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We have measured production cross sections of projectilelike fragments in the reaction of neutron-deficient
125n with a °Be target at an energy d,,=1A GeV. Results have been obtained for neutron-deficient
products along th&l=Z line down to the subnanobarn range. We find very good agreement with the recently
revised empirical parametrization EPAX. In addition, a few one- and two-proton pickup cross sections have
been measured. The former ones are well reproduced by intranuclear-cascade calculations.
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I. INTRODUCTION neutron-deficient tin isotop&t?Sn. This isotope was used for
studies at GANIL to producé®sn at the intermediate en-
One of the regions of the nuclear chart that is currentlyergy of 63 MeV, and a production cross section f81°Sn
explored extensively in both experimental and theoreticabf =120 pb was given in Ref10]. This cross section is
studies is the region along tié=2Z line near and below much larger than the one found in the earlier high-energy
1%%n. On the one hand, this is based on the interest in study3SI experiment using aA GeV 2“Xe beam, where a cross
ing directly the doubly magic nucleu¥°Sn, a key nucleus section for°%Sn of 11=4 pb was measurefd]. To profit
for the investigation of Gamov-Telle8 decay[1]. On the  from this expected enhancement, we started another investi-
other hand, the nuclei belo#’’Sn along theN=2Z line are  gation of 1°%Sn and neighboring nuclei at GSI using also a
also of interest for studies of the superallowed Fefirie-  '12Sn beam. In this paper we will present the systematics of
cay[2] and for the astrophysicap procesq3]. production cross sections of neutron-deficient Sn to Sr iso-
To produce the nuclei to be studied in this region, low-topes. The results will be discussed in the framework of em-
energy fusion-evaporation reactions have been applied sugirical cross-section parametrizations. Results from spectro-
cessfully for many years. Recently, also high- andscopic studies of these nuclei will be presented in
intermediate-energy fragmentation reactions have proved tforthcoming papers.
be a valuable production mechanism. They were successful,

e.g., in identifying°°sn for the first timg4—6] or in study- Il EXPERIMENTAL PROCEDURE
ing half-lives and decay branchings of neutron-deficient nu- ’
clei along theN=2Z line [7,8]. The experiment was performed at the fragment separator

The SIS/FRS facility at GSI allows us to use projectile facility FRS of GSI at Darmstadt, Germany. A beam'&Sn
fragmentation at incident energies aroundl I5eV to pro- was accelerated to an energy of 1818/eV in the heavy-
duce the nuclei of interest. One key requisite for the planningon synchrotron SIS after 20 injection and cooling cycles.
of such experiments is knowledge of the respective producSpills with intensities of up to %10° ions lasting for 4 s
tion cross sections. In particular, one needs to know the prowith a repetition rate of 1 in 14 s were focused onto a
duction cross sections for the most neutron-deficient bean#007 mg/cri beryllium target in front of the fragment sepa-
because with their use one expects enhanced vyields of thrator FRS[11]. With a total nuclear reaction cross section of
most neutron-deficient fragment nuclei, compared to thoser,,=2.2 b calculated from an empirical parametrization
from beams near the valley ¢ stability. At SIS energies, [12] the total reaction probability of the primary beam in this
data are at present only available f6fXe and °®Ni projec-  target was 45%.
tiles [9,5]. The experimental setup is sketched in Fig. 1. The primary

The present study has been performed to extend the cubeam intensity was determined from the current induced by
rent database by studying the fragmentation of the mosfelta electrons in a titanium converter f{(BEETRAM[13])

in front of the target. This detector has an areal thickness of
18 mg/cnf. The SEETRAM beam intensity monitor was
*Present address: National Superconducting Cyclotron Laboragalibrated at low beam currentss@ X 10° ions/s) by count-
tory, Michigan State University, East Lansing, Ml 48824. ing individual beam patrticles with a scintillator which could
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FIG. 1. Experimental setup at the FRS at GSI. The detector?®
systems for the fragment identification were positioned at the
momentum-dispersivéF2) and the achromati¢F4) focal planes: 10!
tracking ionization chambe(TIC), ionization chamber for charge
identification(IC), plastic scintillator(SCI).

