
PHYSICAL REVIEW C VOLUME 39, NUMBER 6

Fragmentation cross sections of Si at 14.5 GeV/nucleon
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We used CR39 plastic nuclear track detectors (C&2Hig07) in combination with automatic track
measurement techniques to determine total charge changing and partial cross sections for the pro-
duction of fragments of charge ZF=6 to ZF=13 in collisions of 'Si beam nuclei at 14.5
GeV/nucleon in targets H, C, CR39, (CigH380), Al, Cu, Ag, and Pb. By application of factorization
rules, measured partial cross sections are separated into pure nuclear and electromagnetic com-
ponents. The cross sections for electromagnetic dissociation agree with theoretical models. The re-
sults are consistent with a Z dependence of virtual photon spectra.

INTRODUCTION

The results presented in this paper are part of an inves-
tigation of interactions of heavy-ion projectiles at
different energies in various targets. After an analysis of

S fragmentation at 0.7, 1.2, and 200 GeV/nucleon'
and of ' 0 fragmentation of 60 and 200 GeV/nucleon we
investigated fragmentation of Si at 14.5 GeV/nucleon.
These results are presented and discussed in this paper.
In comparison to the recent experiments of Hill et al. ,
our experiments are sensitive not only to the increasing
intensity but also to the harder quality of the virtual pho-
ton spectra at ultrarelativistic energies. This is shown by
the detection of electromagnetic dissociation (ED) events
with AZ +3. Details of our experimental method are
given in Ref. 1.

RESULTS

Total charge changing cross sections and elemental
fragmentation cross sections for the production of frag-
ments of charge ZF=6 to ZAN=13 from Si projectiles in
the targets H, C, (C,sH380), CR39, Al, Cu, Ag, and Pb at
14.5 GeV/nucleon are listed in Table I. The cross sec-
tions for hydrogen targets are determined using the mea-
surements in (C,8H380) and C.

Total charge changing cross sections

The contribution by ED to the experimentally mea-
sured total charge changing cross section o"' (Table I)
can be determined by subtracting the pure nuclear com-
ponent o' '=o"'—o'". Experimental results of o."' for

Si at lower energies where the ED contribution is negli-
gible are not available. To determine o'„'„', for Si projec-
tiles in collisions on different targets we applied a model
similar to the soft-sphere model of Karol which was ad-
justed to fit total pure nuclear cross sections obtained
from our experiments with ' 0 and S projectiles. '

For this purpose we selected measured cross sections

with only a small electromagnetic contribution, i.e., low-
energy data at 0.7 or 1.2 GeV/nucleon with targets C, Al,
Cu, and Ag for S beam nuclei and data measured with
small target charges (C or Al) at higher energies for ' 0
and S beam nuclei. By subtraction (not negligence) of
the electromagnetic contribution which we calculated for
these cases, pure nuclear cross sections o'„'„', could be ob-
tained. The model assumes that there is no energy depen-
dence of the nuclear component of the total cross sections
for energies above our lowest-measured energy 0.7
GeV/nucleon. This assumption can be justified by com-
parison of the pure nuclear cross sections obtained for S
projectiles colliding on C target at 0.7 and 200
GeV/nucleon. These cross sections agree within the sta-
tistical error of less than 2/o. For Al target a similar
comparison at 1.2 and 200 GeV/Nucleon gives agree-
ment within 3%. For ' 0 projectiles at 60 and 200
GeV/nucleon colliding with C or Al targets, total nuclear
cross sections agree within 2%. An independence from
energy in these limits in the energy range from 0.7 up to
200 GeV/nucleon is also predicted by the Karol model,
which incorporates the energy dependence of nucleon-
nucleon cross sections.

