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Fission cross sections of lead projectiles in Pb-nucleus interactions at
40 and 158 GeV¢ per nucleon
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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 €38/ /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 Weizsacker-Williams

predictions.
DOI: 10.1103/PhysRevC.69.034904 PACS nunm®er25.75-(q, 25.70.Mn, 25.85.Ge
[. INTRODUCTION consistent with the one expected in case of Coulomb fission,

it is clear that no firm conclusion on the fission mechanism

can be due to both nuclear and electromaanetic processed” be drawn from this single data point. More light on the
9 P tontributions of nuclear and electromagnetic mechanisms to

The interaction, which is dominated by the strong r‘Ude"ﬂthe fission cross sections is expected to be shed by measure-

force when the colliding nuclei come into contact, beCome§q s on different target nuclei at different incident energies,
purely electromagnetic at impact parameters greater than tfgq

" nce the dependence of the fission cross section as a func-
sum of the nuclear radii, where only the long-range CoulomqiOn of the incident energy and of the target nucleus ngass
force plays a role.

e L L charge is different for the two mechanisms. For this reason,
Fission of 15& GeV/c lead projectiles impinging on a 99

. i ; new fission data have been taken, respectively, at 158 and
12 mm thick lead target was observed in an expenmenta}lo GeV/c per nucleon with #%6Pb beam impinging on dif-
measurement by the NA50 experiment at the CERN BRS ferent target nuclei: C, Al, Cu, Ag, Pb.
Although the yield of the observed fission events is roughly = s paper reports Ehe'resdlts (’)f these studies, carried out
in the frame of the NA50 experiment at the CERN SPS.
According to a model-dependent analysis, the contributions
*Also at IST, Universidade Técnica de Lisboa, Lisbon, Portugal.arising from the nuclear and electromagnetic fission mecha-
TAlso at Faculty of Physics and Nuclear Techniques, Academy ohisms are extracted from the measured cross sections. The
Mining and Metallurgy, Cracow, Poland. electromagnetic contribution is then compared with the
*On leave from YerPhl, Yerevan, Armenia. Weizsacker-Williams model predictiori8].

In heavy-ion collisions at ultrarelativistic energies, fission
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Pb peak Moreover, a different trigger strategy was adopted to
N speed up the data taking. In R¢l], data acquisition was
enabled by the so-called ZDC trigger. This trigger is gener-
[ ated when an energy larger than a given threshgjdis
deposited in the ZDC. Since even in the most central colli-
sions a residual energi,i,~2—3 TeV is emitted in the
acceptance of the ZDC and since the threshold value was
chosen in such a way thit,, < E,;, 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

Fission

counts/ADC ch.
=)
o

L L from the unbiasedlight output distribution of the fragment
200 400 600 800 1000 detector, shown in Fig. 1, by computing the ratio between the
ADC ch. number of events in the fission peak and the total number of

_ events in the histogrartsee Ref[1] for more detailg It is
FIG. 1. Light outputtADC channelg measured by the fragment clear that this approach, based on the ZDC trigger only, im-

detector in Pb-Pb collisions at 188eV/c (ZDC trigge [1]. poses severe limitations on the statistics achievable for fis-
sion events. In fact, even at low beam intensities, the acqui-
Il. EXPERIMENTAL APPARATUS sition system is saturated by the high rate of noninteracting

Pb projectiles which, as can be seen in Fig. 1, dominates the
ample of events collected with the ZDC trigger, while only
small fraction corresponds to fission events.

To increase the fission sample, in the latest data taking,

sides the ZDC trigger, a second one, called the ZDC-
VETOED trigger, was also used. This trigger is generated by

r}equiring, in coincidence with a ZDC trigger, a signal from

. the fragment detector with amplitude smaller than the one of
the energy of the spectator fragments of the proje¢dle noninteracting beam. In this way, the Pb ions which did not