be moved into the beam. At high beam currents it was cali-
brated with the scintillator at the intermediate focal plane 30 35 40 45 50
taking into account the total reaction rate in the degrader nuclear charge
matter. We estimate the error of the beam intensity to be
30%, resulting from both the systematic calibration error and F!G. 2. Nuclear charge spectrum of fragments fréftsn frag-
the counting statistics of the SEETRAM current digitizer. m.entatlon at A GeV, measured inan |0n|z§tlon chamber operated
The fragments were isotopically separated in the FRS by/ith CFs at atmospheric pressure. The primary beam with50
a combination of magnetic deflection and energy losse as used for calibration.
caused by a 1 g/cfrAl degrader inserted after the first 30°
deflecting magnetD1) and a 5.5 g/crhAl degrader in the the positions of the fragments and thus their magnetic rigidi-
intermediate focal plane after the second 30° magb&). ties were measured using a tracking ionization chamber with
Detector systems placed in front of the th{fa8) and behind a highly segmented cathode and single-strip readout. This
the fourth 30° magnet§D4) allowed the determination of chamber had an active area of 2060 mnt and a drift
the fragment trajectories using position-sensitive ionizatioriength of 10 mm in the direction of the beam. The chamber
chambers and the time of flight between a start and a stowas operated with CFgas at atmospheric pressure. The po-
plastic scintillator. The fragment nuclear charge numBer sition resolution was determined by the strip pitch of
was determined by an energy-loss measurement in ionizatioh 75 mm. The strips were read out by integrated GASSI-
chambers at the intermediate and the final focal plane. ThELEX chips[15], which each consists of 16 preamplifiers,
two independent measurements allowed suppression of pashapers, a track-and-hold stage, and an analog multiplexer.
ticles resulting from reactions in the second half of the sepa- In addition, a fast but low-resolutiono{,=4.3 mm) po-
rator. sition determination with a plastic scintillator allowed us to
The ionization chamber at the intermediate focal plane F2eject most of the double hits occurring at the intermediate
had an active length of 400 mm segmented into eight anodfpcal plane.
strips. To achieve a high rate capability up t& 20° ions per At the final focal plangF4) two similar tracking ioniza-
second, fast(electron drift velocity vq=11cmjus) and tion chambers with a strip pitch of 1 mm were used to de-
dense gas Gfat atmospheric pressure and a small drift gaptermine both the position and the angle. These chambers,
of 40mm were used. The total active area of 200separated by a distance of 1035 mm, provided an angular
x40 mnt is adapted to the geometrical size of the F2 focalresolution of 1.5 mrad, allowing the complete reconstruction
plane of the FRS. For fragments in the regior 35—50 a  of the track through the separator.
nuclear charge resolution afZ=0.26 [full width at half The magnetic dipole fields were measured by Hall probes
maximum(FWHM)] was achievedsee Fig. 2 At a rate of  with an relative accuracy akB/B=10"*. The dispersion in
100kHz a fraction of 3% of the events with an increasedthe central focal plane F2 was determined to be
pulse height due to pileup was observed. These events coulkix/(ABp/Bpg) =65.3 mm/% by measuring the position of
be discarded using a fast scintillator signalt&5ns) for  the primary beam for several field settings. With a beam spot
pileup rejection. size of Ax~2.5 mm at the target and a position resolution of
The ionization chamber at the final focal plane F4 had arihe ionization chamber at the intermediate focal plane F2 of
active length of 400 mm with fourfold segmentation and wasAx=1.2 mm(FWHM) this allowed us to determine the mo-
operated with argon-methane g&80/10 at atmospheric mentum of fragments with known ionic charge with a reso-
pressure. A nuclear charge resolutionAd=0.35(FWHM)  lution of Ap/p=3.1xX10"4.
was achieved. At the fragment energy after the degrader For the measurement of the time of flight, 2-mm-thick
(=750A MeV) 99% of the ions are fully ionizedg=Ze) plastic scintillators(BC-420 were mounted at the focal
[14]. Thus this measurement also determines the nucleglanes F2 and F4 of the FRS. The length of the flight path
charge of the fragments. Both detectors were calibrated withetween the scintillators was 35 m. The scintillation light
the primary beam for the nuclear charge number50 (see  was detected on either side by fast photomultipliers
Fig. 2. (Hamamatsu R2083separated 10cm from the scintillator
In the momentum-dispersive intermediate focal pléF® edges realizing a time resolution &f(teq—tign) =115 ps
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both focal planes resulted in a nuclear charge resolution of

