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Production cross sections of isotopes formed by fragmentation of ∼1A GeV 80Kr beam
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Production cross sections for the projectile fragmentation of a 1.05A GeV 80Kr beam on a Be target were
measured at the projectile fragment separator FRS at GSI. Cross sections were obtained for isotopes of the
elements Ge to Kr close to the proton drip line. These data are compared to the results of the empirical
parametrization EPAX and to abrasion-ablation calculations. We also compare the results to predictions of
intranuclear-cascade calculations. The intranuclear-cascade calculations allow us to also compare well measured
one-proton pickup cross sections.
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I. INTRODUCTION

The proton drip line nuclei in the mass range 60 < A < 100
are of particular interest because they determine the astrophys-
ical rapid proton capture path [1,2]. To produce the nuclei to be
studied in this region, low-energy fusion-evaporation reactions
have been applied successfully for many years. Recently,
high- and intermediate-energy projectile fragmentation has
also proven to be a powerful tool for producing nuclei far
from stability [3,4]. The SIS/FRS facility at GSI allows us
to use projectile fragmentation at incident energies around
1A GeV to produce the nuclei of interest.

To assess the feasibility of radioactive beam experiments
with these nuclei, it is important to know their production
cross sections (σF ). It is most desirable to predict the σF

with physical models, such as the abrasion-ablation model [5].
Another approach is to use an empirical parametrization such
as the EPAX formula [6,7]. The validity of both approaches
must be checked by reliable experimental data.

For stable krypton projectiles, σF at intermediate energies
have been measured with both proton- and neutron-rich
projectiles. In contrast, σF at high energies have been obtained
only with neutron-rich projectiles. Pfaff et al. measured σF

from the reaction 78Kr + 58Ni at 75A MeV [8] and from the
reaction 86Kr + 27Al at 70A MeV [9]. Data at high energies
are only available for 84,86Kr projectiles at 200 and 500A MeV,
respectively [10,11].

The present study was performed to extend the current
database by studying the fragmentation of the relatively
neutron-deficient krypton isotope 80Kr. In this article we
present the systematics of σF measurements for neutron-
deficient Kr to Ge isotopes.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the fragment separator
facility FRS [12] of GSI at Darmstadt. A primary beam of 80Kr
accelerated by the SIS synchrotron to an energy of 1.05A GeV
was directed onto a 1032 mg/cm2 Be target at the entrance of
the FRS. A typical intensity of 5 × 108 particles per spill was
used to produce nuclei close to the drip line. Each spill lasted
for approximately 800 ms and was extracted from the SIS every
2 s. Because σF were obtained during the course of a secondary
reaction experiment [13], the fragments were identified in the
first half of the FRS, with a selection only according to their
mass-over-charge ratios. A total of three different settings of
the FRS was used to select 72,74,76Kr as the central fragments.
For the 72Kr setting, a 2512 mg/cm2 thick Be target was
used.

The experimental setup is sketched in Fig. 1. The
secondary-electron transmission monitor SEETRAM [14] in
front of the target was used to determine the primary beam
intensity. At the first focus (F1), we placed a scintillation
counter (thickness t = 3 mm) to obtain the start signal for
a time-of-flight (TOF) measurement. This detector consisted
of plastic scintillators (BC418) and photomultipliers (R2083
Hamamatsu PMT). PMTs were attached on both ends of
the scintillator via straight shaped light guides [15]. This
detector also served as an active slit for momentum definition
(�p/p = ±0.2%). At the momentum-dispersive intermediate
focus (F2) of the FRS (dispersion, 7 cm/%), we installed
another scintillation counter (width w = 120 mm and t = 3
mm) and an ionization chamber (IC) [16] to obtain the TOF
stop signal (flight path length l = 17.8 m) and to measure
energy loss (�E), respectively.
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FIG. 1. Experimental setup at the fragment separator FRS

