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Abstract. The projectile fragmentation of a >Mo beam onto a beryllium target at an incident energy of
500 A MeV has been studied at the high-resolution spectrometer FRS at GSI. The isotopic production
cross-sections of the projectile fragments produced in the reaction have been determined. The data have
been compared to the empirical parameterisation, EPAX, and to a microscopic nuclear reaction model,

ABRABLA.

PACS. 24.10.-i Nuclear reaction models and methods — 27.50.4+¢ 59 < A < 89

1 Introduction

There is great current interest in studying the structure
of neutron-deficient nuclei with N ~ Z as it is expected
that neutron-proton pairing correlations play an impor-
tant role in the structure of such nuclei [1]. There is a near
degeneracy of the proton and neutron Fermi surfaces and
so protons and neutrons occupy identical orbitals. Thus,
charge independence of the nuclear force implies that, for
such nuclei, T = 1 np pairing should exist on an equal
footing with 7" = 1 nn and pp pairing. Strongly correlated
T = 0 np pairs should also exist in these nuclei.
However, the experimental evidence for np pairing is
scarce, largely because of the difficulty in producing such
nuclei for study. Low-energy fusion-evaporation reactions
with stable beams can be used to make N ~ Z nuclei
but the production cross-sections are very low [2,3], the
range of nuclei which are accessible is limited and the types
of studies which can be performed restrictive. With the
advent of new experimental facilities which can produce
secondary beams of radioactive ions, N ~ Z nuclei can
be produced more easily, making possible the use of the
whole range of nuclear-structure techniques. As a conse-
quence experimental and theoretical studies of N ~ Z
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nuclei are of great current interest. Fragmentation of in-
termediate and relativistic heavy-ion beams is widely used
to produce secondary beams of exotic nuclei far from sta-
bility [4,5]. In order to assess the feasibility of experiments
utilising secondary beams, a precise knowledge of the rel-
evant production cross-sections is essential.

In this paper we report on the production cross-
sections of nuclei produced via projectile fragmentation
of a 92Mo beam at an incident energy of 500 A MeV. Our
interest in performing this experiment was to study the
production cross-sections for the N ~ Z nuclei, which will
extend the current database of production cross-sections
of neutron-deficient fragments, reaching for some cases the
proton dripline. The data can then be used to test the
predictive power of the empirical parameterisations and
fragmentation models. The database will be valuable in
preparation for experiments to examine the structure of
N = Z nuclei.

2 Experimental procedure

The experiment was performed at the FRS facility at GSI
in Darmstadt (Germany). The primary beam of 92Mo
was delivered by the SIS synchrotron at an energy of
500 A MeV. The average intensity was 10? particles/spill.
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Fig. 1. Schematic diagram of the FRS set-up. The SEETRAM detector monitors the number of projectiles. The role of the
plastic scintillators SC2 and SC4 is twofold: they are responsible for determining the TOF and the position measurements. The
MUSIC provides the energy loss of the produced fragments and the multiwire chambers MW41, MW42 are used to determine

the deviation from the central trajectory.

The ??Mo ions were directed onto a beryllium target of
thickness 4007.0 mg/cm? placed at the entrance of the
FRagment Separator, FRS [6]. The experimental set-up
is displayed in fig. 1. The produced fragments were sepa-
rated and analysed by means of the high-resolution mag-
netic spectrometer FRS. The number of incident ions
was recorded by the secondary-electron monitor SEE-
TRAM [7] placed before the production target. The
projectile-like fragments passing through the spectrome-
ter were identified in flight using a detector set-up consist-
ing of two plastic scintillators (SC2, SC4) [8] mounted at
the dispersive and achromatic focal planes, S2 and S4, re-
spectively, one ionisation chamber (MUSIC) [9], and two
multiwire chambers (MW41, MW42) [10]. A profiled alu-
minium degrader 816.75 mg/cm? thick was located at the
intermediate focal plane S2 after the SC2 scintillator. The
shape of the wedge was selected to ensure the achromatism
of the ion-optical system [11].

The main goal of this experiment was the study
of neutron-deficient fragments in the mass region
80 < A < 100. Therefore, the FRS was optimised on dif-
ferent isotopes of the Zr element. In total, five settings
were used: 897r, 84Zr, 827r, 87r and "®Zr. In addition,
measurements optimised on the more neutron-rich nuclei
86Sr, 84Kr and 82Se, were also performed in order to cover
the full isotopic distribution.

