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Modified empirical parametrization of fragmentation cross sections
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New experimental data obtained mainly at the GSI/FRS facility allow one to modify the empirical param-
etrization of fragmentation cross sections. It will be shown that minor modifications of the parameters lead to
a much better reproduction of measured cross sections. The most significant changes refer to the description of
fragmentation yields close to the projectile and of the memory effect of neutron-deficient projectiles.

PACS numbd(s): 25.70.Mn, 25.70.Pq, 25.75q

I. INTRODUCTION eters that vary smoothly as a function of fragment njags
In the present paper, we will base the choice of these param-
The pioneering experiments of projectile fragmentation agters exclusively on heavy-ion-induced reaction data.
relativistic energies of*°Ar and “éCa beams at the LBL We will first review briefly the basic characteristics of the
Bevalac[1,2] have demonstrated the potential of this methodEPAX formula and then show which modifications are neces-
for the production of exotic nuclei. Based on these ideas, theary to improve the accuracy with which the new experimen-
SIS/FRS facility[3] at GSI has used also heavier projectilestal results can be reproduced. This will be followed by a brief
like, e.g., ®Ni, 8Kr, 12%Xe, and?°%Pb to produce and study comparison with similar attempts by other authors.
exotic nuclei[4-7]. For planning such experiments, when
count-rate predictions are needed, analytical descriptions of Il. EPAX FORMULA
fragmentation cross sections are useful. They are also useful
in simulation programs for projectile-fragment separators
(like, e.g., INTENSITY [8] or MocADI [9]). Compared to The basic characteristics of the analytical description of
physical models of high-energy fragmentation reactionshigh-energy fragmentation cross sections by EHrax for-
which in general involve time-consuming Monte Carlo cal- mula are the followind10].
culations, the virtue of an analytical formula lies in the short (i) In the absence of systematic excitation-function mea-
computing time and the possibility to calculate easily submi-surements of heavy-ion-induced fragmentation reactions, the
crobarn cross sections that are beyond the reach of physicgbrmula is valid only for the so-called “limiting fragmenta-
model calculations. tion” regime, i.e., for projectile energies where the fragmen-
In 1990, Smmereret al. [10] proposed a universal em- tation yields are no longer energy dependent, at least within
pirical parametrization of fragmentation cross secti@®»x  the accuracy of the formul@pproximately within a factor of
[10]) which was based on and similar to previous prescrip2). This is certainly true for incident energies considerably
tions by Rudstani11] and Silberberg and Tsgd2]. The above the Fermi energy in nucle@0A MeV), in particu-
parametrization was to a large extent based on multi-GeVar for the typical SIS energies of (500—1080)MeV.
proton-induced spallation cross sections, since only scarce (ii) The EPAX formula is meant to describe the fragmen-
heavy-ion-induced experimental data were available at thatation of medium- to heavy-mass projectiles; nucleon-pickup
time. Meanwhile, more precise data from relativistic heavy-cross sections are not included. No attempt is made to de-
ion-induced fragmentation reactions together with recent rescribe the fragmentation of fissile nuclei. Therefore, the
sults from projectile fragmentation of heavy nuclé?Au  range of validity is limited to projectiles from around argon
and 2°%b) on H targets[13,14) allow a more stringent to below the lead and bismuth isotopes. Predictions for pro-
comparison of proton- and heavy-ion-induced isotope distriduction cross sections of fission products or of fragments
butions. This comparison indicates that for heavy nuclei thébelow U where fission competition is significant require an
two reactions lead to different isotopic distributions, which elaborate description of the fission process, such as can be
cannot be obtained from each other just by scaling factorsfound, e.g., in a recent publication by Benlliugeal. [15].
This can be easily understood since heavy-ion-induced reac- (iii) For fragments sufficiently far away from the projec-
tions are expected to deposit more excitation energy in &le (i.e., for mass losses larger than 15—-20 % of the projec-
nucleus than proton-induced reactions, making the finafile mass, the isotope distributions are largely independent
product distributions — after evaporation — broader andof the original nucleus; their position, shape, and width de-
more neutron deficient. Nevertheless, the data show that ipend only on the fragment mass number. This constitutes
both cases the isotopic yield distributions can be well dewhat has been termed the “residue corridor” and is related
scribed by Gaussian-like analytical functions with param-to the fact that the isotope distributions are mainly governed
by statistical evaporation from highly excited prefragments
produced in collisions between relativistic heavy ions.
*Electronic address: k.suemmerer@gsi.de (iv) For fragments that involve only a small mass loss
Electronic address: blank@cenbg.in2p3.fr from the projectile, the isotope distributions should be cen-