The TOF resolution of 33 ps Full Width at Half Maximum
(FWHM) for the primary beam, as shown in Fig. 2(a),
was sufficient to identify the particles unambiguously. The
fragment nuclear charge number Z was determined by a �E

measurement in an IC. It was calibrated with the primary
beam for the nuclear charge Z = 36 [see Fig. 2(b)]. Position
information at the foci F1 and F2 together with the magnetic
field in the second dipole magnet gave the Bρ of the fragments.
This allowed us to calculate A/Z from the Bρ, TOF, and Z,
providing particle identification. Note that the charge state q

of the ions can be assumed at this beam energy to be identical
to their nuclear charge numbers Z with a probability larger
than 99.9%, according to the GLOBAL [17] calculations.
Additionally, we positioned two time projection chambers
(TPC) [18] at F2 to tune the separator and to monitor the
emittance.

III. ANALYSIS AND RESULTS

A. Isotope identification

Figure 3(a) shows a typical particle-identification spectrum
for the FRS setting that selects 72Kr. Because we used a

(a)

(b)

FIG. 2. (a) TOF spectrum between the scintillators at F1 and
at F2. A Gaussian fit for the peak gives the time resolution of
33 ps (FWHM). (b) Nuclear charge spectrum of fragments from 80Kr
fragmentation at 1.05A GeV, measured in an ionization chamber. The
primary beam with Z = 36 was used for calibration.

(b)(a)

(c)

FIG. 3. (a) Two-dimensional contour plot of Z versus A/Z for the
FRS setting selecting 72Kr as the central fragment. (b) Z projection
of Fig. 3(a). The solid line indicates a Gaussian fit to the Z = 36
peak, yielding a �Z = 0.33. (c) A/Z projection spectrum for the
Z = 36.0 ± 0.28 slice of Fig. 3(a). The solid line indicates a Gaussian
fit to the 72Kr peak, yielding �A = 0.16.

window discriminator on the scintillator pulse-height to reduce
the trigger rate, the yield corresponding to Z = 31 isotopes
was reduced. Thus only the isotopes (�32) are visible in the
figure. We achieved good separation in both Z and A/Z,
as shown in Figs. 3(b) and 3(c). In Fig. 3(b), a Z spectrum
obtained by the projection of Fig. 3(a) is shown. A Gaussian
fit for the Z = 36 peak gives a nuclear charge resolution of
�Z = 0.33 (FWHM). In Fig. 3(c), an A/Z spectrum obtained
by the projection with a gate on Z = 36.0 ± 0.28 is shown.
A Gaussian fit to the 72Kr peak gives �(A/Z) = 0.0042,
corresponding to a mass resolution of �A = 0.16 (FWHM).

B. Determination of cross sections

Individual isotopic cross sections were calculated from the
numbers of counts fulfilling a two-dimensional 2σ window
condition in spectra where the nuclear charge Z is plotted
versus the mass-to-charge ratio A/Z [See Fig. 3(a)]. The
contamination was estimated to be less than 0.1%. Including
the data acquisition the total identification efficiency for
Z > 31 was determined to be 75%.

The transmission losses and losses due to secondary
interactions were estimated by using the simulation code
MOCADI [19]. The validity of MOCADI simulations was
checked in our previous work, where we reported σF from
40Ar fragmentation at ∼1A GeV [20]. For the central fragment
of each tune of the FRS, the transmissions from target to F2
were calculated to be 8%–20%.

For the widths, σ , of the momentum distributions of the
fragments, we used a modified Goldhaber formula (originally
designed for prefragments, prior to evaporation) [21]: σ 2 =
σ 2

o AF (AP − AF )/(AP − 1), where AP and AF refer to the
projectile and fragment masses, respectively, and the width
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TABLE I. Measured production cross sections (σF ) for the
fragmentation of a 1.05A GeV 80Kr primary beam in a Be target.

