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The fission of lead projectiles has been investigated at the CERN SPS by the NA50 experiment. For this
study, a Cherenkov quartz detector was added to the standard NA50 setup to measure the charge of projec-
tilelike fragments. The data collected on different targets at 40 and 158 GeV/c per nucleon are presented here.
The contributions arising from the nuclear and the electromagnetic fission mechanism are extracted from the
measured fission cross sections; the electromagnetic contribution is then compared to the Weizsäcker-Williams
predictions.
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I. INTRODUCTION

In heavy-ion collisions at ultrarelativistic energies, fission
can be due to both nuclear and electromagnetic processes.
The interaction, which is dominated by the strong nuclear
force when the colliding nuclei come into contact, becomes
purely electromagnetic at impact parameters greater than the
sum of the nuclear radii, where only the long-range Coulomb
force plays a role.

Fission of 158A GeV/c lead projectiles impinging on a
12 mm thick lead target was observed in an experimental
measurement by the NA50 experiment at the CERN SPS[1].
Although the yield of the observed fission events is roughly

consistent with the one expected in case of Coulomb fission,
it is clear that no firm conclusion on the fission mechanism
can be drawn from this single data point. More light on the
contributions of nuclear and electromagnetic mechanisms to
the fission cross sections is expected to be shed by measure-
ments on different target nuclei at different incident energies,
since the dependence of the fission cross section as a func-
tion of the incident energy and of the target nucleus mass(or
charge) is different for the two mechanisms. For this reason,
new fission data have been taken, respectively, at 158 and
40 GeV/c per nucleon with a208Pb beam impinging on dif-
ferent target nuclei: C, Al, Cu, Ag, Pb.

This paper reports the results of these studies, carried out
in the frame of the NA50 experiment at the CERN SPS.
According to a model-dependent analysis, the contributions
arising from the nuclear and electromagnetic fission mecha-
nisms are extracted from the measured cross sections. The
electromagnetic contribution is then compared with the
Weizsäcker-Williams model predictions[6].
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II. EXPERIMENTAL APPARATUS

The main goal of the NA50 experiment is the study of the
J/c suppression in Pb-Pb collisions as a signature of quark
gluon plasma formation[2]. For a detailed description of the
standard NA50 setup see Ref.[3]. For the fission measure-
ments, a Cherenkov fragment detector(FD) has been placed
on the beam trajectory downstream from the target, just in
front of the zero-degree calorimeter(ZDC) which measures
the energy of the spectator fragments of the projectile[4].
Since the yield of Cherenkov light is proportional to the
squared charge of the particle, the quantity measured by the
FD is the sum of the squared charges of the fragments emit-
ted in the decay of the projectilesSZi

2d. More details on the
fragment detector and on the experimental layout can be
found in Ref. [1]. In the same paper, the analog-to-digital
converter(ADC) distribution of the fragment detector shown
in Fig. 1 is also reported.

In the figure there is a peak, centered at channel 800,
corresponding to the incoming lead ions, which have not
interacted in the target and a second peak centered at channel
400, which has been interpreted as a signal of symmetric or
quasisymmetric binary Pb fission[1]. The information pro-
vided by the ZDC has allowed us to confirm that fission
occurs in extremely peripheral collisions.

III. RUN CONDITIONS AND DATA ANALYSIS

Although the apparatus used for the measurements re-
ported in this paper was basically the same as the one leading
to the results of Ref.[1], the experimental conditions were
quite different. In fact, while previous data had been taken in
parallel to the standard NA50 runs,(i.e., in conditions opti-
mized for charmonium detection), the present data were col-
lected during two short, dedicated runs with lower beam in-
tensities(few times 105 Pb ions per burst) and thinner targets
s1–4 mmd. These last experimental conditions avoid pileup
corrections and minimize contribution to fission of projec-
tiles different from208Pb, as lighter Pb isotopes and heavy
nuclei produced mainly by electromagnetic(e.m.) dissocia-
tion of the beam in the target(see the Appendix).