The next step was the calibration of the model so that
our pure nuclear cross sections for ' 0 and S were
reproduced and to use this model for the prediction of
unknown cross sections of Si. The total nuclear cross
section was calculated as

o„"„',=2m f [1—T(r)]r dr,

T(r) being the probability that at impact parameter r the
projectile will pass through the target without interac-
tion. It is calculated by numerical integration of the
overlap, assuming for projectile and target nuclei a spher-
ical shape of radius R =rod ', a homogeneous nuclear
density, and a constant mean free path A. of nucleons in
nuclear matter. The Karol model is similar to our calcu-
lation but uses Gaussian shaped nuclear densities. The
Karol model may be more realistic but our simple model
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is easy to use. We adjusted the two parameters ro and I,
of our model to fit our data for ' 0 and S. The subse-
quent prediction of pure nuclear cross sections for Si us-
ing this model is in fact only a slight scaling of our data
for S projectiles. Calculated total pure nuclear cross
sections 0'„'„', and total ED cross sections deterxnined by
o',"=o"'—o'„'„', are listed in the second column of Table
II for Si projectiles.

We calculated total charge changing ED cross sections
o,"', based on the theoretical model of Bertulani and

Baur using their virtual photon spectra and the relation

cr',",= I n (Ey )or(Er )dEr .
0

In practice, we used an upper limit of the integration
which is significantly beyond the onset of the exponential
decrease of the virtual-photon spectrum at about

Ez =350 MeV for 14.5 GeV/nucleon projectile energy.
The photon spectrum weighted according to an estima-

tion for the relative strength of the giant dipole and quad-
rupole resonance is n =0.96nE, +0.04nzz. The only ad-
justable parameter is the minimum impact parameter at
which ED can occur without interference by strong nu-
clear interaction. We derive it from the total charge
changing pure nuclear cross section (Table II):

(stot y )1/2

o ~(Er ) is the cross section for the absorption of a pho-
ton of energy E by a Si nucleus and subsequent decay
by emission of at least one particle of positive charge.
Photo cross sections o.

~ were measured in different exper-
iments using beams of real photons. We determined the
charge changing photo cross section as the difference be-
tween total photon absorption cross section ' and the
cross section for the emission of only neutrons' ' (Fig.
l). P and a emission cross sections' ' were found to be
consistent with this difference in the giant resonance re-
gion. Details of the calculation of o',",are given in Ref.
3.

The resulting total charge changing ED cross sections
obtained by calculation o',", are included in the third
column of Table II. We estimate the error due to uncer-
tainties in o r to be ho, ,/o, , =8%. An increase of the
relative strength of the giant quadrupole resonance from
0.04 to 0.05 would increase tre'", by 0.5%.

Partial cross sections

For a more detailed understanding of how the strong
nuclear and the electromagnetic interaction contribute to
the process of fragmentation, we tried to separate the
measured partial cross sections o (P, T,F) for the produc-
tion of a fragment F in a collision of a projectile P on a
target T into a pure nuclear and an ED component:

o(P, T,F)=o„„,(P, T,F)+o, (P, T,F) . .

For this purpose, we assumed that both cross-section
components factorize so that
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TABLE II. Total charge changing pure nuclear cross section
o-'„'„'„calculated ED cross section o.,' '„and measured ED cross
section o',"at 14.5 GeV/nucleon. All cross sections are given in
mb. For details see text.

TABLE III. Pure nuclear target factor y» and ED target
factor ep& for 'Si projectiles at 14.5 GeV/nucleon for diA'erent
targets.

Target
tot

menue

1173+36
1581+47
2243+63
2817+91
3800+140

tot
Oem

12+47
39+53

216+86
300+ 110

1190+170

tot
erne

10
41

185
455

1265

C
Al
Cu
Ag
Pb

1.00
1.16
1.38
1.55
1.80

1.0
4.2

19.3
47.5

132.2

cr, (P, T, F)=EpTEp .

p p and 6p are proportional to the probability for the pro-
duction of a fragment I' in collisions induced by strong
and electromagnetic interaction. They refiect intrinsic
properties of the projectile P, which are not known a
priori and have to be extracted by the following analysis.
p pT and epT are factors which scale the cross section ac-
cording to the target T. Detailed arguments for the con-
cept of factorization of o„„,and o., are given in Ref. 2,
and only the conclusions are repeated here.