Element Z A σF (b)

Kr 36 76 (6.1 ± 1.8) × 10−3

Kr 36 75 (2.7 ± 1.0) × 10−3

Kr 36 74 (1.7 ± 0.5) × 10−4

Kr 36 73 (1.8 ± 0.7) × 10−5

Kr 36 72 (5.3 ± 1.8) × 10−7

Br 35 74 (8.8 ± 2.6) × 10−3

Br 35 73 (3.5 ± 1.4) × 10−3

Br 35 72 (2.7 ± 0.8) × 10−4

Br 35 71 (4.2 ± 1.7) × 10−5

Br 35 70 (9.2 ± 2.6) × 10−7

Se 34 72 (1.6 ± 0.5) × 10−2

Se 34 71 (4.2 ± 1.6) × 10−3

Se 34 70 (7.0 ± 2.2) × 10−4

Se 34 69 (1.2 ± 0.5) × 10−4

Se 34 68 (2.7 ± 0.8) × 10−6

As 33 70 (1.5 ± 0.4) × 10−2

As 33 69 (3.3 ± 1.3) × 10−3

As 33 68 (8.3 ± 2.6) × 10−4

As 33 67 (1.1 ± 0.4) × 10−4

As 33 66 (4.8 ± 1.3) × 10−6

Ge 32 68 (2.1 ± 0.6) × 10−2

Ge 32 67 (5.7 ± 2.2) × 10−3

Ge 32 66 (1.1 ± 0.3) × 10−3

Ge 32 65 (7.0 ± 2.6) × 10−5

Ge 32 64 (4.8 ± 1.8) × 10−6

σo = 90 MeV/c is taken from experimental systematics. As an
alternative method, we used the systematics of Morrissey [22]
(designed for postfragments, after evaporation). The change
in transmission was less than 10%, as expected for fragments
relatively close in mass to projectile.

In Ref. [23] it was shown that for charge pickup processes
the above momentum-width systematics lead to incorrect
results. Therefore, the momentum widths for the charge pickup
fragments (Z = 37) were estimated by using theoretical results
from the code ISABEL+ABLA [5,23–25]. The transmissions
from target to F2 were calculated to be around 2%.

The transmission-corrected numbers of counts for individ-
ual isotopes were converted to σF using the effective target
thickness and the number of incident beam particles derived
from the SEETRAM current digitizer. The σF values thus
obtained are listed in Tables I and II.

TABLE II. Measured production cross sections (σF ) for (Zproj +
1) fragments formed in the reaction 80K (1050A MeV) + 9Be.

Element Z A σF (b)

Rb 37 78 (7.4 ± 2.2) × 10−4

Rb 37 76 (1.0 ± 0.3) × 10−4

Rb 37 74 (4.5 ± 1.6) × 10−7
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FIG. 4. (a) Production cross sections for the elements be-
tween krypton and germanium from the reaction 80Kr + 9Be at
1050 MeV/nucleon. The closed symbols indicate the measured σF .
The open symbols represent the EPAX2 parametrization [7]. The
solid lines stand for an abrasion-ablation (AA) model calculation.
The dashed lines are predictions calculated with the intranuclear-
cascade [24] plus ablation package ISABEL+ABLA [5,23,25].
(b) Production cross sections for (Zproj + 1) charge-exchange prod-
ucts (37Rb isotopes). Filled circles denote the experimental data. The
dashed line is a prediction calculated using ISABEL+ABLA.

IV. DISCUSSION

A. Cross sections of nucleon-removal products

The isotopic distributions for the elements Kr to
Ge are shown in Fig. 4(a), together with the EPAX2
parametrization [7]. Considering that the range of cross
sections determined in the present work extends over 5 orders
of magnitude, EPAX2 predictions reproduce the tendency of
the measured isotopic distributions relatively well. However,
there are distinct discrepancies: the EPAX2 overpredicts the
σF for nuclei close to the proton drip line except for the
Kr isotopes. This overprediction toward the drip line has also
been pointed out by Stolz et al. [26]. They reported the σF

of 60−64Ge and of 64−68Se isotopes from the reaction 78Kr +
9Be at 140A MeV. The quasi-Gaussian shape that represents
the neutron-deficient slope of the distributions in EPAX2
obviously needs some modification.