Moreover, a different trigger strategy was adopted to
speed up the data taking. In Ref.[1], data acquisition was
enabled by the so-called ZDC trigger. This trigger is gener-
ated when an energy larger than a given thresholdEth is
deposited in the ZDC. Since even in the most central colli-
sions a residual energyEmin,2–3 TeV is emitted in the
acceptance of the ZDC and since the threshold value was
chosen in such a way thatEth,Emin, the ZDC trigger allows
us to collect anunbiasedsample of events, ranging from
central to noninteracting Pb ions. In the analysis of the pre-
vious data, the fission cross section was directly deduced
from the unbiasedlight output distribution of the fragment
detector, shown in Fig. 1, by computing the ratio between the
number of events in the fission peak and the total number of
events in the histogram(see Ref.[1] for more details). It is
clear that this approach, based on the ZDC trigger only, im-
poses severe limitations on the statistics achievable for fis-
sion events. In fact, even at low beam intensities, the acqui-
sition system is saturated by the high rate of noninteracting
Pb projectiles which, as can be seen in Fig. 1, dominates the
sample of events collected with the ZDC trigger, while only
a small fraction corresponds to fission events.

To increase the fission sample, in the latest data taking,
besides the ZDC trigger, a second one, called the ZDC-
VETOED trigger, was also used. This trigger is generated by
requiring, in coincidence with a ZDC trigger, a signal from
the fragment detector with amplitude smaller than the one of
noninteracting beam. In this way, the Pb ions which did not
interact in the target are rejected, as can be seen in Fig. 2
where the light output distributions recorded with this trigger
on different targets are shown. It is important to underline
that the fragment detector, rather than the ZDC, has been
used to perform such a rejection. This is due to its better
resolution for Pb ions(4% for the fragment detector, 7% for
the ZDC) and to the fact that, for extremely peripheral col-
lisions, the quantitySZi

2, measured by the fragment detector,
is more sensitive to the impact parameter than the zero-
degree energy measured by the ZDC(see Ref.[1]).

The number of fission eventsnf is obtained by integrating
the fission peak in the ADC spectrum obtained with the
ZDC-VETOED trigger where the statistics for fission events
is higher.

Therefore the fission cross section is calculated as

s f =
nf

KNpnt
, s1d

whereNp is the number of incident lead ions,nt is the num-
ber of target nuclei per cm2, andK is a correction factor for
fission fragment reinteraction and projectile absorption
prior to the fissionssee the Appendixd.

For the ZDC-VETOED runs,Np has been evaluated by
comparing the ADC spectra taken with ZDC and ZDC-
VETOED triggers. We have integrated the first spectrum up
to an ADC channel below the noninteracting lead ions peak
(e.g., ADC channel 650) getting nszdcd and the second one
(which does not contain the Pb peak) up to the same ADC
channel gettingnszdcvetoedd. From the ratio of the obtained
values we have deducedNp for ZDC-VETOED runs:

FIG. 1. Light output(ADC channels) measured by the fragment
detector in Pb-Pb collisions at 158A GeV/c (ZDC trigger) [1].
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Npszdcvetoedd = Npszdcd
nszdcvetoedd

nszdcd
.

IV. EXPERIMENTAL RESULTS

The measurements have been performed using the208Pb
beam delivered by the CERN SPS at two different momenta
of 40 and 158 GeV/c per nucleon. About one million events
were collected for each target, namely, Cs4 mm thickd,
Cu s3.2 mmd, Ag s3 mmd, Pb s3 mmd at 40A GeV/c and
C s4 mmd, Al s3 mmd, Cu s1 mmd, Ag s1 mmd, Pb s4 mmd
at 158A GeV/c.

Figure 2 shows the ADC spectra of the fragment detector
in Pb-C and Pb-Pb interactions at 40 and 158 GeV/c per
nucleon, after the subtraction of the pedestal and of the
empty targetcontribution, which in the fission region of the
spectrum ranges from 60% to 85%. This important empty
target contribution is essentially due to the fact that the lead
ions travel along 160 cm of air between the target and the
fragment detector.

The spectra shown in Fig. 2 have been obtained with the
ZDC-VETOED trigger. The fission peak and the underlying
continuum have been fitted simultaneously with a polyno-
mial plus a variable width Gaussian function. The numbers
of fission events have been extracted from the fit to the ADC
spectrum, by subtracting from the fission peak the back-
ground contribution as provided by the polynomial function
of the fit.

Experimental fission cross sections are reported in Table I
and plotted in Fig. 3 as a function of the target atomic num-
berZt at 40 and 158 GeV/c per nucleon. The reported errors
are mainly due to the uncertainty in the extrapolation of the
continuum under the fission peak. For lighter targets there is
no major difference between data at the two energies; for
heavier targets the fission cross sections at 158A GeV/c be-
come larger and larger withZt than the ones at 40A GeV/c.
At both energies the fission cross section increases withZt.