3 Isotopic identification of the ions

The ions of interest were identified by combining measure-
ments of their magnetic rigidity (Bp), energy loss (AE),
and time of flight (TOF). The plastic scintillators mounted
at the dispersive intermediate and achromatic focal planes
(S2, S4), were used to determine the horizontal positions
of the fragments and their time of flight. At the final fo-
cal plane (S4) two multiwire chambers (MW41, MW42)
provided the position measurement for the calibrations.
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Fig. 2. a) Measured energy loss spectrum for the primary
beam 2?Mo. b) Response of the ionisation chamber, MUSIC,
for the different fragments produced in several settings of mag-
netic rigidity of the spectrometer.

Finally, from the energy loss measurement in the ionisa-
tion chamber we obtained the nuclear charge (Z), since all
the produced fragments were fully stripped (¢ = Ze) [12].

3.1 Charge identification

The charge identification was performed with the help
of a setting centered on the primary beam, Z = 42. In
fig. 2a) the energy loss spectrum of the primary beam is
represented. Figure 2b) shows the energy loss spectrum of
different elements measured in several settings. Therefore,
the charge calibration was achieved by counting in Z from
the beam down to the lighter elements.

The charge resolution obtained was AZ 0.42
(FWHM). Therefore, the probability for misidentification
in charge was lower than 6%.
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Fig. 3. Isotopic identification for a setting centered on Z = 40,
A = 80.
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Fig. 4. Different A/q values for the element Z = 40.

3.2 Mass calibration

From the magnetic rigidity (Bp) and the time of flight
(TOF) measurements we obtained the A/q ratio for all the
ions. A setting centered on the primary beam (A/q = 2.19)
was used to calibrate the A/q value of the fragments.
Then the ions were identified by using the line N = Z
(A/q = 2.0) in the Z versus the A/q matrix. This proce-
dure allowed us to assign a mass number to each fragment.
Figure 3 shows the final ion identification plot for a setting
optimised on #°Zr.

Figure 4 shows the projection onto the A/q axis for a
given charge Z = 40. The probability for misidentification
was below 2% for the data centered on the isotopes of the
element Z = 40 (neutron-deficient settings).

In the settings centered on the more neutron-rich nu-
clei, due to a continuous background in the TOF measure-
ment, this probability was as large as 33% for those nuclei
in the settings close to the stability line.
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Fig. 5. Spill structure of the beam recorded in the SEETRAM
detector as a function of time (in seconds) for a setting centered
on ¥Kr.

4 Experimental production cross-sections

The production cross-section for each nuclide was ex-
tracted using the following expression:

Y (Z, A) 0
Npro . Nat CE€-T ftrans ’

where Y (Z, A) is the number of counts detected for each
fragment of nuclear charge Z and mass number A. The
Npro factor is the number of incident projectiles and Ny is
the number of atoms in the target, which is 0.287 at/barn.
The factors € and 7 correct for the efficiency of the detec-
tors and the lifetime of the data acquisition, respectively.
Finally, firans accounts for the transmission of the frag-
ments through the spectrometer. This factor also includes
losses due to secondary reactions in the target as well as
in the different material layers along the beam line. The
total identification efficiency of the detectors including the
lifetime of the data acquisition varied from 36% to 84%.
The rest of the factors are discussed in the next sections.

o(Z,A) =

4.1 Separator transmission

The estimation of the transmission of fragments through
the FRS spectrometer was obtained using the simulation
programs, Lieschen [13] and LISE++ [14], setting by set-
ting. The resulting factor firans used in eq. (1) is the aver-
age value of the calculations given by both programs. The
transmission drops drastically from 38% for the central
fragments to 1% for the ions at the limits of the acceptance
of the spectrometer. In the present analysis, we have only
considered ions with a transmission higher than 1%. Some
nuclei were measured in different settings and reasonable
agreement of the cross-sections between the overlapping
isotopes was found.

The uncertainty associated with the transmission value
was obtained from the differences in the transmission
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Fig. 6. Isotopic production cross-sections in mb. The total uncertainty is shown when exceeding the size of the points. The
solid lines correspond to the values obtained from EPAX [15], and the dashed lines to the predictions from ABRABLA [16].

calculated with both codes. Furthermore, ions with a dif-
ference higher than 75% between both calculations were
rejected. Although the threshold value is somehow arbi-
trary it was chosen in order to keep the transmission un-
certainty lower than 100%

4.2 Primary-beam intensity

During the experiment the spill structure of the beam was
monitored by the secondary electron detector SEETRAM
(see fig. 1). However, this detector does not provide a di-
rect measurement of the number of projectiles. Therefore,
a calibration is needed in order to estimate the number
of incident particles associated with each count in SEE-
TRAM. Hence, the number of projectiles Ny, of eq. (1)
can be expressed as: Npyo = NsgrT - fsgrT - S, where
Nsggr is the number of SEETRAM counts detected re-
lated to the beam intensities, fsggT is the calibration fac-
tor and S is the sensitivity of SEETRAM detector. The
calibration of the SEETRAM was carried out with a scin-
tillator, by increasing gradually the beam intensity. The
relation between the number of counts in the scintillator
and the number of counts in the SEETRAM led to a cal-

Table 1. Mean systematical uncertainties contributing to the
determination of the production cross-sections expressed in %.

