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Abstract. Projectile fragmentation of 228U in a lead target was investigated at a bombarding energy of
750 A MeV. Isotopic production cross sections of about 250 different projectile fragments in the element
range Z = 30-53 were measured with the FRagment Separator (FRS). The magnetic selection and the
kinematical analysis of the measured isotopes allowed to disentangle fission and fragmentation residues.
The mass loss of these residues indicates a violent collision where a large amount of energy is dissipated.
The position of the fragmentation corridor defined by the measured residues was used to determine an

effective proton-evaporation barrier.

PACS. 25.75.-q — 25.70.Mn — 21.10.Ft — 21.10.Gv — 27.50.+e — 27.50.4+j — 24.10.Pa

1 Introduction

In recent years, the fragmentation of heavy relativistic
projectiles was studied at GSI both in inclusive experi-
ments at the FRagment Separator FRS (see e.g. [1,2])
and in exclusive experiments at the ALADIN spectrom-
eter [3]. In both cases, the emphasis was on studies of
medium- and heavy-mass fragments which have velocities
close to that of the beam.

The FRS allowed for a full isotopical identification
with respect to both A and Z, but the experiments were
restricted to fragmentation products close to the projec-
tiles.

The ALADIN experiments, however, which covered a
much wider mass range, only resolved the nuclear charge
Z of the fragments. The mass resolution was not sufficient
to identify individual isotopes for fragments with charge
bigger than 10. Only a mean mass value for each element
could be given [4]. In this case, as an estimate for the un-
known mass distribution of a fragment with nuclear charge
Z > 10, the ALADIN group has used [5] an empirical de-
scription for the most probable fragment mass of a given
nuclear charge Z as parametrized by the EPAX formula
[6]. The validity of this procedure has been checked for
the mean mass value [4], but is not justified a priori for
the whole mass distribution since the EPAX parametriza-
tion has been shown to be valid mainly for fragments with

masses A larger than about half the mass of the projectile,
A, [6).

In the present work we present production cross sec-
tions for medium-mass fragments with atomic numbers
30 < Z < 53 formed in collisions of 750 A MeV 238U pro-
jectiles with lead target nuclei. These data complement
similar measurements of heavy-mass residues [7,8] and of
fission products [9-12]. The lower limits of fragment mass
and charge numbers studied in the present work, about
0.3 A, and 0.3 Z,, respectively, allow to test the validity of
the EPAX parametrization in a hitherto scarcely-explored
region.

At the same time we study the A/Z ratio of fragmenta-
tion residues of 233U in a region of nuclear charge Z which
approaches the regime of multifragmentation. Thus, we
can check experimentally if the intermediate-mass frag-
ments IMF observed by the ALADIN experiments are
formed by the same ”abrasion-ablation” type reactions
that form heavier fragments and if the calculation of their
average A/Z ration by the EPAX formula is justified.

As a final topic we will investigate the “universality”
of the position of the fragmentation-residue corridor [13],
and how this position is related to the competition be-
tween neutron and proton evaporation.
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Fig. 1. Z — A/Z scatter plot of fission and fragmentation
residues observed at Bp= 0.90-(Bp), for the reaction 2*¥U(750
A MeV)+2%Ph

2 The experiment

The experiment was performed at the heavy-ion syn-
chrotron SIS at GSI, Darmstadt. A beam of 2-10° 238U
ions/s accelerated to 750 A MeV impinged on a lead target
(1.26 g/cm?), located at the entrance of the fragment sep-
arator FRS [14]. The beam intensity was measured with
a secondary-electron current monitor. The FRS was oper-
ated as an achromat in order to achieve isotopic separation
of the reaction products. The identification in mass and
charge is based on measurements of the magnetic rigidity,
time of flight and energy loss for each fragment passing
through the FRS (see [10] for a schematic representa-
tion of the detectors used). Two position-sensitive plastic
scintillators located in the intermediate and in the final
focal plane, respectively, provide the time-of-flight (ToF')
and magnetic-rigidity measurements. The nuclear charge
Z was obtained by means of the energy loss measured in
a four-stage ionization chamber at the exit of the FRS.