FIG. 2. Light output(ADC) measured by the fragment detector
for C (top) and Pb target(bottom) at 40A GeV/c (left) and
158A GeV/c (right). The solid line is the fit to the fission peak, the
dotted line is the fit to the continuum lying under the fission peak
(ZDC-VETOED trigger).

TABLE I. Experimental fission cross sections values at
40A GeV/c and 158A GeV/c.

s f smbd—40A GeV/c s f smbd—158A GeV/c

C 27.8±2.6 30.0±3.0

Al 56.0±5.0

Cu 49.1±5.0 77.0±11.0

Ag 60.1±5.3 129.0±14.0

Pb 120.5±9.5 332.0±19.0

FIG. 3. Experimental fission cross sections as a function ofZt at
40A GeV/c (full circles) and 158A GeV/c (full triangles).
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The Pb-Pb fission cross section measured in this experiment
at 158A GeV/c is consistent with the one(about 340 mb)
reported by the emulsion experiment EMU13[5].

V. FISSION MECHANISM

In heavy-ion collisions, fission can be induced both by
electromagnetic and nuclear interactions. Therefore the total
fission cross section can be expressed as the sum of the con-
tributions arising from these two mechanisms:

s f = s f
C + s f

N.

This approximation can be justified by the short range of the
nuclear force, which contributes only when the nuclei come
into contact. At larger impact parameterb sgreater than the
sum of the radii of the two colliding nucleid the nuclear fis-
sion mechanism vanishes and the fission cross section is as-
sumed to be entirely due to the e.m. interaction. In reality
there is a small but finite region ofb sclose to the sum of the
nuclear radiid where both processes can occur, but the mag-
nitude of such interference effects has been estimated with
an idealized form of the nucleon-nucleon interaction, and
was found to be less than 1% of the total cross sectionf7g.

In order to disentangle the two contributions to the mea-
sured fission cross sections, the different behavior ofs f

C and
s f

N as a function of the target atomic number and target mass
number can be considered. For this purpose, the dependence
of s f

C and s f
N, respectively, onZt and At are estimated in

Secs. V A and V B. In Sec. V C these dependences are used
to fit the data and to extract the two contributions.

A. Coulomb fission cross section

The electromagnetic processes become dominant when
the projectile and the target nuclei collide at impact param-
eters b larger than the sum of the nuclear radii(i.e.,
b.bmin<Rp+Rt).

According to the Weizsäcker-Williams(WW) method[6],
the e.m. interaction between two nuclei can be expressed in
terms of the interaction of the projectile nucleus with a vir-
tual photon emitted by the target nucleus, which may induce
the fission of the projectile.

The Coulomb fission cross section of the projectile
nucleus is determined by the equivalent photon spectrum
ntsvd of the target nucleus, multiplied by the photofission
cross sectionsgfsvd of the projectile nucleus. For the com-
putation ofs f

C we must integrate over all photon energiesv:

s f
C =E ntsvdsgfsvddv. s2d

The expression for the equivalent photon distribution can
be derived in the frame of classical electromagnetism[8].
The WW method was extended by including higher multipo-
larities pl [9] in the equivalent photon spectrum. The result-
ing number of virtual photons, integrated over the impact
parameter, is given by

ntsvd =
2Zt

2a

pvb2SjK0sjdK1sjd −
b2j2

2
fK1

2sjd − K0
2sjdgD , s3d

where a is the fine structure constant,K0 and K1 are the
modified Bessel functions of order zero and one,j
=vbmin/bg swhere g is the Lorentz factor of the target
nucleus in the rest frame of the projectile nucleusd, andbmin
is the cutoff impact parameter below which nuclear pro-
cesses take over and become dominant.

Benesh, Cook, and Vary[7] proposed the following pa-
rametrization forbmin:

bmin
BCV= r0fAp

1/3 + At
1/3 − xsAp

−1/3 + At
−1/3dg, s4d

whereAp and At are the mass number of the projectile and
the target nuclei,r0=1.34 fm, andx=0.75.

To compute the Coulomb fission cross section for
208Pb-nucleus interactions at 158 and 40 GeV/c per nucleon,
the photofission cross section of208Pb should be used as
input of Eq.(2). Indeed, due to the lack of photofission data
for 208Pb over the full energy range of the virtual photons
emitted at SPS energies(from the 208Pb fission threshold of
28 MeV up to about 2 GeV), the following strategy has been
adopted. For photon energies below 0.17 GeV the photofis-
sion cross section for208Pb was taken from Ref.[11], while
at higher energies thenatPb photofission values recently mea-
sured at the Jefferson Laboratory in the energy intervalv
=0.17–3.84 GeV[10] have been used(Fig. 4).