Since the yield of Cheren_kov light is p_roportional to the interact in the target are rejected, as can be seen in Fig. 2
Is:ungrst:r(]j charge fotfhthe parhc(lje, r:he quar}t[[tr)]/ nfweasureotl by trfhere the light output distributions recorded with this trigger
IS the sum ot the squared ¢ afges orthe fragments emits, yifterent targets are shown. It is important to underline
ted in the decay of the projecti@Z). More details on the that the fragment detector, rather than the ZDC, has been
;ragrgent deftector anrc]i on the experlmhental Ii':\yout ggn tl’ﬁsed to perform such a rejection. This is due to its better
ound in Ref.[1]. In the same paper, the analog-to-digital (o) tion for Pb iong4% for the fragment detector, 7% for
_con\_/erter_(ADC) distribution of the fragment detector shown the ZDO and to the fact that, for extremely peripheral col-
in Fig. 1 Is also reported. lisions, the quantit;EZiz, measured by the fragment detector,

In the figure there is a peak, centered at channel 80Qy " \,re sensitive to the impact parameter than the zero-

corresponding to the incoming lead ions, which have nohegree energy measured by the ZD@e Ref[1])
interacted in the target and a second peak centered at channel-l-he number of fission events is obtained 'by i'ntegrating

400, which has been interpreted as a signal of symmetric Qf,. fission peak in the ADC spectrum obtained with the

quasisymmetric binary Pb fissidi]. The information pro- ZDC-VETOED tri here the statistics for fissi t
vided by the ZDC has allowed us to confirm that fissionis higher rigger where the Stalistics for Tission events

occurs in extremely peripheral collisions. Therefore the fission cross section is calculated as

The main goal of the NA50 experiment is the study of the
J/ 4 suppression in Pb-Pb collisions as a signature of quar
gluon plasma formatiof2]. For a detailed description of the
standard NA50 setup see R¢8]. For the fission measure- be
ments, a Cherenkov fragment deteateD) has been placed
on the beam trajectory downstream from the target, just i
front of the zero-degree calorimetéZDC) which measures

L
KN

IIl. RUN CONDITIONS AND DATA ANALYSIS o (1)

Although the apparatus used for the measurements re-
ported in this paper was basically the same as the one leadivghereN,, is the number of incident lead ions, is the num-
to the results of Ref[1], the experimental conditions were ber of target nuclei per ctnandK is a correction factor for
quite different. In fact, while previous data had been taken irffission fragment reinteraction and projectile absorption
parallel to the standard NA50 run@.e., in conditions opti- ~ prior to the fission(see the Appendix
mized for charmonium detectiprthe present data were col- ~ For the ZDC-VETOED runsN, has been evaluated by
lected during two short, dedicated runs with lower beam incomparing the ADC spectra taken with ZDC and ZDC-
tensities(few times 18 Pb ions per burgtand thinner targets VETOED triggers. We have integrated the first spectrum up
(1-4 mm. These last experimental conditions avoid pileupto an ADC channel below the noninteracting lead ions peak
corrections and minimize contribution to fission of projec-(€.9., ADC channel 650gettingn(zdg and the second one
tiles different from?°%Pb, as lighter Pb isotopes and heavy (which does not contain the Pb pgalp to the same ADC
nuclei produced mainly by electromagneti&m) dissocia- channel gettingn(zdcvetoed. From the ratio of the obtained
tion of the beam in the targésee the Appendix values we have deduced, for ZDC-VETOED runs:
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40A GeV/c and 15& GeV/c.

Experimental fission cross sections values at
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Figure 2 shows the ADC spectra of the fragment detector
in Pb-C and Pb-Pb interactions at 40 and 158 GeYér
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 |
and plotted in Fig. 3 as a function of the target atomic num-
berz; at 40 and 158 GeW 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 atAlG&V/c be-
come larger and larger with, than the ones at 40GeV/c.

At both energies the fission cross section increases Xyith

~400
=
A 158A GeV

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 triggey.

n(zdcvetoed

Ny(zdcvetoed = Ny(zdg n(zdo

IV. EXPERIMENTAL RESULTS

The measurements have been performed using ‘b
beam delivered by the CERN SPS at two different momenta
of 40 and 158 GeWd per nucleon. About one million events
were collected for each target, namely, (€£mm thick),
Cu (3.2 mm, Ag (3 mm), Pb(3 mm) at 40A GeV/c and
C (4 mm), Al (3 mm), Cu(1 mm), Ag (1 mm), Pb(4 mm)
at 158\ GeV/c.
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FIG. 3. Experimental fission cross sections as a functiary af
40A GeV/c (full circles) and 15& GeV/c (full triangles.