The charge and mass calibrations were extrapolated
from the energy loss, Bp, and ToF calibration for 2*3U.
Both calibrations were confirmed by finding the well es-
tablished enhanced yields for Zr and Te, and for the N=82
nucleus, 3*Te, observed in the low-energy fission process
measured at magnetic rigidities larger than that of the
beam [9].

The fragmentation residues were detected at three tun-
ings of the fragment separator corresponding to magnetic
rigidities smaller by 10%, 14%, and 18% than the mag-
netic rigidity of the beam, (Bp),. In Fig. 1, we show as
an example the isotopic identification matrix measured at
a magnetic rigidity of 0.90-(Bp),. The two groups of iso-
topes visible in this picture can be interpreted from their
kinematical properties [12]. Taking into account the mag-
netic rigidity and the different A/Z values, we attribute
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Fig. 2. A/Z identification of Pd isotopes observed at Bp=
0.90-(Bp)o. The two observed regions correspond to fragmenta-
tion and backward fission. The lines represent Gaussian fits in
order to estimate the contribution of fragmentation and back-
ward fission in the measured yield of each isotope
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these groups to fragmentation (left hand) and to fission
(right hand) of 238U with the fission fragments emitted in
backward direction.

From the fission kinematics discussed e.g. in [10], it is
obvious that at 0.90-(Bp), only fission products emitted
in backward direction with respect to the 233U beam can
be observed. The particular selection of isotopes visible in
Fig. 1 is due to the FRS momentum acceptance of +1%
[14] around 0.90-(Bp),.

In Fig. 2 we present a projection of Fig.1 onto the A /Z-
axis for Z=46 (Pd). The two groups are well separated and
clearly visible. To extract the relative amount of the frag-
mentation cross section in the overlap region, the maxima
of the peaks were fitted with Gaussians (disregarding odd-
even effects) and the peak areas of 1°7~199Pd were divided
according to the ratio of the two Gaussians.

3 Results

In order to determine the fragmentation cross sections,
several corrections must be applied. The main correction
is due to the transmission of the fragments through the
FRS. In the case of fragmentation residues at relativis-
tic energies, the angular aperture of the spectrometer is
large enough, and the only limitation to the acceptance
is due to the broad momentum distributions (=~ 6%) of
the produced residues compared with the 2% momentum
acceptance of the spectrometer. The transmission was es-
timated by ion-optical calculations. In order to describe
the kinematics of the reaction we used the average longi-
tudinal momentum deduced from our data. The width of
the momentum distribution is firstly determined by the
energy loss in the target. The additional contribution to
this width due to the reaction was assumed to follow the
Morrissey systematics [15]. The magnitude of this second
contribution is not crucial for determining the ion-optical
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transmission since the first contribution due to the en-
ergy loss, which can be reliably calculated, represents the
major part of the momentum width. Energy losses in the
ToF scintillator detectors were taken into account also. We
corrected for the dead time of the data acquisition which
varied from 5% to 20%, depending on the counting rate.
Losses of fragments by secondary reactions in the target
and in the intermediate-focus plastic scintillator were cor-
rected by using empirical total reaction cross sections [17].
These losses were calculated to be ~ 12%. All fragments
were fully stripped, contributions from other ionic charge
states were calculated to be below 1%. The values for the
total transmission for fragmentation residues through the
FRS are in the range of 20-70%.

Production cross sections of about 250 fragmenta-
tion products were measured for atomic numbers between
7Z=30 and Z=>53. They are shown in Fig. 3. These isotopic
distributions are characterized by maxima shifted to the
neutron-deficient side of the valley of (-stability. We can
observe that the slopes at the two sides of the distributions
are different leading to higher production cross sections of
the neutron-rich isotopes.

4 Discussion
4.1 Comparison with an empirical parametrization

In Fig. 3, the solid lines correspond to calculations per-
formed with the empirical formula EPAX [6]. The EPAX
formula is a parametrization of measured production cross
sections from target and projectile fragmentation and was
estimated to be valid for fragment masses 40 < A < 200
down to roughly half the mass of the projectile (A/A, <
0.5).