o i = 102

50(SN) [ iogy =+ AL g " " AZ=0.23 (FWHM).

By using the tracking ionization chambers to determine
49(In) the track of the fragments through the separator and two
independent measurements of the time of flight we achieved

48 (Cd) - a mass resolution cAA=0.32 (FWHM).

The detection efficiencies of the detectors for position and

47 (Ag) |- nuclear charge measurement could be determined by com-
paring to the scintillator detectors. Including the dead time of

46 (Pd) |- the data acquisition the total identification efficiency for
nuclear chargeZ>35 was determined to be 75%—-95%.

N 45 (Rh) |-

% B. Determination of cross sections

§ 44 (Ru) |- Individual isotopic cross sections were calculated from

8 the numbers of counts fulfilling a two-dimensionak 3vin-

§ 43 (Te) |- dow condition in spectra where the nuclear chafge plot-
ted versus the mass-to-charge rafi@ (see Fig. 3. Assum-

42 Moy ing a 10-times higher rate for a neighboring isotope the
probability for misidentification is below 2%. In the case of
very low statistics for identified nuclei the statistical error

41(Nb) intervals given in16] were used.

As a result of the mostly small numbers of total counts

40 (Zr) - per fragment, the ion-optical transmission could not be de-
termined reliably by a measurement of the momentum dis-

39(Y) ¢ tribution at the intermediate focal plane. Therefore a Monte
Carlo simulation[17] of the spectrometer transmission was

38(sn L . used. For the central fragment of each tune of the FRS the

| < ion-optical transmission was calculated to be above 90%.

1.95 2 2.05
mass to charge ratio A/q

21

Including losses due to secondary reactions in the degrader
matter and ionic-charge changes the total transmission was
still above 50%. For the central fragment an uncertainty of

FIG. 3. Identification plot of fragments frort?Sn fragmenta-

_ \ : 20% in the transmission was assumed for noncentral frag-
tion at 1A GeV. Results of several field settings of the fragment

ments up to 40%. Isotopes with a low transmission could
Yiten be observed in two adjacent field settings, thus mini-
mizing the error resulting from the uncertainty in the trans-
mission.

. . Cross sections down to 1 pb could be determined in the
(FWHM) for the centered primary beam. The scintillator at ass region 7ZA<111 with nuclear charge numbers 40

the final focal plane provided also the trigger for the readout$2S52 During a 62-h run with an integrated primary beam
Together with the magnetic rigidity and energy-loss mea- '

y . intensity of 8x 10'? ions one!%Sn nucleus could be identi-
surements, the fragments could be identified with respect tBed. In the more typical case dPRh a total number of 61
nuclea_r charge and mass number. As the spec_trometer_ aCCPhs were collected within a measurement time of 4.2 h. Al
tance is about=1% in momentum, several field settings derived cross sections are given in Tables | and i
were necessary to cover the neutron-deficient area of the '

nuclear chart along the=2Z line.

resolution of AZ=0.23 (FWHM) and a mass resolution afA
=0.32(FWHM) have been achieved.

IV. DISCUSSION

A. Cross sections of nucleon-removal products
Il. RESULTS

The isotopic distributions for the elements Sn to Sr mea-
sured in the current experiment are shown in Figs. 4 and 5.