Uncertainty (%)

Target thickness A(Nat) =0.1
SEETRAM calibration A(Fsger) =1
SEETRAM offset A(For) = 2-54
Transmission A(ferans) = 10-75
Statistical A(stat) = 1-33

Total mean uncertainty Ator = 10-90

ibration factor fsggr = 698.69 £ 8.99 for a sensitivity of
1010,

Figure 5 shows the spectrum of the total number of
counts in the SEETRAM (NggrT) as a function of time in
seconds for a setting centered on Z = 36 and A = 84. The
counts between two spills are related to the dark current
in the detector. This contribution can be removed by sub-
tracting an offset. Finally, from the integration of the spec-
trum after subtracting the dark current, we obtain NgggT.

The uncertainty associated with the number of counts
in SEETRAM is related to the uncertainty in the
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Table 2. Measured cross-sections in mb for the different fragments produced in the reaction °*Mo +
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9Be at 500 A MeV.

Z A o (mb) Z A o (mb) Z A o (mb)

31 72 094(30)E—2 37 80  049(21)E+1 39 88  0.59(2)E+0
31 73 0.27(5)E—2 37 81  044(18)E+1 39 89  0.14(1)E+0
32 73 02711)E—-1 37 82  0.15(1)E+1 40 79 0.04(0)E + 0
32 74 015(3)E—1 37 8  087(5)E+0 40 80  0.11(0)E

32 75 0.51(8) E—2 37 84 0.24(2)E+0 40 81 0.39(9)E

32 76 0.12(3)E-2 37 85  044(4H)E-—1 40 82  05208)E

33 75 043(21)E—1 37 8  057(13)E—2 40 8 0. 52(15)

33 76 0.18(4)E—1 38 75 0124)E-—4 40 84 0.48(25) E + o
33 77 0.53(8)E—2 38 76 051(199E—4 40 85  0.19(8)E+1
33 78  0.224)E—2 38 77 078(19)E—3 40 8  0.38(13)E+1
34 76 092(38)E—1 38 78  0.2008)E—1 40 87 0.69(26) E +1
34 77 012(1)E+40 3379 0.19(8)E+0 40 90 0. 25(2)E+ 1
34 78 039(5)E—1 33 8  035(15)E+0 40 91 0. 44(10)

34 79 089(16)E—2 38 81  021(7)E+1 41 82  0.39(5)E

34 80  0.29(4)E -2 33 8  061(25)E+1 41 8 0. 62(44)

35 78  052(13)E+0 38 8  0.12(5)E+2 41 84  031(6)E— 2
35 79 0.22(3)E+0 33 84  040(10)E+1 41 8  0.86(23)E

35 80  0.70(8)E—1 38 85  0.12000E+1 41 86  0.14(5)E+ o
35 81  0172)E-—1 33 8  0.49(4)E+0 41 87 0.40(20)E+0
35 82 0.42(5)E—2 38 87  0724)E-—1 41 8  0.33(13)E+1
36 79 0.77(6) E+0 33 8  0.92200E—2 41 89  033(11)E + 1
36 80  0.12(1)E+1 39 78 017(1)E—4 42 84  0.28(5)E—

36 81  051(4A)E+0 39 79 0.19(6)E—2 42 8  0.33(20)E

36 82  0.14(1)E+0 39 80  0.40(8)E—3 42 86  0.15(4)E —

36 8  0243)E—1 39 81  0.13(4)E+0 42 87 0.40(10)E

36 84  0.47(9)E —2 39 82  0.68(39)E4+0 42 88  0.41(24)E + 0
37 75 012(T)E-—1 39 8 0.18(6)E+1 42 89  0.26(13)E+0
37 77 0.7835)E+0 39 8  045(17)E+1 42 90  0.15(11)E +2
37 78  014(10E+1 39 85  0.10(4)E+2 42 91 049(19)E+1
37 79 030(16)E4+1 39 87  0.25(1)E+1

determination of the offset. In the case of the runs op-
timized on 86Sr, 84Kr, 32Se and 32Zr, the offset was so
well defined (error below A(Fog) = 0.02%) that the un-
certainty in the number of counts in the SEETRAM can
be neglected.