Apart from a narrow range of isotopes near the projec-
tile (A/A,, > 0.86), the shapes of the isotopic distributions
depend only on the fragment mass A, independent of A,
As we will discuss later, this independence is related to the
fact that the isotopic distributions are produced by statis-
tical decay processes from fully equilibrated prefragments
formed in the first (abrasion) step of the high-energy re-
action [3].

This parametrization provides a good description of
our experimental data since shapes, position of the max-
ima and absolute cross sections of the isotopic distribu-
tions are indeed well reproduced by the formula. Only
some deviations are observed in the production cross sec-
tion for the neutron-rich isotopes of the heaviest measured
elements. It can not be excluded that these deviations
originate from an overestimation of the transmission eval-
uations for these isotopes which are located on the edge
of the final focal plane detector of the spectrometer.

Furthermore, the EPAX parametrization seems to be
valid even for isotopes with A/A, < 0.3. This is an ad-
ditional proof that the use of the EPAX parametrization
to estimate average fragment masses from measured frag-
ment charge numbers (as was done for the analysis of spec-
tator fragmentation in the ALADIN experiments [5]) is
valid.
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4.2 Proton evaporation barriers

From the EPAX parametrization we deduce that the lo-
cation of the fragmentation-residue corridor [13], the line
connecting the maximum isotopic yields of each nuclear
charge Z produced in fragmentation reactions, is a rather
universal line on the chart of the nuclides. With the excep-
tion of the elements close to the projectile, this line does
not depend on the composition of the reaction partners.
This finding suggests that the fragmentation corridor is
insensitive to the earlier stages of the reaction but it is
rather defined by the properties of the last steps of the
deexcitation chain [4]. As we will see, the position of the
fragmentation-residue corridor is sensitively determined
by the magnitude of the Coulomb barrier for the evap-
oration of protons. This quantity can thus be extracted
from the data.

In general, the formation of fragmentation residues
from the projectile is a violent process. These reactions
are considered to proceed in two steps: first a fast abra-
sion step, leaving the fireball and the excited spectators
[18-20]; then a slow ablation step in which the specta-
tors equilibrate and finally deexcite by evaporating par-
ticles. For heavy nuclei, also fission is important. Campi
and Hiifner [21] have interpreted the evaporation stage as
a diffusion process which tends to develop versus an equi-
librium in the isospin degree of freedom. This model has
been elaborated further by Gaimard and Schmidt [20].

The characteristics of the diffusion process can be un-
derstood in the following way: during the evaporation pro-
cess, neutron emission will be favored over proton emis-
sion when starting from stable isotopes by the absence of
the Coulomb barrier, so that the maxima of the residue
yields will lie on the neutron-deficient side of the valley of
[B-stability. The local slope of the fragmentation corridor
in the Z — N plane (AN/AZ) is determined by the com-
petition between different particles during the last steps
of the deexcitation chain of a hot nucleus. If the consid-
eration is restricted to the evaporation of neutrons and
protons, which are the most abundantly emitted parti-
cles at low energies, and if angular-momentum effects are
disregarded, this local competition between neutron and
proton evaporation can be written in terms of the statis-
tical model as:

L eopl2y/a(BE—(B) "
L, capl2/a(E = (By) — Bo)

where a is the level-density parameter, F is the excitation
energy of the nucleus, (B,) and (B;,) are the neutron and
proton binding energies calculated with even-odd effects
averaged out as proposed in reference [22]. E, is an effec-
tive proton-evaporation barrier which takes into account
the barrier transmission. This barrier can be calculated
by using a function which retains the form of a simple
Coulomb potential:

O 144(Z-1)
C1L22(A-DY3 4R

E, (2)
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Fig. 3. Isotopic fragmentation cross sections of the reaction **U(750 A MeV)+2°®Pb.

of a calculation with the EPAX formula

where Z and A are the atomic and mass number of the
emitting system and R is the effective proton-evaporation
radius.

