies, z'3 or perhaps, by the
collective transfer of momentum? In any case, taking into
account the law of linear momentum conservation, the
larger longitudinal linear momentum of the spectator
means that the lower amount of the longitudinal linear

TABLE II. The average longitudinal velocity {P~
~
}of the c.m.

system of fragments. 0
4

Light fragments
atomic number

(ZL, )

5
8

10&ZL &14
15 &Z«26

0.0238+0.0020
0.0189+0.0020
0.0142+0.0020
0.0125+0.0016

+
+

i +++ +4- ++ ++y
I I I I

0 40 80 120 160
8 (deg)

FIG. 7. Angular distributions of bght (0) and heavy (+)
fragmentation partners in the nucleus-nucleus c.m. system.
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momentum is taken away by the emitted light particles.
This indicates that, at the energy used in this experiment,
the projectile is stopped inside the target nucleus. The nu-
cleons from the participant zone, therefore, cannot be em-
itted in the forward direction without passing through the
spectator matter, which decreases their velocity. A simi-
lar conclusion, but drawn on the basis of different facts,
was reached in theoretical considerations by Aichelin
et aI."

05-
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0 0.4 Qe ).2 &.6 20
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FIG. 8. (a) Distributions of the energy per nucleon (E/A) for
fragments with atomic number Zz ——5, Zz ——8, and
10& Zz & 14. (b) Distributions of the energy per nucleon (E/A )

for heavy fragments observed in correlation with fragments vrith

Zz ——5, Zz ——8, and 10&Zz &14, respectively. The solid hnes
are dragon to guide the eye.

Some interesting questions also arise from the observed

dependence of measured parameters on the atomic num-

ber (ZL ) of light fragments. It has been supposed, until

recently, that the emission of light fragments, independent
of their mass, is simultaneous. But, Boal suggested that
the time of light fragment emission from the hot zone
could be a function of the fragment mass. As a possibility
to explain the experimentally observed decrease in the
source temperature with the increase of light fragment
mass, he proposed a picture of a source increasing by ac-
cretion of nucleons. According to the same study, there
should be much less accretion in the nucleus-nucleus in-

teractions than in the proton-induced interactions. From
our experimental results the upper limit of the charge
(ZsL ) of the light fragment source can be calculated as

ZsL ——Z +ZT ZH ———hZ+ZL

(Zsz is equal to the charge of the source in the case that
there is no emission of charged particles from the heavy
fragmentation partner after binary breakup}. Assuming
that in the source the proton to neutron ratio for nucleons
originating from the target is the same as in the target, the
upper limit of the source size is given by

AsL ——Ap+(Zs —Zp)(AT/ZT) .

So, the calculated upper limit of the source size increases
from AsL -50 to As& -90 nucleons in the region of the
fragment atomic numbers from ZL ——5 to ZL, ——&6. The
temperature ( T) of an ideal Fermi gas at normal density
formed by the fusion between Projectile and (AsL, —Az }
target nucleons decreases from about T= 1 1 MeV to T=9
MeV in the same region of ZL.

The decrease of the longitudinal velocity of the c.m.
system of fragments (P~~} with light fragment atomic
number (ZL ) (see Table II) can be tentatively explained by
the different impact parameters in the projectile-target in-
itial collision. But this behavior can be also explained, in-
dependent of the mechanism of the process, by different
numbers of nucleons emitted before binary breakup. It
seems reasonable to assume that the nucleons emitted be-
fore binary breakup have higher energies and different an-
gular distribution than the nucleons emitted after binary
breakup. If more nucleons are emitted before the emis-
sion of light fragments, then more energy (momentum} is
taken away from the system. This results in smaller
values of the velocity (P~~) of the c.m. system of frag-
ments. After binary breakup the nucleons are emitted
fram the excited fragments. It can be supposed that the
fragments cool down by evaporation of nucleons, which
affects their momenta, but not their velocities much. The
fragments will be more excited and evaporate mare nu-
cleons if the number of nucleons emitted before the binary
breakup is smaller. In the case that the former discussion
is correct, the multiplicity of the high energy nucleons
should increase and the multiplicity of the low energy nu-
cleons should decrease with an increase of ZL. The mea-
surements which would give the number, energy, and an-
gular distribution of emitted nucleons correlated with the
mass of emitted fragments are necessary to reach any de-
finite conclusion about the connection of the time of emis-
sion with the mass of light fragments.
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IV. CONCLUSION

Our results directly show that the production of frag-
ments with atomic numbers 5 &ZL &26 in the interaction
of 84 MeV/nucleon ' C with a Pb target is a binary
process. The contribution of multifragmentation is less
than 1% of the total reaction cross section.

The distribution of the longitudinal velocity of the c.m.
system of fragments obtained in our experiment does not
indicate the presence of limitation in the transfer of linear
momentum for the fragmentation reaction channel. The
high values of the longitudinal velocity of the c.m. system
of fragments and of the longitudinal linear momentum of
the heavy fragmentation partner indicate that, at the ener-

gy used in this experiment, the projectile is stopped in the
target nucleus.

The dependence of the measured parameters on the
atomic number of the light fragmentation partner is ob-
served. This suggests that the emission of light fragments
is not simultaneous, i.e., that the fragments with higher
atomic numbers are emitted later than the fragments hav-

ing lower atomic numbers.
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