A. Basic characteristics
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TABLE I. Constants used in therax formula version 1(Ref. [10]) and those used in version (this
work). Note that in a few cases also the functional form to calculate a parameter has ckeagyeekt

Parameter Constant
Version 1 Version 2

Scaling factorS S —2.38 —2.38

S, 0.450 0.270
Mass yield slope? P, —2.584 —2.584

P, —7.57x10°3 —7.57x1073
Width parameteR R, 0.778 0.885

R, —-6.77x1073 —-9.82x10°3
Zprop Shift A Ay 0.895 -1.09

A, 2.70x10°2 3.05x10°?

Ag 2.04x10°4 2.14x10°4

A, 66.22 71.35
n-rich slopeU,, U, 1.50 1.65
p-rich slopeU, U, 2.00 1.79

U, 4.72x10°3

Us —1.30x10°°
n-rich memory effectA, n, 0.40 0.40

n, 0.60 0.60
p-rich memory effectA, p1 0.00 —10.25

P 0.60 10.10
Correction factor forA d; -51.0 -25.0

d, 0.86 0.80
Correction factor foR ry 20.0 20.0

roy 0.86 0.82
Correction factor fory, 2 200.0
for Yu Yo 0.90

tered close to the projectile and their variance should benaximum,Z,,.,. The shape of the charge dispersion is con-
small. Therefore, a smooth transition is anticipated betweetrolled by the width parametd® and the exponerit, (U,)

the residue corridor and the projectile. The parametrizatioon the neutron{proton) rich side of the residue corridor.
of this smooth transition constitutes the main task in designThe factorn= R/ simply serves to normalize the integral
ing the formula. of the charge dispersion to unity.

In a first step, a parameter set has been searched for that The mass-yield curve is taken to be an exponential as a
describes the fragmentation yields from projectiles locatedunction of A,—A. The slope of this exponentiaR, is a
close to the line of3 stability. In a second step, a modifica- function of the projectile mass. An overall scaling fac®r
tion of the yield distributions due to the neutron or protonaccounts for the peripheral nature of fragmentation reactions
excess of projectiles located on the neutron- or proton-rickand therefore depends on the circumference of the colliding
side of the line ofB stability (the “memory effect”) has  nuclei:
been parametrized.

Ya=SPexd —P(A,—A)], 2
B. Parameters ofEPAx version 1 3. .13
=S,(A P+ A+
As explained in detail in Ref.10], the cross sectiofin S=S(Ap v +Sulbl, &)
barng of a fragment with mas#é and chargeZ produced by InP=P,A,+P;. 4)

projectile fragmentation from a projectiléAf,Z,) imping-

ing on a targetA,Z;) is written as The numerical values of the various constants can be found

_ _ Un in Table I.
T(AZ) =Y a0 (Zprob=Z) =Y AN €XP~R|Zprop~ 2| (p))'l) The charge dispersion is characterized by the three param-
etersR, Z,,,,, andU. These three parameters are strongly
The first termY 4 represents the mass yield, i.e., the sumcorrelated and difficult to obtain uniquely with a least-
of the isobaric cross sections with fragment maéssThe  squares fitting technique. Note that the isobar distributions
second term describes the “charge dispersion,” the distribuare not symmetric on the neutron- and proton-rich sides;
tion of elemental cross sections with a given mass around itthereforeU has two different valuedJ, and U, on the
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proton- or neutron-rich side of the valley @f stability, re-
spectively. In Ref[10], the exponenU for the neutron-rich
side of the isobar distribution was chosen dg=1.5,
whereas the proton-rich side falls off like a Gaussiafh, (
=2).