In pure nuclear interactions as a prediction of a simple
geometrical model ypT should be proportional to the im-

pact parameter 6 for peripheral collisions. We take
the square root of the total nuclear cross section
(cr„"„',lm)' from Table II as a suitable value for b and
normalize arbitrarily on C target

[ tot (p T)]1/2/[ tot (p T C)]1/2

Since in a good approximation virtual photon spectra for
diferent targets do not diA'er in shape but only in intensi-
ty, the fragmentation probabilities and therefore e&

should not change from target to target. ED cross sec-
tions o., should scale with the intensity of the virtual
photons. We assume that the calculated total ED cross
sections provide the best estimation for the relative inten-
sities from target to target and define the normalized tar-
get factor

e =cr',",(P, T)//o', ",(P, T=C) .

ppT and EpT are given in Table III.
A least-squares fit of

0 „„(P,T, F)+0' (P, T F) yPTyP+EPTEP

to the measured cross sections cr(P, T,F) (Table I), with

p p and ep as adjustable parameters and fixed y pT and

epT, is possible with a value of g =28.7 for 24 degrees of
freedom. Data for C, Al, Cu, Ag, and Pb targets were
used for the fit. Similar to the analysis of the fragmenta-
tion of S at 200 GeV/nucleon, also in this experiment
the concept of double factorization is not in contradiction
with our data. yp and ez as obtained by the fit are given
in Table IV.

Figure 2 shows partial cross sections o.„„,and o, vs
fragment charge ZF. Similarly to the S projectile, pro-
duction of fragments with AZ ~ 3 by ED is observed.
ED cross sections for ZP=12 and 13 exhaust 93% of
0',m, while photons of energy E& (70 MeV exhaust 92 Jo

of o.,"",by excitation and decay of giant resonances. This
may indicate that photons of E~ )70 MeV are preferably
responsible for fragmentations of Si with AZ ) 3 due to
ED.

Cross sections in hydrogen

CO
CUa

4

Cross sections in hydrogen target are a special point of
astrophysical interest, since they are responsible for the

10
I I I I II I

1 QC)

E, (MeV)

I I I I I II
1000

Fragment charge F

TABLE IV. Pure nuclear fragment factor yz and ED frag-
ment factor ez at 14.5 GeV/nucleon for fragment charges
Zz =6 to ZF = 13. All fragment factors are given in mb.

FIG. 1. Photonuclear cross sections o.
y for 'Si as a function

of photon energy Fy used in our calculation of o.,"m, . Data are
sampled and combined from experiments referenced in the text.
The upper curve shows o'y". The lower curve for o.y(AZ =0)
was obtained as a mean of three experiments referenced in the
text which were sensitive to neutrons. The charge changing
photo cross section oy(AZ ~ 1) that was used in our calcula-
tions is plotted as the difTerence o'yot —o.y{AZ =0).
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13

75.0+4.3
50.4+2.8
70.1+3~ 1

35.7+2.2
62.6+2.9
57.0+2.8

112.7+4. 1

101.4+4.4

0.36+0. 15
0.11+0.12
0.17+0.13
0.14+0.10
0.12+0.12
0.24+0. 12
1.66+0.20
6.73+0.27
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semiempirical formula of Silberberg and Tsao ' are calcu-
lated for 14.5 GeV. Figure 3 (lower part) shows the ratio
Rz of these values with our experimental ones, which ex-
hibits significant discrepancies up to 60%%uo.

Total charge changing cross sections of 385 to 411 mb
measured by Webber at 503 to 1296 MeV/nucleon are
in agreement with our value of 388+24 mb. The sem-

iempirical formula of Letaw et al. gives total mass
changing cross sections. By subtraction of the AZ =0
cross section ' a total charge changing cross section of
434 mb beyond 2 GeV/nucleon was evaluated, which is
too large by 10%%uo compared to the experimental data.

)( )( )(

8 10 12 14
fr egNIont cher Qe

FIG. 2. Partial pure nuclear cross sections o.„„,(P, T,F)
p pT'|/ p (crosses) and partial ED cross sections

o., (P, T,F)=E'pT&p (circles) for the production of a fragment of
charge ZF in a collision of ' Si projectile nuclei on Pb target.
The measured cross sections were separated into o.„„,and o.,
based on the assumption that both components follow factoriza-
tion (see text).

change of the elemental composition of the cosmic radia-
tion on their way from the sources to earth. ED eA'ects

are not significant for hydrogen target. We tested the
partial cross sections for hydrogen target for factoriza-
tion. Figure 3 (upper part) shows the ratio R,
=o(P, T =H, F)/yp which should give yp T H as a con-
stant value if factorization is also valid for this target.
We obtained yp T —0=0.49 (g =11.7 at 7 degrees of
freedom). Obviously, deviations from factorization
remain still at 14.5 GeV/nucleon for hydrogen target.