In order to determine the behavior(i.e., the slope as a
function of Zt) of the s f

C values, the computed Coulomb
fission cross sections have been fitted ass f

C=s0Zt
d. The ob-

tained values ford are 1.72 and 1.86, respectively, at 40 and
158 GeV/c per nucleon. It is worth noting that values of the
d parameter slightly smaller than two are due to the fact that

FIG. 4. Photofission cross sections fornatPb (from Ref. [10]) as
a function of the incident photon energy. For photon energy values
below 0.17 GeV data from Ref.[11] are used(open triangles).

B. ALESSANDROet al. PHYSICAL REVIEW C 69, 034904(2004)

034904-4



the Zt
2 dependence of Eq.(3) is reduced by the increase of

the minimum impact parameterbmin with the target radius
[Eq. (4)].

B. Nuclear fission cross section

The nuclear contributions f
N to the fission cross section

can be computed according to the geometrical scaling model
proposed in Ref.[12], developed to interpret uranium fission
data on several targets at 120A MeV. As only the most pe-
ripheral collisions are expected to contribute, we can con-
sider the region of impact parameter ranging frombmin−Db
to bmin, which defines an annulus of widthDb whose area
gives the cross section for nuclear fission

s f
N = 2p 3 DbSbmin − a −

Db

2
D , s5d

where

a =
ZpZte

2

mb2g

corrects for the Rutherford bending of the trajectoryf13g.
In the measurements reported here the Rutherford correc-

tion term is negligible because of the high beam energies.
In order to apply this geometrical model to the208Pb fis-

sion, the fact that the fissility of208Pb, unlike that of ura-
nium, is smaller than one must be taken into account. There-
fore Eq. (5) has been multiplied by a correction factorf,
which represents the probability for208Pb to undergo fission,
when a collision with impact parameter betweenbmin−Db
andbmin has taken place. Moreover the second-order term in
Db can been neglected, since for uranium aDb value of
about 0.8 fm was found in Ref.[12].

The nuclear contribution to the lead fission cross section
at SPS energies has been finally approximated as

s f
N = 2pfbminDb, s6d

where bmin has been computed according to Eq.s4d. This
means that, in contrast to the predictedZt

1.72 at 40A GeV/c
sZt

1.86 at 158A GeV/cd rise of s f
C, s f

N is expected to in-
crease more slowly for heavy targetssas At

1/3+Ap
1/3d.

C. Experimental results interpretation

In this section the experimental data are interpreted in the
light of the previous considerations. Let us consider again
the measured fission cross sections shown in Fig. 3. As pre-
viously stated, the energy dependence of the fission cross
section is negligible for the carbon target and becomes more
and more pronounced for higher values ofZt. Such a behav-
ior suggests that for light targets the relevant fission mecha-
nism is the nuclear one(which is expected to exhibit a weak
dependence on the incident energy), while the e.m. contribu-
tion (which has a much stronger energy dependence) be-
comes dominant for heavy targets. This interpretation is con-
sistent with the fact that, as discussed in Secs. V A and V B,
the e.m. contribution increases much faster than the nuclear
one as a function of the mass(or charge) of the target

nucleus. Moreover, this is also supported by the behavior of
the fission cross section divided byZt

d (whered=1.72 and
d=1.86 were determined, respectively, at 40 and 158 GeV/c
per nucleon, as described in Sec. V A), plotted versusZt
(Fig. 5). Indeed the ratio is constant only for heavy targets
and becomes larger for low values ofZt, indicating that for
light targets the e.m. mechanism alone cannot account for the
measured cross section and the nuclear one plays a signifi-
cant role.

In order to extract the nuclear and e.m. contributions from
the experimental fission cross sections, data have been fitted
as the sum of a term proportional toZt

d (e.m. contribution)
and a nuclear term given by Eq.(6):

s f = s f
C + s f

N = c1Zt
d + 2pc2bmin, s7d

where thed exponent has been fixed as described in Secs.
V A, while c1 andc2 are free parameters. In particularc2 is
equal to the productDbf fsee Eq.s6dg and its value given by
the fit is 0.0411±0.035 fm s0.0497±0.040 fmd at
40s158dGeV/c per nucleon. For the sake of completeness,
we note that, even if only the productDbf can be deduced
from the fit, an indication about the value of the parameter
f can be obtained by dividingc2 by Db.0.8 fm, found
for uranium and reported in Refs.f12,13g. This calculation
gives f .0.05–0.06, avalue of the same order of magni-
tude of the fissility, which is abouts8±1d% for natPb f14g.