The maxima of the charge dispersioZs,,,, have been
parametrized relative to the valley gf stability,

Zprob: ZB+A (5)
Zg is approximated by the smooth function
Z5=A/(1.98+0.01558%3). (6)

A is found to be a linear function of the fragment masks,
for heavy fragmentsA=A,), and is extrapolated quadrati-
cally to zero:

AzA? if A<A,,

A=\ AA4A, if A=A, @

Similar to the parameteZ,,,,, just discussed, the width

200
fragment mass A

of the projectile. In Ref[10] it was found that the experi-
mentalR values can be approximated by an exponential of
the form

InR=R,A+R;. (8)

The equations given above are sufficient to describe the
“residue corridor,” i.e., the yield distributions of projectiles
located on the line oB stability if the fragment mass is far
from the projectile mass. Close to the projectile, the follow-
ing modifications have to be introducgtio]:

(€)
(10

A=A[1+d;(A/A,—d,)?],
R=R[1+r(A/A,—T13)?].

This serves to gradually reduce to zero the offseZgf,,
from the line of B stability and to decrease the width of the
charge dispersion whehapproaches the mass of the projec-
tile, Ap .

A final correction applies if the projectile does not lie on
the line of B stability. In this case, theé\/Z ratio of the
fragments will to some extent “remember” thg,/Z,, ratio

parameteR is a function of fragment mass only, irrespective of the projectile(“memory effect”). For an analytical de-

034607-3



K. SUMMERER AND B. BLANK PHYSICAL REVIEW C 61 034607

L L B B S s B B B T T T T T T T T T T T T T LA L L L L L N L L B LB

)

%— ©a 4 120 a) . | 12y 4 VA 0) |
Q2 8 exp, + sim. dota

>10 Lo exp. dato . » exp. dota

3 4| —EePaxv2 L’

E 10 - - EPAX V1 .-

Ty
\

et
S N
ot t”¢£* b
LTl

~
o
&
2
e
3
L4
>

charge-changing cross section (b)

v e by by b
25 30 35 40 45 50 55

AU + ZAl b) "

mass yield (b)

10 ~L I I
90 100 110 120 140 160 180 200
fragment mass A fragment mass A

2 -
10 . 1 L 1

FIG. 2. Experimental mass yield&&, for the reactions of °Ar +
12C [(a), Ref.[18]], ¥Kr+°Be [(b), Ref.[5]], ?e+?7Al [(c)],
Ref.[6]], and 2°%Pb+ "3'Cu[(d), Ref.[7]] compared to the oldPax
parametrization version (dashed ling and to the newepax for-
mula version 2(solid line). The open squares are the sum of the
experimental cross sections for a given fragment nfgsshereas
the open triangles represent the calculated cross sections using the
new epAX formula for isotopes missing in the experimental data for PN BN B I I N N S W
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scription, it is simply assumed that the charge dispersions are
shifted by an amound, which is a certain fraction of the (@ and **"Au ions (b) on ?7Al targets in comparison with the old

distance oz, from Z4,, the nuclear charge on the line 8f ., parametrization version {dashed ling and the newepAx
stability for A,. Close to the projectile, this fraction is formuyla version 2(solid line). The experimental data are from
clearly close to unityfull memory effec}, whereas it should  ginnset al. [19].

gradually approach zero with increasing distance of the frag-

ment mas#\ from the projectilgloss of memory. The shape

of the isobar distribution is assumed to be unchanged. Thuto© large maxima. M_ore(_)ver, the cross sections for frggments
close to the projectiléwith massesA=200) are predicted

FIG. 3. Experimental charge-changing cross sections-1®te

Zprob=Zg+A+Ap, (11  much too high. Minor discrepancies were also found for
12%e-fragment yieldg6] where the experimental distribu-
whereA , for neutron-rich projectiles is given by tions were found to be wider than tleeAax predictions. Se-
rious deficiencies were revealed when, compared t@mhas
Apn=[ni(A/A)*+ nz(A/At)A](Zp*ZBp)- (12)  prediction, too large cross sections for neutron-deficient iso-

topes from*Ni fragmentation[4] and too small cross sec-

The corresponding constants for proton-rich projectiles aréions of neutron-deficient Sn isotopes frotfSn fragmenta-
termedp, andp, instead ofn; andn,. Numerical values for tion [16] were measured.
all constants are given in Table I.