Equating the right-hand side of (1) with the measured
slope of the fragmentation corridor in the Z — N plane
(AN/AZ), and choosing the excitation energy of the nu-
cleus during the last steps of the deexcitation chain, we
can calculate the isotopes populating the maximum of the

The solid lines correspond to the result

evaporation corridor as a function of the effective proton-
evaporation radius R. Comparing the calculated and the
measured positions in the Z — N plane of the evaporation
corridor we can determine the effective proton-evaporation
radius R.

In Fig. 4, we show the measured positions of the
isotopes produced with the highest cross section in the
N/Z — 7Z plane (square symbols). The structure observed
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Fig. 4. N/Z value of the maximum isotopic yield as a func-
tion of its atomic charge. The experimental data are repre-
sented by the solid square symbols, and the lines show the re-
sults of three calculations assuming different effective proton-
evaporation barriers (see text)

in this figure is due to the integer mass and charge val-
ues. The measured positions are compared with the cal-
culated ones assuming an excitation energy of 30 MeV
and three different effective radii for the proton evapora-
tion: R = 4 fm (dashed line), R = 6 fm (solid line) and
R = 8 fm (dotted line). These results depend weakly on
the excitation energy, and in the range 20 < E < 40 MeV
the best agreement is obtained for R = 6 + 0.5 fm.

The effective proton-evaporation barriers calculated
with R = 6 fm agree with the effective barriers proposed
in [20]. The values estimated previously by Dostrovsky et
al. [23] are higher by about 20%. Recently, effective pro-
ton evaporation barriers have been given [24] which are
even larger by more than 30% than those proposed here.

Our results are lower by about 20% than the system-
atics of fusion barriers obtained by L.C. Vaz and J.M.
Alexander [25]. This can be understood as a consequence
of the tunneling which allows the emission of protons be-
low the potential barrier which is effectively included in
(2). The reduction of the effective evaporation barriers
with respect to the systematics of fusion barriers should
not be confounded with a possible general difference be-
tween evaporation and fusion barriers, as claimed by some
authors [25-27], which could not be confirmed in other
works [28,29]. The answer to this controversial question
needs more elaborate theoretical calculations which would
exceed the aim of this work.

The present work has given reliable values of effective
barriers to be used in evaporation codes which can not af-
ford for the computational effort of calculating transmis-
sion coefficients when they are applied in a very complex
environment.
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5 Conclusion

Inverse-kinematic reactions at relativistic energies have
been used to study the isotope production in fragmen-
tation reactions by using a zero-degree spectrometer. The
qualitative description of the reaction mechanism leading
to the formation of these residues allows to conclude that
this experimental approach can also give new insight into
the deexcitation mechanism involved in violent collisions.
In addition, this experimental method also represents a
suitable method for the production and study of neutron-
deficient nuclei.

The good description of our data with EPAX gives
confidence in the use of this parametrization to esti-
mate average fragment masses from measured fragment
charge numbers. The agreement between our data and this
parametrization also suggests a rather universal behavior
of the fragmentation-residue corridor. This universal be-
havior can be understood within the assumption that the
location of the fragmentation-residue corridor is insensi-
tive to the earlier stages of the reaction and then does not
depend on the composition of the reaction partners.

Using the slope of the fragmentation corridor, deter-
mined mainly by the competition between proton and
neutron evaporation on the last steps of the deexcitation
chain, we calculated an effective proton-evaporation bar-
rier assuming a statistical evaporation model. The calcu-
lated proton-evaporation barriers were found to be lower
than the ones obtained from fusion-barrier systematics.
This reduction is qualitatively expected because the cal-
culated effective barriers include the effect of barrier trans-
mission.

The above results, together with others concerning the
production of residues close to the projectile [7], and the
production of fission residues [11,12], demonstrate that
the present experimental method also opens an efficient
way to study all processes which take place in collisions
of 1 GeV protons with lead or actinide targets and to
measure the cross sections needed for the incineration of
nuclear waste by means of hybrid reactors [30,31].
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