The values of thec1 parameters obtained from the fit are
0.0388±0.0049 mb and 0.0768±0.0049 mb, respectively, at
40 and 158 GeV/c per nucleon.

The e.m.ss f
Cd and nuclearss f

Nd contributions to the fis-
sion cross sections deduced from the fit to the experimental
data are displayed in Figs. 6 and 7 for incoming208Pb beams
of 40 and 158 GeV/c per nucleon(Table II). As expected,
the nuclear term increases very weakly with the target mass,
while the e.m. contribution, negligible for light targets, be-

FIG. 5. Experimental fission cross sections divided byZt
d as a

function of Zt at 40A GeV/c (full circles) and 158A GeV/c (full
triangles).

FISSION CROSS SECTION OF LEAD PROJECTILES… PHYSICAL REVIEW C 69, 034904(2004)

034904-5



comes dominant for heavier ones. Moreover, the e.m. term
quickly increases as a function of energy, as shown in Fig. 8.

In Figs. 9 and 10 the e.m. contributions to the fission cross
section, deduced from the fit to the experimentals f results,
are compared to the WW model predictions computed by
means of Eq.(2) by using thesgf values from Ref.[10], as
described in Sec. V A. A satisfactory description of the ex-
tracted e.m. contributions is obtained at 158A GeV/c and for
light targets at 40A GeV/c. On the contrary, the WW predic-
tions for Pb-Pb interactions at 40A GeV/c are significantly
below the value of the e.m. contribution to the fission cross

section. Since the latter has been deduced assuming the
nuclear term scaling of Ref.[12], the observed discrepancy
suggests a faster increase of the nuclear contribution(as a
function of the target mass) than the one assumed in the
model [Eqs. (6) and (4)]. We note that this effect plays a
minor role at 158A GeV/c since at this energy the fission
cross section is dominated by the e.m. contribution(see Fig.
7).

Therefore an alternative method based on the factoriza-
tion model[18] has been applied in order to deduce the tar-
get dependence of the nuclear fission cross section.

First of all we assume that the continuum events under the
fission peak(see Fig. 2) are mainly originated in nuclear
collisions. This argument is supported by the fact that the
underlying continuum events occur in peripheral interactions
where the mean value of the ZDC energy is 500–800 GeV
lower than the Pb incident energy. This indicates the pres-
ence of at least 3–5 participant nucleons(see Fig. 5 of Ref.
[1]).

According to the factorization model we therefore assume
that the target dependences of the cross sections for the
nuclear fission and for the continuum under the fission peak

FIG. 6. Experimental fission cross sections as a function ofZt at
40A GeV/c (full circles). The dotted line is the fit to the data ac-
cording to Eq.(7). s f

C (open squares) ands f
N (open stars) deduced

from the fit are also reported.

FIG. 7. Experimental fission cross sections as a function ofZt at
158A GeV/c (full triangles). The dotted line is the fit to the data
according to Eq.(7). s f

C (open squares) ands f
N (open stars) deduced

from the fit are also reported.

TABLE II. Nuclear and Coulomb fission cross sections values at
40A GeV/c and 158A GeV/c extracted from the fit to the data.

s f
N smbd s f

N smbd s f
C smbd s f

C smbd
40A GeV/c 158A GeV/c 40A GeV/c 158A GeV/c

C 26.8±2.3 32.5±2.6 0.8±0.1 2.1±0.1

Al 35.8±2.9 9.1±0.6

Cu 33.2±2.8 40.2±3.2 12.7±1.6 40.4±2.6

Ag 35.9±3.1 43.5±3.5 29.2±3.7 99.0±6.4

Pb 40.0±3.4 48.5±3.9 76.0±9.6 278.9±18.0

FIG. 8. e.m. fission cross sections deduced from the fit to the
experimental data as a function ofZt at 40A GeV/c (open squares)
and 158A GeV/c (full squares).
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are the same. The cross sections for the latter process have
been extracted from the measured light output spectra and
the ratios of the cross section on the different targets to the
one on carbon are shown in Fig. 11. It has been verified that,
for all the targets, the integrated events correspond to the
same fraction of the inelastic cross section(about 9%).