Partial cross sections in hydrogen obtained using the

CQNCLUMNG REMARKS
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A recent investigation of Hill et al. gave reason to be-
lieve that essentials of the electromagnetic interaction in
relativistic heavy-ion collisions are not yet fully under-
stood. Therefore we will concentrate in this conclusion
on a comparison of experimental results for the elec-
tromagnetic dissociation cross section with calculations
based on the virtual-photon method. In addition to the
results published in this paper, we considered our earlier
experiments with S projectiles at 200 GeV/nucleon
(Ref. 3) and ' 0 projectiles at 60 and 200 GeV/nucleon
(Ref. 2). Figure 4 shows the comparison of the experi-
mental total charge changing electromagnetic cross sec-
tion o.,'" with calculated values o',",. We considered only
data for Pb targets, which have the greatest significance.
We can exclude discrepancies in the order of about 30%
as observed by Hill et al. A general agreement between
experiment and calculation is found.

Encouraged by these results, we tried to resolve the

ar
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FIG. 3. Ratio Rl =o.(P, T=H, F)/yp vs fragment charge ZF
(upper part). o.(P, T=H, F) is the partial cross section mea-

sured for hydrogen target (Table I); yp is the pure nuclear frag-
ment factor (Table III). Ratio R, =o-(P, T=H, F)lo-»(P, T
=H, F) vs fragment charge ZF (lower part). o.&T is the predic-
tion from the semiempirical formulas of Silberberg and Tsao
(Ref. 21).

FIG. 4. Comparison of total charge changing electromagnet-
ic dissociation cross sections. Abscissa: o'," derived from our
experimental cross sections by subtraction of the nuclear com-
ponent. Uncertainties of the experimental values and of the nu-

clear component are considered by the horizontal error bars.
Ordinate: o.,"'„.calculated by the virtual photon method using
experimental measurements of photonuclear cross sections oy.
The errors shown as vertical bars are mainly caused by uncer-
tainties of o.y. A dashed line is shown at o.,"m =o.",~,. For details
see text and Refs. 2 and 3.
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discrepancies between calculation and experiment report-
ed by Hill et al. , who investigated the electromagnetic
dissociation ' Au~ ' Au by relativistic heavy ions.
These authors reported an experimental value

a, [' Au(' La at 1.26 GeV/nucleon, X) Au],
which is significantly smaller, and a value

cr, [' Au(' 0 at 200 GeV/nucleon, X)' Au],
which is significantly greater than expected by calcula-
tion. %'e confirmed the calculation made by Hill et al.
When applying some refinements as recoil corrections,
contribution of photons at distances smaller than the
minimum-impact parameter b;„, contribution of E2 ex-
citations, multiple excitation in one collision, and the
possibility that the emission of one neutron can also be
caused by excitation of nucleon resonances and not only
by giant resonances, we calculated results different from
Ref. 4, but none of these points could explain both of the
discrepancies in the observed magnitude.

lt should be noted that our results are not necessarily
in contradiction to those of Hill et a/. There may be an
unknown effect which increases the electromagnetic dis-
sociation cross section for very high energies and de-
creases it for large photon generating charges. Such an

effect could be responsible for the observations of Hill
et al. The consequences of this effect could, possibly,
mutually cancel so that our results for high energy and
Pb target agree with the calculation based on the usual
model. For energies in the order of only a few
GeV/nucleon or for smaller target charges our results for
o',"have insufficient significance. Furthermore, it should
be considered that we cannot compare calculated and ex-
perimental electromagnetic cross sections for a special re-
action channel (e.g. , AZ =1) since experimental cr (E )r rfor these channels are not available throughout the whole
range of expected photon energies. This is also true for
the experiments of Hill et aI. at 60 and 200
GeV/nucleon, but probably not very important for the
emission of only one neutron by a heavy nucleus such as

Au, since the contribution of the giant dipole reso-
nance is dominating.