With this parametrizatiorgPAX version 1 was rather suc-
cessful in describing the gross features of isotope distribu- Ill. MODIFICATIONS OF THE EPAX FORMULA
tions of high-energy projectile fragmentation. This has been
visualized, e.g., in Ref§4—7], where comparisons @PAX
with experimental data over many orders of magnitude in The availability of extensive cross-section measurements
cross section can be found. As a particular example, we pldor projectile fragmentation ofAr, 58Ni, 8Kr, 2%e, and
in Fig. 1 experimental isotope distributions from 2°%Pb[17,4—7 down toub or nb cross sections allowed in a
1A GeV 2%%pp fragmentatiorf7] in comparison with the first step to find a better parametrization of the mass yields
EPAX version 1 parametrizatiofdashed curves Y. In @ second step, we adjusted the parameters describing

This set of data was also chosen to illustrate that the oldhe residue corridor, i.e., the width parame®esind the slope
EPAX version has problems to reproduce satisfactorily theconstantd), andU, of the quasi-Gaussian charge dispersion
isotope distributions of very heavy fragments. As can betogether with its centroid,,,. In a third step, the correc-
seen best for the low-isotope distributions, the dashed lines tion factors for isotopic yields close to the projectile were
are centered too much on the neutron-rich side and exhibinodified. Finally, modifications for projectiles outside

A. Fragmentation of projectiles close to8 stability
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FIG. 4. (a) Fragment-mass dependence of the offaeif Z,,, § 10 10 [ —
from the line of B stability according to Eq(5). The dashed curves & '__ Z=40 -
denote the ol&PAx parametrization, while the modified version 2 is 10 K NEETI NET R FERE 10 Lo I RN
indicated by the solid curves. The downward-curving lines above 90 g5 100 105 85 90 95

A~110 andA~180 illustrate the return dl,,;, to 3 stability close
to the projectile[Eq. (9)] for **Xe and 2°%Pb, respectively, as a

projectile. Data from fits of E((5) to the results from Ref$6,7,15

fragment mass A

fragment mass A

FIG. 5. Isotope distributions from 880 MeV !?%Ke fragmen-

are shown by the solid squareb) Fragment-mass dependence of tation in a?’Al target[6] in comparison with the oléPax param-

the width parameteR according to Eq(8). The upward-sloping

dashed(solid) curves indicate the shrinking of the widths near the curve.
12%e and 2°%Pb projectile, respectively, for the olgiew) version

of Erpax according to Eq(10) [Eq. (14)]. Results from fits to the
data from *?°Xe and 2°%b fragmentation are shown by the solid
squares; those froMfi®Kr fragmentation(triangles, Ref[5]) have

been approximated by E¢16) (dash-dotted ling

Table I.

1. Integrated mass and charge yields

etrization version 1dashed curvyeand the modified version @&olid

mass needed to be modified. A much better overall normal-
ization was achieved by reducing the scaling fa@giby a
factor of 0.6, as demonstrated by the solid lines in Fig. 2. An

additional correction introduced in the nemPAX version

the valley of 8 stability were redetermined. Numerical val- CONsists of an increase in the mass yléjd[Eq. (2)] close to
ues for the new constants are given in the fourth column ofl€ Projectile according to

Ya=Ya[1+y1(A/A,—Y2)?]

(13

According to Eqs(2)—(4), Y, is described by an expo- for A/A,=y,. These modifications give a satisfactory agree-

nential function depending on the fragment masshe pro-
jectile massA;, and the target mas8, . In EPAX version 1,

ment with experimental data. In the case'6%Xe, the slope
far from the projectile mass deserves further attention. How-