Figure 3 represents an identification plot showing theThey represent typical “fragmentation” cases, where nucle-
nuclear charg& plotted versus the mass to charge r#ig. ~ ons have been abraded and/or evaporated from*tf@n
In this figure, the results of several field settings of the fragProjectile. Since our study was aimed at isotopes close to the
ment separator have been plotted on top of each other. F&f=Z line, only a limited range of masses on the neutron-
each individual setting, mainly nine nuclides are transportedleficient side was selected by the FRS. Typically, the cross
to the final focal plane due to the acceptance of the spectronsections are in the«b—nb range, with the smallest cross
eter. section measured fot?%Sn aso;,=1.8"32 pb. This value

The arithmetic mean of the two velocity-corrected mea-is lower than the one measured in the reaction oA1GeV
surements of the energy loss in the ionization chambers at“Xe with °Be, o1,,=11+4 pb, and far below the value of

A. Isotope identification
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TABLE I. Measured production cross sections for the respective

fragments formed in the reaction 6¥’Sn(101% MeV) + °Be.

El. Z A o [b]

El

z

A o [b]

Sn 50
Sn 50
Sn 50
Sn 50
Sn 50
Sn 50
Sn 50
Sn 50
Sn 50
50
In 49
In 49
In 49
In 49
In 49
In 49
In 49
In 49

100
101
102
103
104
105
106
107
108
109
98
99
100
101
102
103
104
105
106
107
96
97
98
99
96
97
94
95
91

(1.839x10 12
(2.£0.9)x 10710
(7.82.6)x10° %
(1.20.8)x10°
(2.£0.9)x 107 %
(2.51.1)x10° %
(1.£0.8)x10 %
(8.%5.2)x 10 %
(4.£1.7)x 107
(1.8:0.5)x 1072
(4.859x10 1
(1.2:0.5)x 10" %°
(2.8:1.2)x10°%8
(6.7-:3.0)x 10777
(5.3:2.2)x 1079
(5.6:2.5)x 107
(3.1:1.9)x 10" %
(1.9-1.1)x 1079
(4.421.9)x 107
(1.12:0.5)x 107 %2
(3.6:1.4)x 10 %0
(5.7 2.4)x 107
(1.6:0.4)x10° %7
(2.#0.9)x 10 %
(1.9-0.8)x 107
(3.7 1.7)x 1079
(3.7°29x 10710
(9.6:3.9)x 10 %
(9.5 x10 1

Pd
Pd
Pd
Rh
Rh
Rh
Ru
Ru
Ru
Ru
Tc
Tc
Mo
Mo
Mo
Nb
Nb
Zr
Zr

46
46
46
45
45
45
44
44
44
44
43
43
42
42
42
41
41
40
40
40
40
39
39
39
39
38
38
38
38

92 (1.0°99x107%
93 (2.4£1.0)x10° %
94 (4.x1.7)x10°%
90 (1.60.7)x10°%
91 (3.61.5)x10 %
92 (7.622.9)x10° %7
87 (2.5'#9)x10°10
88 (2.81.2)x10° %
89 (7.53.1)x10° %8
90 (1.2-0.5)x10°%
86 (5.32.3)x10° %
87 (1.10.5)x10° %
83 (3.539)x10
84 (1.1-0.5)x10 %8
85 (2.4-1.0)x10° %7
82 (1.6:0.7)x10° %
83 (3.0:1.3)x10° "
78 (2.7°59)x10° 1
79 (1.2°3Hx107%
80 (2.5:1.1)x10 %
81 (7.0:2.9)x10° %7
76 (2.6°5)x10 1
77 (6.5:2.7)x10 1
78 (3.5:1.5)x10 %
79 (7.3:3.1)x10°Y
74 (4.9759x10° %
75 (6.32.9)x10° %
76 (8.23.4)x10 %
77 (1.90.8)x10 %
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FIG. 4. Production cross sections of tin and indium istopes for
nucleon-removal channels from the reactioh GeV '%5n+ °Be.
The solid lines indicate the prediction from the EPAX parametriza-
tion [18]. Open symbols represent calculated cross sections from
the ISApace INC plus evaporation modé&B].

eral, the distributions are well reproduced, in particular when
considering the range of orders of magnitudes spanned by
the data. One should note, however, that preliminary results