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

The Pb-Pb fission cross section measured in this experiment 6r
at 158\ GeV/c is consistent with the onéabout 340 mp i
reported by the emulsion experiment EMU[E]. sk

V. FISSION MECHANISM 4:_ E%
s
L [ ]

3L L]

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:

Photofission cross section (mb)

I s
i % L
2r 33
; 85 ¢
oi=af+ ol 3! ZIRETTILER.

This approximation can be justified by the short range of the _AA
nuclear force, which contributes only when the nuclei come Fa
into contact. At larger impact parameter(greater than the £

0 L [ L | L [ ) | L [ L 1 L
sum of the radii of the two colliding nuclethe nuclear fis- 0 500 1000 1500 2000 2500 3000 3500 4000
sion mechanism vanishes and the fission cross section is as- Photon energy (MeV)
sumed to be entirely due to the e.m. interaction. In reality
there is a small but finite region &f (close to the sum of the
nuclear radii where both processes can occur, but the mag
nitude of such interference effects has been estimated wit
an idealized form of the nucleon-nucleon interaction, and
was found to be less than 1% of the total cross sedfign
In order to disentangle the two contributions to the mea-
sured fission cross sections, the different behaviarioaind
o}“ as a function of the target atomic number and target ma:

number can be considered. For this purpose, the dependenl%%diﬁed Bessel functions of order zero and oné

c N ; ; ;
of oy and oy, respectively, orZ, and A; are estimated in _ bmin//_37 (where vy is the Lorentz factor of the target

Secs. VA and VB. In Sec. V C these dep.end.ences are us‘?fﬁucleus in the rest frame of the projectile nuclewsndb,,;,
to fit the data and to extract the two contributions.

is the cutoff impact parameter below which nuclear pro-
cesses take over and become dominant.
A. Coulomb fission cross section Benesh, Cook, and Varl7] proposed the following pa-

. ) rametrization for,;
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 radiie., b = ro[AéB*' 13— X(Ap1/3+A{ B3], (4)
b>Dbpyin=Ry+Ry).

According to the Weizséacker-William&W) method[6],  whereA, and A, are the mass number of the projectile and
the e.m. interaction between two nuclei can be expressed iihe target nucleir,=1.34 fm, andx=0.75.
terms of the interaction of the projectile nucleus with a vir-  To compute the Coulomb fission cross section for
tual photon emitted by the target nucleus, which may induc€8pp_nycleus interactions at 158 and 40 Gesér nucleon,
the fission of the projectile. the photofission cross section 8#Pb should be used as

The Coulomb fission cross section of the projectilejnput of Eq.(2). Indeed, due to the lack of photofission data
nucleus is determined by the equivalent photon spectrurfor 298ph over the full energy range of the virtual photons
n(w) of the target nucleus, multiplied by the photofissionemitted at SPS energigom the 2°8b fission threshold of
cross sectior «(w) of the projectile nucleus. For the com- 28 MeV up to about 2 Ge)/ the following strategy has been
putation ofo¥ we must integrate over all photon energies  adopted. For photon energies below 0.17 GeV the photofis-

sion cross section fot°®Pb was taken from Ref11], while

at higher energies tH&'Pb photofission values recently mea-
Ufc:J N(w)o1(w)dw. (2)  sured at the Jefferson Laboratory in the energy intewal

=0.17-3.84 Ge\[10] have been use(Fig. 4.

The expression for the equivalent photon distribution can In order to determine the behavigre., the slope as a
be derived in the frame of classical electromagnet[§h  function of Z;) of the ¢f values, the computed Coulomb
The WW method was extended by including higher multipo-fission cross sections have been fittedsits o,Z°. The ob-
larities 77l [9] in the equivalent photon spectrum. The result-tained values foé are 1.72 and 1.86, respectively, at 40 and
ing number of virtual photons, integrated over the impactl58 GeV £t per nucleon. It is worth noting that values of the
parameter, is given by 6 parameter slightly smaller than two are due to the fact that

FIG. 4. Photofission cross sections f§iPb (from Ref.[10]) as
a function of the incident photon energy. For photon energy values
Plelow 0.17 GeV data from Refl11] are usedopen trianglep

Ztha

n(w) = W

2 &2
(gKo(s)Kl(g) - T[Ki(g) - Ké(g)]), 3)