no additional correction close to the projectile has been perever, because of the lack of other complete experimental
formed. As shown by the dashed lines in Fig. 2, this yieldsdata, we were not able to significantly improve the mass-
only a very rough agreement with experimental data. Noteield description.
that the experimental mass yields had to be complemented Another comparison of integrated cross sections from
by calculated cross sectiorifffom EPAX version 2 where  EPAX to experimental data can be performed for charge-
experimental data points were missing. For fHar, &Kr,  changing cross sections. For this purpose, we use experimen-
and 1**Xe data, the additional calculated cross sections contal data from Binnset al.[19]. Figure 3 shows a comparison
tribute only close to the projectile; in th#%Pb case, how- of the experimental data to tlE®AX versions 1 and 2. As can
ever, the experimental data are less complete and more sife seen, nice agreement is achieved with the Bemx for-
nificant corrections were necessary. mula, in particular close to the target. For th€Xe data, the
Figure 2 shows that the slope somewhat further awaygxcess charge-changing cross sections for I&fvare most
from the projectile is reasonably well reproduced; howeverjikely due to secondary reactions in the targets which are
the absolute height as well as the slope close to the projectilensufficiently accounted for.
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2. Experimental data are from Ref,5]. ) ) o ]
FIG. 7. Experimental isotope distributions for Sn isotopes from

neutron-deficient projectiles ofBe targets:(a) from %Sn frag-
mentation[16], (b) from ?*Xe fragmentatiorj21], plotted in com-

In the upper part of Fig. 4, we show, as a function of theparison with the oldzPax parametrizatior(dashed curvésand the
fragment masg, the new positiorZ,;,,(A) of the “residue  modified version(solid curves.
corridor,” for ?%Ke and ?°%b, fragmentation. Data from
?*% fragmentatior{20] are also included in the figure; they which approachebl,=2.2 for largeA, compared to a previ-
were not used to fit the parameteks and can serve as a ous constant value of 2 @aussian curve
check. For clarity, we plot the offses, from Z; according A close inspection of the width paramet® resulting
to Eq.(5). The dashed lines are fepAx version 1; the solid  from fits to the measured®Kr isotope distributions[5]
lines represent the new version 2. Note that for better resultshows that they are slightly but systematically decreased
close to the projectile, we have addedZg,, according to  compared to Eq(8) (see Fig. 4 This means that the isobar
Eq. (5 a tiny fragment-mass dependent correction amountgistributions are slightly wider for a neutron-rich projectile
ing to 0.002\. The lines sloping downward above~110 like 8Kr than for ap-stable one. Therefore, we tentatively
andA~ 180 illustrate the return o, to B stability close introduce the following neutron-excess dependench: of
to the 1?°Xe and 2%Pb projectiles according to E¢P).

In a similar way, the lower part of Fig. 4 visualizes the
analytical description of the width paramet&, While the
functional form of the correction fol, Eq. (9), was kept
identical withepAX version 1, the correction foR near the
projectile is now written as

2. Parameters of the residue corridor

R'=R[1-0.0833Z5,— Z,)], (16)
where R is calculated according to Eq8). For neutron-
deficient projectilesR is not changed.

For a typical example, the combined effect of the changes
described above is visualized in Fig. 5, which displays the
isotope distributions from 800 MeV 1?°Xe fragmentation
measured over four orders of magnituldg. In particular,
for A/Ap,=r,, which yields more narrow charge distributions the data measured near the maximum are now much better
for A close toA,,. reproduced. The stronger increaseRmear the projectile

Only minor changes were introduced for the slope conmassA,=129, leads to a much faster decrease of the corre-
stantsU, andU,, of the neutron- and proton-rich sides of the sponding fragment yields &~ 124. Similar observations,
charge distributions, respectively. Whilé, was increased though over a smaller vertical range, can be made for the
from 1.5 to 1.65(constant for allA), U, is now slightly  fragment distributions fron?®Pb fragmentation shown in
fragment-mass dependent with Fig. 1. It is interesting to note that even f8tU fragmenta-
tion products in the mass range ¥8=<130, produced in
violent collisions and correspondingly long chains of statis-

R=R[1+r,A (A/A,—T5)*] (14)

U,=U;+U,A+U3A?% (15
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tical evaporation, rather good agreement between experimefusted carefully. For this purpose, we calculate the derivative

tal data[20] and EPAX can be observed. of the logarithm of the cross secti¢iq. (1)]:
B. Fragmentation of neutron- or proton-rich projectiles d_F _ d(In(o)) - —2R (Z=Z0100) (19)
dz dz In(10) prob/:

In the previousPAX version[10], the parametrization of
the “memory effect” was fitted, for the case of neutron-rich
projectiles, to the results from*®Ca fragmentation at
213A MeV [2] [see Eq(12)]. For the case of®Kr, we were
able to check the validity of this prescription in a different

The transition point to the exponential slogg,,, can be
calculated for the proton-rich side as a function of the frag-
ment masdA according to

fragment-mass rand®]. We have kept this prescription for dF| In(10)

the current version 2, since the agreement with experimental Zexd A)=Zpron(A) + = _ (19
data has not changed significantlsee Fig. 6 for selected dz A 2R(A)

examples

The situation is different, however, for the case of From Ze, on, the slope is exponential with the same
neutron-deficient projectiles. There, the previous version wagradient as Eq(l) at this point. .
unsatifactory from the beginning: First, there were only very ~ The gradient for which we switch to the exponential slope
few radiochemical cross sections available to derive a gued@s to be parametrized as a function of the fragment ass
for the memory effect on the neutron-deficient side. Second®S for the moment only thé*Ni data exhibit this exponen-
the resulting formuIaAmz[pZ(A/At)“](Zp—ZBp) does not tial trend (the measured cross sections in tH8Sn region
yield the limiting value A, /(Z,—Zg,)=1 for A=A,. reach the same cross section Ievel_, but are fartr_\er away from
These deficiencies became particularly obvious wherhe proton drip ling we tried to adjust the functiodF/dZ
Schneideret al. [16] measured only small cross sections forin such a way to reproduce tiéNi data without deteriorat-

neutron-removal products froH2Sn. This lead to a differ- ing the good agreement with the measurétke data. The

deficient projectiles. The new parametrization reads following:
A= +pAIA(Z,—Zg,), 1 dF
m=exXH p1+ P2AIAN(Z,— Zgp) 17) 5 = 1.2+ 0.64TA2)%3 (20
which is equivalent to a stronger but more rapidly decaying
memory effect compared to the polynomjélg. (12)] used The result for the®®Ni fragment-yield distributions is vi-

previously. The consequences of the new parametrization of,5jized in Fig. 8. The solid line shows the nes@AX cross

the memory effect for neutron-deficient projectiles are visu-sections including the above modification of the slopes,
alized in Fig. 7. The small measured cross sections8n  \yhereas the omission of the exponential slope leads to the
[16] are now better reproduced, while the good agreemenjotted cross-section curve. As a consequence of this modifi-
(over more than seven orders of magnitudéth data mea-  cation, Epax version 2 predicts a production cross section,

sured in'?Xe fragmentatiorf21] is maintained. e.g., for the doubly magic nucleuNi of 4x10 23 b,
We note in passing that Eq17) is very similar to what  \ynich is within reach of an experiment.
has been suggested by von Egidy and Schfi2id} to repro- As stated earlier, the present adjustment for very proton-

duce production cross sections from antiproton annihilationyjcp projectile fragments is only based on results fréfNi

T_he overal_l agreement wi_th the experimental fragmentatioqragmentatior{4]_ Therefore, caution is advisable when ap-

yields studied in our work is worse, however, when we adoppying this parametrization especially to very light proton-

their description of the memory effect, in particular on theyich fragmentation products. It would be interesting to com-

neutron-rich side. Moreover, we do not fit any set of parampgare the present parametrization to fragmention yields at the

eters separately for a specific projectile as has been done Htip line from other proton-rich beams, e.g., frofPAr or

Ref. [22], but rather want to describe all systems with the 78¢; |y the 1995 region, the present transition to an expo-

same parameter set. o _nential slope has only a slight influence on t#8Sn cross-
The yield distributions from the neutron-deficient projec- goction prediction from-'25n fragmentation (66102 b

tile °®Ni, studied in great detail by Blanét al. [4], deserve 5 pe compared to an experimental value ofx112" 2 b

special attention. Not only do they represent a rare examplgy g])_ |t might be interesting to measure fragmentation cross

of cross-section measurements down to the subnanobafqtions for even more proton-rich nuclei in this mass region
level, but also a case where severe discrepanciesemithit compare to the modifiedrAx formula

version 1 were observed: the yields of ev@isotopes close

to the proton drip line where found to be enhanced in experi-
ment by factors of up to 75[4]. As a remedy for this defi-
ciency, we have chosen to switch over from quasi-Gaussian Besides the comparison between experimental data and
to exponential slopes of the charge distribution above a ceepax predictions for individual elemental distributions, we
tain gradient of the cross-section distribution. In order totried also to visualize in a more global manner the overall
achieve a steady transition between the two slopes, the traquality of the newepax parametrization compared to the
sition point and the slope of the exponential have to be addata and the improvements with respecetax version 1.