=120 pb from the GANIL measurement mentioned above,, g isotopes from the present study were used to find an

We will discuss this in more detail below.
In Flg's.. 4 and 5 our ‘?'at"%‘ are compared to predictions fr,onﬁeutron-deficient projectiles in the EPAX formula; thus, the

an empirical parametrization of high-energy fragmentation.,mnarison for Sn cannot be regarded as an unbiased check

cross sections, EPAKL8] (solid lines in the figures In gen-

TABLE Il. Measured production cross sections fd;+1)

and  (pt2) fragments formed in  the

1125n(101R MeV) +°Be and'%Sn(101R MeV)+"Cu.
125n1 9Be 125 naicy

EL Z A o [b] o [b]

Sh 51 106 (1L.&0.7)x10°%  (2.00.9)x 10 %

Sb 51 107 (2.&81.2)x10 %  (4.2+1.8)x10 %

Sb 51 108 (1.20.5x10° % -

Sb 51 109 (1.20.6)x10° % -

Te 52 108  (3.1'1)x10°%® (1.2"29x10%°

Te 52 109  (1.40.6)x10°%  (3.9+1.8)x10 %8

Te 52 110 (7.22.9)x10° % -

Te 52 111 (1L.%0.7)x10°% -

reaction

improved parametrization of the “memory effect” for

of the validity of the EPAX formula. The other cross sections
(In to Sr isotopeswere not used in fitting the parameters.
While an analytical function like EPAX is useful to pre-
dict production cross sections in high-energy heavy-ion reac-
tions, it is not related to any physical model and thus does
not yield insight into the underlying physics of such reac-
tions. For a more physical understanding of the processes,
we have applied a combination of an intranuclear-cascade
model ISABEL [20] and a thermal-evaporation modeiCE
[21] to the present reaction. This package, termed “ISA-
pace” in the following, has been applied successfully, e.g., to
the reactions oft*Xe+°Be and **’Au+27Al, both at ener-
gies around A GeV [22]. Cross sections and momentum
distributions of proton-removal products could be well repro-
duced. In addition, we could show that for the reaction of
0.8A GeV!?*e+?’Al the formation of nuclear-charge
pickup productgisotopes of;sCs) was correctly calculated
by ISApace[19].
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For the present target-projectile combinatibiSn+ °Be, We finally want to comment on the difference between

about 80 000 intranuclear cascades were run, followed by 3°°Sn formation cross sections from the present and the
independent evaporation sequences for each cascade. TKRANIL experiment{10], which amounts to a factor cf 40.
allows us to calculate cross sections down to a level of abouthough the incident energies of 104%nd 63 MeV, re-

10 ub. For the elementgy,Sn and,gn, where there is suf- spectively, are very different, there are indications that abra-
ficient overlap between the experimental and calculated iscsionlike reaction mechanisms are at work in both regimes.
tope distributions, we show in Fig. 6 the results from ourThis is based on the observation that the same EPAX curve
ISApace calculations by the open symbols. As in our previthat closely follows the measured production cross sections
ous studies, the experimental and simulated data match veof neutron-deficient Ni fragments from 680MeV >®Ni