However, for the runs centered on 86Zr, 84Zr, 89Zr and
787r, the dark current fluctuated considerably. In order
to take this effect into account, an average offset was de-
termined, the error in the number of SEETRAM counts
was derived from the standard deviation. In some cases,
the final uncertainty reached up to A(Fog) = 54% for the
most exotic settings.

4.3 Overall uncertainties

The total uncertainty on the cross-section is essentially
dominated by the transmission uncertainty.
The statistical uncertainty was calculated as
A(stat) = A(Nc)? + A(Sep)?, (2)
where A(Nc¢) is the uncertainty in the number of counts

inside each contour, and A(Sep) corresponds to the proba-
bility of misidentification. The total statistical uncertainty

remains lower than 5% for most of the nuclides. However,
for the most exotic cases it can reach 30%.

Table 1 lists the typical values of the uncertainties at-
tributed to each factor in eq. (1).

4.4 Results

The isotopic production cross-sections of 12 elements mea-
sured in this experiment from Z = 31 up to Z = 42 are
shown in fig. 6 (see table 2 for quantitative results).

As mentioned above, we present experimental cross-
sections only for isotopes which have a transmission of
at least 1% and for which the two simulations used to
determine the trasnmission agree to better than 75%.

5 Discussion

In this section we will compare our experimental data
to the predictions of the semi-empirical parameterisa-
tion EPAX [15], and to the nuclear reaction model
ABRABLA [16].
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Fig. 7. Cross-section in mb wversus the neutron number for
the elements Mo (Z = 42) and Zr (Z = 40), respectively. The
experimental data obtained in this work are represented by
the circles and the results measured by Stolz et al. [4] by the
squares.

5.1 Comparison with model predictions.

In fig. 6, the experimental data are compared to
the predictions from the EPAX parameterisation (solid
lines), [15], and to the values obtained from the ge-
ometrical abrasion-ablation model ABRABLA (dashed
lines), [16,17].

On the neutron-rich side of the distributions of the
elements 31 < Z < 40, EPAX and ABRABLA are in
agreement with the experimental data. However, on the
neutron-deficient side, EPAX gives better agreement, whe-
reas ABRABLA tends to overestimate the cross-sections.
This may be due to an overestimation of the excitation
energy of the prefragment at the end of the first step of
the reaction.

It can be noticed that the ridge of the experimental iso-
topic distribution for the elements 37 < Z < 39 shows a
sharp peak. The isotopes in this region were mainly mea-
sured in the setting centered on ®Zr and for this mea-
surement the lifetime of the acquisition was only around
35%. Thus, it is likely that the rise might come from some
fluctuations in the spill structure.

5.2 Comparison with experimental data from the
literature

Our data have been compared to the results obtained
by Stolz et al. [4] from the fragmentation of '2Sn at
1000 A MeV. In fig. 7 the comparison is presented for two
elements Zr (Z = 40) and Mo (Z = 42). It can be seen
that the production of the nuclei with N = Z = 3040 is
higher when using the reaction °?Mo + ?Be.

This can be easily understood, since the production is
higher closer to the projectile and it decreases when the
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number of nucleons removed from the projectile increases.
Since the isotopes of the Zr (Z = 40) and Mo (Z = 42)
elements produced in the fragmentation of ''2Sn are far
away from the projectile (8-10 charges below), this be-
haviour confirms that the Mo beam is a better choice
for planning future experiments to study nuclei near the
N ~ Z line in the mass region 80 < A < 90.

6 Conclusions

The nuclei produced in the fragmentation of %Mo at
500 A MeV have been identified in charge and mass num-
ber. The isotopic production cross-sections for twelve el-
ements ranging from Z = 31 (Ga) up to Z = 42 (Mo)
have been measured. The experimental results have been
compared to the empirical parameterisation EPAX, and
to a microscopic nuclear reaction model, ABRABLA. An
overall better agreement of the data with EPAX has
been observed. The comparison with ABRABLA shows an
overestimation of the production on the neutron-deficient
side of the isotopic distribution. In addition, the produc-
tion cross-sections were compared to the experimental re-
sults measured in a previous work where the fragmenta-
tion of 112Sn at 1000 A MeV has been studied. From this
comparison, the projectile fragmentation of 2Mo is shown
to be a better choice to produce the neutron-deficient frag-
ments in the N = Z = 3040 region.

We would like to thank the FRS staff for their assistance with
the tuning of the experimental set-up during the measure-
ments. This work was supported in part by the Royal Society
and the United Kingdom Engineering and Physical Sciences
Research Council.
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