SWhere « is the fine structure constank, and K; are the

034904-4
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theZt2 dependence of Eq3) is reduced by the increase of ﬁ- [
the minimum impact parametds,,;, with the target radius ~ L4f A 158A GeV
[Eq. (4)]. =2 ® 40A GeV
Eaf
g
B. Nuclear fission cross section '% 1
The nuclear contributiow?} to the fission cross section qf I
can be computed according to the geometrical scaling model & o g[
proposed in Ref{12], developed to interpret uranium fission S i
data on several targets at ¥®MeV. As only the most pe- _E 0.61
ripheral collisions are expected to contribute, we can con- & "t
sider the region of impact parameter ranging frog,—Ab =LA
to b, Which defines an annulus of widthb whose area 0.4r
gives the cross section for nuclear fission [
0.2 .
af“‘:zwab(bmm—a—%>, (5) 6
00 20 40 60 80 100
where Z,
a= Zgztez FIG. 5. Experimental fission cross sections dividedZjyas a
wiBy function of Z; at 40A GeV/c (full circles) and 158 GeV/c (full
triangles.

corrects for the Rutherford bending of the trajectft).

In the measurements reported here the Rutherford correc- _ .
tion term is negligible because of the high beam energies. nucleus. Moreover, this is also supported by the behavior of

In order to apply this geometrical model to tH&Pb fis- the fission cross section divided W (where 5=1.72 and
sion, the fact that the fissility of°%Pb, unlike that of ura- 9= 1-86 were determined, respectively, at 40 and 158 @eV/
nium, is smaller than one must be taken into account. There2€" nucleon, as descr!bgd in Sec. Y, Alotted versusZ,
fore Eq. (5) has been multiplied by a correction factéyr (Fig. 5). Indeed the ratio is constant only.for_heavy targets
which represents the probability f8%Pb to undergo fission, 2nd becomes larger for low values &{ indicating that for
when a collision with impact parameter betweleg, —Ab light targets the e.m. r_nechanlsm alone cannot account fqr thg
andb,. has taken place. Moreover the second-order term ifnéasured cross section and the nuclear one plays a signifi-
Ab can been neglected, since for uraniumih value of ~cant role.

about 0.8 fm was found in Ref12] In order to extract the nuclear and e.m. contributions from
The nuclear contribution to the lead fission cross sectioin€ €xperimental fission cross sections, data have been fitted
at SPS energies has been finally approximated as as the sum of a term proportional & (e.m. contributiop

and a nuclear term given by E¢f):
o = 27fbyinAb, (6)

where b, has been computed according to E4). This
means that, in contrast to the predic@&d’ at 40A GeV/c where the5 exponent has been fixed as describ_ed in_ Secs.
(Z-%6 at 158\ GeV/o) rise of of, o} is expected to in- VA while ¢, andc, are free parameters. In parncp@rls
crease more slowly for heavy targe(mAt”3+A;’3). equal to the produchbf [see Eq(6)] and its value given by
the fit is 0.0411+0.035 fm (0.0497+0.040 fm at

40(158GeV/c per nucleon. For the sake of completeness,
we note that, even if only the produabf can be deduced

In this section the experimental data are interpreted in thérom the fit, an indication about the value of the parameter
light of the previous considerations. Let us consider agairf can be obtained by dividing, by Ab=0.8 fm, found
the measured fission cross sections shown in Fig. 3. As prdéor uranium and reported in Refl2,13. This calculation
viously stated, the energy dependence of the fission crogiives f=0.05-0.06, avalue of the same order of magni-
section is negligible for the carbon target and becomes mor&ide of the fissility, which is aboui8+1)% for "Pb[14].
and more pronounced for higher valuesZafSuch a behav- The values of the, parameters obtained from the fit are
ior suggests that for light targets the relevant fission mechad.0388+0.0049 mb and 0.0768+0.0049 mb, respectively, at
nism is the nuclear on@vhich is expected to exhibit a weak 40 and 158 GeWd per nucleon.
dependence on the incident enexgyhile the e.m. contribu- The e.m.(of) and nuclear(a}) contributions to the fis-
tion (which has a much stronger energy dependgfiee  sion cross sections deduced from the fit to the experimental
comes dominant for heavy targets. This interpretation is condata are displayed in Figs. 6 and 7 for incomf&Pb beams
sistent with the fact that, as discussed in Secs. V A and V Bof 40 and 158 GeWd per nucleon(Table Il). As expected,
the e.m. contribution increases much faster than the nucledhe nuclear term increases very weakly with the target mass,
one as a function of the mager charge of the target while the e.m. contribution, negligible for light targets, be-