well, indicating that the assumption underlying the ISApacefragmentation over nine orders of magnit&24] matches
approach of free nucleon-nucleon collisions followed bywell the observed formation cross section of the ten-neutron-
evaporation from an equilibrated compound nucleus is rearemoval product®Ni from 75A MeV *Ni fragmentation
sonable at least for the very peripheral collisions that conf25]. This cross section is only (0.6%.02) pb. On the
tribute to the formation of the nuclides studied. Similar con-other hand, a comparison d¥Kr-induced fragmentation
clusions have recently been drawn from a much moreross sections at 20 MeV [26] to the EPAX formula re-
comprehensive set daéxclusivedata, using alsoSABEL to  veals a considerable excess, e.g., for the 12-neutron-removal
simulate the intranuclear cascade, by the EOS Collabproduct “*Kr. The experimental cross section of (186
oration[23]. +46) wb contrasts with an EPAX prediction of only
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102, fragment distribution, and the cross sections are more than
Wf * exp.data"sn%Be one order of magnitude smaller than those of neutron-
107 u exp. data 28n+"cy 515b A removal products.
_ 1o*L 4 ISApace "?sn+°Be 4 s Similar observations can be made for the formation of
E 10_55 *4 + 5:Sb charge-pickup productsee Fig. 6. In addition to the
E ¢ Z oot 1(5_18b) isotopes, we could also detetq+2(s;Te)
£ 108 c_harge-pmkup products. Note that the latter have cross sec-
2 # 5218 tions almost four orders of magnitude smaller than the
2 1°'F yoot t former.
5 oL 4 Applying ISApace to the present target-projectile combi-
} nation, we obtain the calculated cross sections*f8rSb
10°® + shown by the open triangles in Fig. 6. The 80000 intra-
| | | nuclear cascades that were run allow us to obsé®@b as

i 1 1 |
105 106 107 108 109 110 11 12 the lightest isotope. Within the present statistics of the INC
mass number calculation, nog,Te events could be simulated. As in our

FIG. 6. Production cross sections ff f+1) and Zy+2) ~ PrEVIous study[19], the experimental and simulated data
charge-exchange products$b andg,Te isotopes from the reac- _match_very weIIz indicating as well thgt_also the ratlo_of
tion of 1A GeV L%Sn+9Be. Filled circles denote our experimental melaspc to elas'_uc nucleon-nucleon collisions plus th_e time
data. The open triangles are predictions §8b calculated with the evolution of the intranuclear cascade has been described rea-
intranuclear-cascade plus evaporation package ISAft®e The  sonably well.
filed squares are experimental data obtained with the Be target
replaced by a Cu targéthickness 3976 mg/ch. V. SUMMARY

) ) . o We have measured cross sections for projectilelike frag-
1.2 ub. Itis not clear, however, if the influence of the inci- ments close to theN=Z line produced in the reaction

dent energy plays a different role for neutron-rich andil2gni 98¢ at an incident energy ofAl GeV. Cross sections
neutron-deficient projectiles. Thus it cannot be excluded thags nucleon-removal products as low as a few pb could be
the difference in'°Sn yield between the GANIL experiment measured. The results are in good agreement with the em-
and the present one is related to different reaction mechayirical parametrization of fragmentation cross sections,
nisms at the two bombarding energies, thoudfsn is al-  EpaX, except for isotopes of the projectile. The production

most as neutron-deficient &&Ni. of doubly magic °°Sn by removing 12 neutrons from the
11231 projectile turned out to be less favorable compared to
B. Cross sections of charge-pickup products the removal of 20 neutrons and four protons frdfiXe.

It is well known that even at relativistic beam energies,Th'S is in contrast to medium-energy reactions at GANIL
fragments are produced which have nuclear charges |argg\fhere the former process was observc_ad with a cross section
than that of the projectile. While most of the experimentsthat was larger by two orders of magnitude.
performed can identify only the nuclear charge and not the Ve could also measure isotopically resolved cross sec-
mass numbers of the fragmertsee, e.g[27] and references tions for one- and two-proton pickup which differ in magni-
therein, Stmmereret al. [19] have measured isotopically tude by_ four orders. Intranuclear-cascade plus evaporation
resolved cross sections ofCs fragments from %319)(8 cglculatlons reproduce the one-proton-pickup cross sections
+27Al and compared them to ISApace calculations. TheWlth good accuracy.
measured Cs isotope distribution could be well reproduced.
The authors concluded that at incident energies of
~800A MeV, (n,p) charge-exchange scattering afidex- The authors wish to thank K.-H. Behr, A. Biie, and K.
citation and decay contribute with about equal weights to théBurkard as well as the GSI workshop for technical assistance
nuclear-charge pickup process. As a consequence, only the preparation phase. We also thank the accelerator crew
masses equal to or lower than the projectile mass occur in thef GSI for providing a high-quality*'>Sn beam.
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