The values of theRt ratios measured at 40 and
158A GeV/c are very close. This weak energy dependence
corroborates the idea that the continuum under the fission
peak is due to nuclear interactions. Nevertheless for the Pb
target, the point at 158A GeV/c is significantly higher than

at 40A GeV/c, suggesting that at the highest bombarding
energy and for the heaviest target the e.m. contribution to the
underlying continuum becomes non-negligible. Therefore,
for the analysis in the frame of the factorization model, only
theRt ratios obtained at 40A GeV/c were used, excepted for
the Al target where, due to the lack of data at 40A GeV/c,
the Rt value measured at 158A GeV/c was used.

Hence the values of the nuclear contribution to the fission
cross sections f

N for the different targets have been deduced
by multiplying the ratiosRt by the fission cross section for
the carbon target at 40A GeV/c, which has been assumed to
be only nuclear. Finally the e.m. contributions to the fission
cross section have been extracted by subtracting from the
measured fission cross sections the nuclear contributions
ss f −s f

Nd (Table III).
In Figs. 9 and 10 the e.m. contributions to the fission cross

section, obtained with this alternative method, are compared
to the ones deduced from the fit. The results obtained with
the two different methods are in good agreement at
158A GeV/c and for light targets at 40A GeV/c. On the con-
trary the e.m. contribution for Pb-Pb and Pb-Ag interactions

FIG. 9. e.m. contributions to the fission cross section as a func-
tion of Zt at 40A GeV/c: extracted from the fit to the data(full
circles), extracted from data with the second method(full triangles),
WW predictions(open triangles).

FIG. 10. e.m. contributions to the fission cross section as a func-
tion of Zt at 158A GeV/c: extracted from the fit to the data(full
circles), extracted from data with the second method(full triangles),
WW predictions(open triangles).

FIG. 11. Cross section ratiosRt for different targets as a function
of the Zt at 40A GeV/c (full circles) and 158A GeV/c (full tri-
angles). The error bars are not visible since they are smaller than the
symbols.

TABLE III. Nuclear and Coulomb fission cross sections values
at 40A GeV/c and 158A GeV/c extracted from data with the sec-
ond method.

s f
N smbd s f

C smbd s f
C smbd

40A GeV/c 158A GeV/c

C 27.8±2.6 0. 2.2±4.0

Al 34.5±3.3 21.4±6.0

Cu 37.8±3.6 11.3±6.1 39.2±11.6

Ag 49.7±4.7 10.4±7.1 79.3±14.8

Pb 58.4±5.6 62.1±11.0 273.6±19.8
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at 40A GeV/c extracted with the latter method is signifi-
cantly lower than the one deduced from the fit. In particular
for the Pb-Pb case, the result obtained with the factorization
model is closer to the WW prediction, suggesting a nuclear
target dependence stronger than the one predicted by the
geometrical scaling model[12]. However, it should be noted
that both the methods are enable to provide results in agree-
ment with the WW calculations for the Ag target.

VI. CONCLUSION

Fission cross sections of lead projectiles in Pb-nucleus
interactions have been measured at the CERN SPS by the
NA50 experiment. In order to disentangle the electromag-
netic and the nuclear contributions, measurements have been
performed at two different energies(40 and 158 GeV/c per
nucleon) and on different targets.

For this purpose a Cherenkov detector has been placed
downstream of the target to provide information on the
charge of the spectator fragments emitted in the decay of the
208Pb projectile after its interaction in the target. A clear fis-
sion peak is visible in the ADC spectrum of the fragment
detector. Information provided by the ZDC has allowed us to
check that fission occurs in extremely peripheral collisions,
compatible with e.m. fission or with fission induced by soft
nuclear interactions involving very few participant nucleons.

Two procedures have been adopted to extract the e.m. and
the nuclear contributions to the experimentally observed fis-
sion cross sections. In the first analysis, the fission cross
sections have been fitted as the sum of a term proportional to
Zd (whered is fixed by the WW model predictions) and a
geometrical nuclear term.