01 = 0f + ot = 1 Z0 + 2mCobin, (7)

C. Experimental results interpretation

034904-5
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3180_ TABLE II. Nuclear and Coulomb fission cross sections values at
g C 40A GeV/c and 15& GeV/c extracted from the fit to the data.
‘:’160 - @ experimental data

§ 1a0k O o€ deduced from fit O,P (mb) O_L\I (mb) U%: (mb) U%; (mb)

3 % o deduced from fit 40A GeV/c 158AGeV/c 40A GeV/c 158A GeV/c

» L

§12°: E c 268423  32.5+2.6 0.8+0.1 2.1+0.1
=100F Al 35.8+2.9 9.1+0.6

g Cu  33.2+28 40.2+3.2 12.7£1.6 40.4%2.6

= 80 % Ag  35.9#3.1 435+3.5 29.2+3.7 99.0+6.4

6ok Pb  40.0+34  485%3.9  76.0+9.6  278.9+18.0

40}

o e,
et

_ section. Since the latter has been deduced assuming the
201 nuclear term scaling of Ref12], the observed discrepancy
[ suggests a faster increase of the nuclear contribuisna
00' 0. 2'0 —— 4'0 —— 6|0 — '8|0 T function of the target magghan the one assumed in the
7 model [Egs. (6) and (4)]. We note that this effect plays a
! minor role at 158 GeV/c since at this energy the fission
FIG. 6. Experimental fission cross sections as a functid af ~ Cr0SS section is dominated by the e.m. contributiee Fig.
40A GeV/c (full circles). The dotted line is the fit to the data ac- . ) )
cording to Eq.(7). ¥ (open squargsand o (open starsdeduced Therefore an alternative method based on the factoriza-
from the fit are also reported. tion model[18] has been applied in order to deduce the tar-
get dependence of the nuclear fission cross section.
comes dominant for heavier ones. Moreover, the e.m. term First of all we assume that the continuum events under the
quickly increases as a function of energy, as shown in Fig. 8ission peak(see Fig. 2 are mainly originated in nuclear
In Figs. 9 and 10 the e.m. contributions to the fission crosgollisions. This argument is supported by the fact that the
section, deduced from the fit to the experimentakesults, underlying continuum events occur in peripheral interactions
are compared to the WW model predictions computed bywhere the mean value of the ZDC energy is 500—800 GeV
means of Eq(2) by using theo; values from Ref[10], as  lower than the Pb incident energy. This indicates the pres-
described in Sec. V A. A satisfactory description of the ex-ence of at least 3-5 participant nucleasse Fig. 5 of Ref.
tracted e.m. contributions is obtained at A58eV/c and for  [1]).
light targets at 48 GeV/c. On the contrary, the WW predic- According to the factorization model we therefore assume
tions for Pb-Pb interactions at AGGeV/c are significantly that the target dependences of the cross sections for the
below the value of the e.m. contribution to the fission crossuclear fission and for the continuum under the fission peak

400 350
£ [ A experimental data 'E
=350F O . deduced from fit =
g | f 4 £ 300}
§ 3001 % o deduced from fit }? % 158A GeV
758 K
2 H » 250
S50 g
o | o
=] = L
£200} ) 2200
I =
150( + g150-
100 70 100 #
., K 5 40A GeV
sof A
s * i 50} .
(1] =] T S S r e T &
20 40 60 80 100 obms®tE L
Z, 0 20 40 60 80 100
Z

t
FIG. 7. Experimental fission cross sections as a functiofy af

158A GeV/c (full triangley. The dotted line is the fit to the data FIG. 8. e.m. fission cross sections deduced from the fit to the
according to Eq(7). cr? (open square)sandzrf'\‘ (open starsdeduced  experimental data as a function Bfat 40A GeV/c (open squares
from the fit are also reported. and 15& GeV/c (full squares.
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~120 ~3
= L [~ L
g | Y oCdeduced from c;-oN i
g 100'_ ® 0,C deduced from fit to exp data 250 v
£ [ A W-W prediction i
g |
7] L L
% ol - [
o 3 L
g 6of
2 r 3
;. I [ v
3 il ® V 1584 GeV