C. Overall quality of EpAX version 2
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For this purpose, we plot the cross section ratiosbeen proposed, mainly for proton-induced spallation reac-
Texpl Tepax for all projectile-target combinations used in the tions (e.g., Refs.[23,24)). Contrary to our formula, these
present paper in Fig. 9. For most of the projectiles the logaparametrizations fit also the energy dependence of the cross
rithm of the cross-section ratio is centered around zero, indisections. The former approach has been extended to describe
cating an agreement on average between experiment and prgeavy-ion induced spallation reactions by scaling proton-
diction..Fo.r th.e NEeWEPAX version 2 the sigma widths of jnduced cross sections by an energy-dependent f42eir
these distributions vary between i the case of°Arand  and has achieved good agreement with measured cross sec-
®Kr) and 0.2(in the case of'*Xe). If we analyze all ex- tions (in the 100 mb to 1 mb rangeor fragments from
perimental data together, we obtain a sigma of 0.4. Thi$,edium-mass nucldi.e., for projectiles up to®Fe [25]).

dem.onstrates that the nﬁ”‘x ;‘ormulaf Zar prledlct clrloss For fragmentation cross sections from heavy-mass nuclei,
sections in most cases within a factor of 2. In aimost a CaS€Rowever, the formula of Tsaet al. [25] is less successful.

we obser_ve a significanty smaller slgma fqr t_he MERAX  This can be demonstrated, e.g., by comparing in Fig. 10 their
parametrization than for the old version. This is particularly - : I .
prediction for the Pt isotope distribution in the reaction

striking in the cases of®Ni, 12%Ke, and2°%Pb. Only in the %, nat .

case of*®Ca does the agreement between experimental datta bt . Cu to experlmental daté7]. .AS we have men-
o . . L . ioned in the Introduction, our physical understanding of

and predictions deteriorate slightly, exhibiting now a shift to

smaller predicted cross sections. It is likely that the memoryh'gh'energy heavy-ion reactions suggests that proton-

effect for neutron-rich projectiles is the origin of this discrep-”ﬁ'dguad reactions produce more neutron-rich isotope d!stn-'
ancy butions of heavy elements than heavy-ion-induced reactions;

therefore it is unlikely that even a better fit of the formula of
Tsaoet al. to the data in Fig. 10 would apply also to the
same isotope distribution formed in thet 2°%Pb reaction.

As has been mentioned in the Introduction and discusseWe believe that separate parameter sets have to be fitted to
in detail in Ref.[10], other empirical parametrizations have the respective experimental data. FotA GeV protons im-

D. Comparison with other empirical parametrizations

yE)‘ao jI T -.I T 7; ‘28 F E;_ :310 T T T
3 160 E | 3 L 3
Q140 o’ O34
120 6
100 | 5 6
80 | 4 F
60 f 3 F 4
40 F 2 b 2
20 1T FIG. 9. Logarithm of the ratio between ex-
0 0 0 perimental fragmentation cross sections and pre-
dictions of epax version 1(dashed lingand the
.35" Leo [ Jg200 | new EPAX version 2 (solid ling) for projectiles
340 350 33175 | ranging from “°Ar to 2%%b. References to the
© © 19150 | experimental data are given in the text.
30 40 125 |
. 30 F 100 ;
| 4
10 10 25
0 0 0 &
109,0(0cyp/Tepax) 109,0(0 ey /Tepax) 109,4(0eyp/Tepax)
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pinging on heavy targets, the recent work of Ref3,14] g of 7 se01 2 P 714 T
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E. Epax predicitions for projectiles very far from stability
FIG. 11. Experimental cross sections for the fragmentation of

. The parqmeters of the nemPAX formula} have been ad- stable(open symbolsand radioactive bean(solid symbol$ com-
justed by fitting data fro.m. stable projectiles. As expl"’“ne‘jpared to the neverAax parametrizatio(dashed and solid lines, re-
above, one of the most difficult tasks of the present work Wa3pectively. On the left-hand side, results frofivig [18] and 28Vg
to reasonably parametrize the cross sections for fragmenfge] fragmentation are shown, whereas on the right-hand ‘e

qlose to the pr_ojecti_le. If th_e projectile is very far from the [1] fragmentation is compared tAr [26] fragmentation.
line of B stability, this task is even more difficult.