ACKNOWLEQGMKNTS

We are grateful to the staff of the Alternating Gradient
Synchrotron (AGS) at the Brookhaven National Labora-
tory and especially to Dana Beavis for providing us with
heavy-ion beams. This work was funded by the German
Bundesminister for Research and Technology (BMFT)
u~der Contract No. 06 SI 985.

iC. Brechtmann and W. Heinrich, Nucl. Instrum. Methods B
29, 675 (1988).

~C. Brechtmann and W. Heinrich, Z. Phys. A 331,463 (1988).
C. Brechtmann and W. Heinrich, Z. Phys. A 330, 407 (1988).

~J. C. Hill, F. K. Wohn, J. A. Winger, and A. R. Smith, Phys.
Rev. Lett. 60, 999 (1988).

5P. J. Karol, Phys. Rev. C 11, 1203 (1975).
C. A. Bertulani and G. Baur, Nucl. Phys. A458, 725 (1986).

7C. A. Bertulani and G. Baur, Nucl. Physi. A442, 739 (1985).
8G. Baur and C. A. Bertulani, Phys. Rev. C 34, 1654 (1986).
J. M. Wyckoff, B. Ziegler, H. W. Koch, and R. Uhlig, Phys.

Rev. j.37, B576 (1965).
' J. Ahrens, H. Borchert, K. H. Czock, H. B.Eppler, H. Gimm,

H. Gundrum, M. Kroning, P. Riehn, G. Sita Ram, A. Zieger,
and B.Ziegler, Nucl. Phys. A251, 479 (1975).
J. Arends, J. Eyink, A. Hegerath, K. G. Hilger, B. Mecking,
G. Noldeke, and H. Rost, Phys. Lett. 988, 423 (1981).

' V. G. Vlasenko, V. A. Goldstein, A. V. Mitrofanova, V. I.
Noga, Yu. N. Ranuuk, V. I. Startsev, P. V. Sorokin, and Yu.
N. Telegin, Yad. Fiz. 23, 504 (1976) [Sov. J. Nucl. Phys. 23,
265 11976)].
E. A. Arakelyan, G. L. Bayatyan, G. S. Vartanyan, N. K. Gri-
goryan, A. O. Kechechyan, S. G. Knyazyan, A. T. Margar-
yan, Q. G. Merikyan, S. S. Stepanyan, and S. R. Shakhaziz-

yan, Yad. Fiz. 38, 980 (1983) [Sov. J. Nucl. Phys. 38, 589
{1983)].

4T. A. Armstrong and W. R. Hogg, Phys. Rev. D 5, 1640
(1972)~

i5A. Veyssiere, H. Beil, R. Bergere, P. Carlos, A. Lepretre, and
A. de Miniac, Nucl. Phys. A227, 513 (1974).

i6L. N. Bolen and W. D. Whitehead, Phys. Rev. 132, 2251
(1963).

7J. T. Caldwell, R. R. Harvey, R. L. Bramblett, and S. C. Fultz,
University of California Radiation Laboratory Report UCRL
7424 (1963) (unpublished); see also Ref. 9.

R. L. Gulbranson, L. S. Cardman, A. Doron, A. Erell, K. R.
Lindgren, and A. I. Yavin, Phys. Rev. C 27, 470 (1983).

i A. De Rosa, G. Inglima, M. Sandoli, D. Prosperi, G. Gior-
dano, and the LADON Collaboration, Lett. Nuovo Cimento
40, 401 (1984).
D. L. Olson, B. L. Berman, D. E. Greiner, H. H. Heckman, P.
J. Lindstrorn, and H. J. Crawford, Phys. Rev. C 28, 1602
(1983).
R. Silberberg and C. H. Tsao, Astrophys. J., Suppl. Ser. 25,
315 (1973).
J. R. Letaw, R. Silberberg, and C. H. Tsao, Astrophys. J.,
Suppl. Ser. 271, 51 (1983).
W. R. Webber, private communication.