For a more physical understanding of the processes we
compared the experimental cross sections with calculated ones
from an intranuclear-cascade model (ISABEL, [24]) combined
with an ablation code ABLA [5,23,25]). We ran about
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5.5 × 105 intranuclear cascades, followed by 6 independent
ablation sequences for each cascade. From the statistics
obtained, we can predict cross sections down to a level of
about 10 µb. The agreement between the experimental and the
simulated data is good for the peripheral collisions at a cross-
section level larger than 10−3 b, as shown in Fig. 4(a). They
reproduce the tendency of the measured isotopic distributions
relatively well. However, the calculations fail to reproduce the
experimental data below 10−3 b. This might be because of the
choice of parameters in the code, such as the excitation energy.

Second, we used a revised version of the geometrical
abrasion-ablation model [5] as implemented in the LISE++
code [27]. This model assumes the nuclei to be spheres from
which the geometrical overlap is abraded. The abrasion is
followed by a simulated evaporation stage. We used the same
parameters as those used in the literature [26]. For instance, an
average excitation energy of 12 MeV per abraded nucleon is
used, which is different from that used in code ABLA [5,23,25]
of 27 MeV. Their calculation successfully reproduces the σF

for the reaction 78Kr + 9Be at 140A MeV. The agreement
between the experimental values and the predictions is better
than the EPAX2 case as shown in Fig. 4(a).

B. Cross sections of charge pickup products

Nuclear charge-exchange reactions at relativistic energies
are of interest because they allow one to draw some con-
clusions about the in-medium behavior of pions and deltas.
Sümmerer et al. [28] measured isotopically resolved cross
sections of 55Cs fragments from 129

54Xe + 27Al and compared
them to the intranuclear-cascade plus evaporation package
(ISApace calculations) [28]. The measured Cs isotope dis-
tributions were well reproduced. In Ref. [23], (for the systems
209Bi + p, d, Ti) it could be shown, based on measured
velocity distributions, that at relativistic energies quasi-elastic
charge-exchange scattering and �-excitation both contribute
to the formation of charge-exchange products. As a result, only
masses equal to or lower than the projectile mass appear in the
fragment distribution, and the cross sections are more than
one order of magnitude smaller than those of neutron-removal
products.

Similar results were observed for the formation of 37Rb
charge pickup products in the present experiment. The calcu-
lated cross sections from ISABEL+ABLA [5,23–25] shown
by the dashed line in Fig. 4(b) agree well with the measured
ones. Though the present experiment cannot verify the model
assumptions as detailed as Ref. [23], we conclude that the
reaction mechanisms are well-described by an intranuclear-
cascade plus evaporation model.

V. SUMMARY

We measured the production cross sections for fragments
produced by 80Kr fragmentation on a Be target at an inci-
dent energy of 1.05A GeV. These systematic measurements
approached the drip line for Kr, Se, As, and Ge, and reached
the proton drip line for Br, at a cross section level of 10−6 b.

The modified version of the empirical cross-section
parametrization EPAX2 predicts the measured cross sections
with good accuracy, but an overprediction toward the proton
drip line in EPAX2 is observed. The intranuclear-cascade plus
ablation ISABEL+ABLA calculation as well as the LISE++
calculations reproduce the measured cross sections with good
accuracy.

We could also measure isotopically resolved cross sections
for one-proton pickup that differ in magnitude by three
orders. The intranuclear-cascade plus evaporation calculations
reproduce the charge pickup cross sections.
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[28] K. Sümmerer, J. Reinhold, M. Fauerbach, J. Friese, H. Geissel,
H.-J. Körner, G. Münzenberg, R. Schneider, and K. Zeitelhack,
Phys. Rev. C 52, 1106 (1995).

044608-5