An alternative analysis based on the factorization model
[18] has been carried out as well. The method is based on
two relevant assumptions: the first is that the continuum un-
der the fission peak is due to nuclear interactions and the
second one is that the fission cross section on carbon at
40A GeV/c is entirely nuclear(i.e., the e.m. contribution is
negligible). The e.m. term is estimated by subtracting the
nuclear one from the total fission cross section. The results
obtained with these two methods for the e.m. fission cross
section are fully consistent at 158A GeV/c and for light tar-
gets at 40A GeV/c. The Pb-Pb point at 40A GeV/c extracted
with the second method is lower than the one deduced from
the fit. The e.m. contributions to the fission cross section,
deduced with both the above methods, have been compared
to calculations performed using the Weizsäcker–Williams ap-
proach. The comparison shows a better agreement with the
values obtained with the second method, probably indicating
a faster increase of the nuclear contribution as a function of
the target mass than the one predicted in the geometrical
scaling model[12].

Since experimental data of208Pb photofission were not
available on the whole energy range of virtual photons radi-
ated at SPS energies, we have usednatPb measurements for
the WW calculation of e.m. contribution. A better evaluation
of the W-W predictions could be performed when experi-
mental data of208Pb photofission will be available.

Finally we have to remark that the measurements pre-

sented in this paper represent the first systematic study of
lead projectile fission cross sections at ultrarelativistic ener-
gies.
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APPENDIX
Two different corrections have been performed on the ex-

perimental data: they are included in the factorK of Eq. (1)
which is the product of two termsK1K2.

The first correction accounts for fission fragment reinter-
action, where the fission fragments originating in the target
interact somewhere along the 1.6 m of air between the target
and the quartz blade. These events do not appear, in fact, in
the recorded fission peak. The second correction accounts for
absorption within the target both of projectile Pb ions prior to
a potential fission and of fission fragments for a fission event.
These events are lost and disappear from the fission peak.

For the first correction factorK1, the probability that both
fission fragments do not interact along the 1.6 m of air has
been estimated to be of the order of 97%, by considering
only the nuclear interaction cross section for fission frag-
ments in air, approximated by the expression[15]

sN = pr0
2sAp

1/3 + At
1/3 − dd2 sA1d

with r0=1.35 fm, d=1.1, Ap.100 for the fission frag-
ments, andAt.14.7 for air. The contribution from e.m.
dissociation cross section for Pb fragment-air interactions
has been neglected.

For the second correction factorK2, the probability that
both the projectile Pb ion and the fission fragments do not
interact within the target has been estimated to be of the
order of 82–95 % depending on the target, using the follow-
ing parametrization:

1

l
E

0

l

P1sxdP2sxddx, sA2d

where l is the target thickness,P1sxd is the probability of
finding a given Pb projectile at a depthx in the target,P2sxd
is the probability that both fission fragments, produced at a
depthx in the target, manage to come out of the target with-
out interacting.

Calculations were made for all the targets, by considering

P1sxd = e−x/l1 and P2sxd = e−2sl−xd/l2,

wherel1 andl2 are the totalsnuclear + e.m.d mean free path
in the target, respectively, of an incident Pb and of a fission
fragment. The values ofli have been evaluated by using Eq.
sA1d for the nuclear cross sections and by estimating the
cross sections for the e.m. dissociation of a Pb ion or of a
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fission fragment according to the WW method, by replacing
in integrals2d the photofission cross sections with the photon
absorption cross sections measured up to 100 GeV in Ref.
f16g.

For the computation of the e.m. term, we have considered
that a nucleus breakup can be induced only by high energy
photonssvù40 MeVd. In fact the giant dipole resonance
excitation produces only the emission of one or more neu-
trons and does not modify the quartz blade signal.

OncesCsvù40 MeVd has been estimated for Pb-Pb, we
have deduced its value for lighter targets assumingsC~Zt

2,
and for fragment-Pb interaction by assuming the following
projectile scaling:sC~NpZp/Ap [17].

The systematic uncertainties forK1 andK2 have been es-
timated to be less than 2%.

Finally we point out that a fraction of the observed fission
events is due to fission of projectiles different from208Pb. In
fact, due to the target thickness, the208Pb beam has a certain
probability, prior to a potential fission, to interact in the tar-
get and to transform into a lighter Pb isotope, mainly by e.m.
dissociation. The fraction of fission events due to the fission
of 208Pb projectile turns out to be of the order of 86%s76%d
for the lead targets at 40A GeV/c s158A GeV/cd, while for
the lighter targets this fraction is always higher than 95%.
These numbers have been obtained assuming that the fission
cross sections are the same for all the Pb isotopes.
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