The comparisons betweetPAX predictions and experi- tions could be improved considerably by introducing rather
mental data shown in the present paper indicate that the chgmall modifications to the formula. This makesax a more
sen parametrization is reasonable. A possible check of itgeliable tool to predict production rates for secondary-beam
predictive power could be to compare tBeAx formula to  experiments with medium- or heavy-mass exotic nuclei.
other data from neutron-rich or neutron-deficient projectiles. Even after introducing these improvements, there are still
However, only very few other high-quality data are avail- some discrepancies with measured data which deserve atten-
able. o _ tion in future modifications of thepax formula. One aspect

As one check, we compare in Fig. 11 the fragmentation ofncerns the odd-even effects which were taken into account

a stable*Mg beam[18] to a radioactive’®Mg beam[26] : - -
; : von Egidy and Schmidt22]. At present, we do not think
and of a stable®Ar beam([1] to a radioactive®™Ar beam tr?/at suchg ayrather small modificgtic(nf the order of 20—

[26]. The elemental distributions for Mg, Na, and Ne iso- 0% is necessary in view of the overall discrepancies of

topes shown in the left-hand column and those for S, P, an . )
Si isotopes shown in the right-hand column nicely show thaactors around 2 still observed, but it may become necessary

experimental memory effect and the high quality of Hrax once better pre(_:ision can be achieved. Another open qu_e_stion
predictions. In a similar way we compared the results froms, the change in slope observed for very neutron-deficient
fragmentation of?®Ru and %Zr [27] to EPAx predictions and Ni fragmentatlon' products. Herg it would be Qeswable to
found reasonable agreement. However, for projectile beam@easure systematically the fo_rmgtlon Cross secnor_ls for frag-
still further away from stability, the memory effect becomesMents close to the proton drip line for other medium-mass
more and more important. Therefore, we think that somdeutron-deficient projectiles, e.gAr and "r.
caution should be applied when usiagax predictions for Up to now, we did not use medium-energy dateom
projectiles very far from stability like, e.g23%Sn. Here, no reactions at less tharr100A MeV) which are available
experimental data at all exist to verify tEeAx predictions. ~ from GANIL, RIKEN, or Msu. First of all, these data probably
do not fulfill the condition of “limiting fragmentation” men-
IV. SUMMARY AND CONCLUSIONS tioned above. In fact, it is well known that at these energies
nucleon-exchange reactions as well as pickup reactions be-
We have demonstrated that the quality with whiggnx  come increasingly important and thus alter in particular the
reproduces measured high-energy fragmentation cross seeross sections close to the projectile. A striking example for
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this is the difference in experimental cross sections'f8n  predictions can be downloaded from the following address:
production from a*?Sn beam of roughly a factor of 100 in ftp:/ftpcenbg.in2p3.fr/pub/nex/epax
recentGANIL andGsI experiment§21,28. In addition, these
intermediate-energy data are measured with separators hav-
ing very low transmissionsof the order of a few percent We wish to thank our colleagues Jose Benlliure, Roman
which are difficult to measure experimentally. It would be Gernhaiser, Manuel DeJong, Akira Ozawa,rgaReinhold,
interesting, however, to compageAx also to cross sections Robert Schneider, Shuying Wan, and Martin Weber for pro-
obtained at lower incident energies once high-quality dataiding their experimental cross sections prior to publication.
become available. One of us(K.S. acknowledges the kind hospitality of the
A FORTRAN program of theepax formula as well as Centre d’Budes Nuclaires at Bordeaux-Gradignan where
additional graphs comparing experimental dataeax  part of this work was completed.
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