[ ¢ ® 40A GeV

20+ A
- i f 0.5+
0 C ! . . L . . . L . . . L . . . L . . . [ N L L 1 N L L 1 N N L 1 L N N 1 L L N
0 20 40 60 80 100 % 20 40 60 80 100
Z, Z

t

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

FIG. 11. Cross section rati®% for different targets as a function

of the Z; at 40A GeV/c (full circles) and 15& GeV/c (full tri-
angles. The error bars are not visible since they are smaller than the
symbols.

are the same. The cross sections for the latter process hay

40A GeV/c, suggesting that at the highest bombardin
been extracted from the measured light output spectra a uggesting 9 ng

ergy and for the heaviest target the e.m. contribution to the
finderlying continuum becomes non-negligible. Therefore,
. for the analysis in the frame of the factorization model, only
for all the targets, the integrated events correspond to thfheR ratios obtained at 40 GeV/c were used, excepted for
same fraction of the inelastic cross secti@bout 9%. the AEI target where, due to the lack of data’atMBeV/c,

The va;lues of theIRt ratir(])_s meisured a;[j 40 c;";md the R, value measured at 188GeV/c was used.
158A GeV/c are very close. This weak energy dependence oo the values of the nuclear contribution to the fission

corrot_)orates the idea that the_contmuum under the fissiop,qg sectiow} for the different targets have been deduced
peak is due to nuclear interactions. Nevertheless for the P,

- R - y multiplying the ratiosR; by the fission cross section for
target, the point at 198GeV/c is significantly higher than o ¢aron target at 4>OGetV/c, which has been assumed to

450 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
(os—o}) (Table II).

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

g the two different methods are in good agreement at
158A GeV/c and for light targets at 40 GeV/c. On the con-
trary the e.m. contribution for Pb-Pb and Pb-Ag interactions

| ¥ o deduced from o, - 6N

d
=
(=]

K 0,¢ deduced from fit to exp data
- A W-W prediction

w
wn
(=3

[ ] w

wn [—3

(=3 (=3
—T—

e.n. fission cross section (m
[—4
(=3
T T

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

—

un

=
T

100 § ond method.
sor . o (mb) ot (mb) o (mb)
0__!‘!._“_”_”_" 40A GeV/c 158A GeV/c
0 20 40 60 8 0 c 27.842.6 0. 2.2+4.0
t Al 34.5+3.3 21.4+6.0
FIG. 10. e.m. contributions to the fission cross section as a funcCu 37.8+3.6 11.3+6.1 39.2+11.6
tion of Z, at 158\ GeV/c: extracted from the fit to the dat@ull Ag 49.7+4.7 10.4+7.1 79.3+14.8
circles, extracted from data with the second metftfdl triangles), Pb 58.4+5.6 62.1+11.0 273.6+19.8

WW predictions(open trianglep
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at 40A GeV/c extracted with the latter method is signifi- sented in this paper represent the first systematic study of
cantly lower than the one deduced from the fit. In particuladead projectile fission cross sections at ultrarelativistic ener-
for the Pb-Pb case, the result obtained with the factorizatiogies.

model is closer to the WW prediction, suggesting a nuclear

target dependence stronger than the one predicted by the ACKNOWLEDGMENTS

geometrical scaling mod¢l2]. However, it should be noted

that both the methods are enable to provide results in agree- e would like to express our gratitude to V. Muccifora
ment with the WW calculations for the Ag target. and N. Bianchi for their advices and for constructive and

useful discussions. We are grateful to G. Alfarone, S. Braso-
lin, F. Daudo, and P. Mereu for their technical support during
VI. CONCLUSION the construction of the fragment detector. This work was

Fission cross sections of lead projectiles in Pb-nucleu;g;)f”Irtlally supported by Fundagao para a Ciéncia e a Tecnolo-

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 APPENDIX
performed at two different energi€40 and 158 Ge\Vd per Two different corrections have been performed on the ex-
nucleon and on different targets. perimental data: they are included in the fadtoof Eq. (1)

For this purpose a Cherenkov detector has been placétihich is the product of two termis;K,.
downstream of the target to provide information on the The first correction accounts for fission fragment reinter-
charge of the spectator fragments emitted in the decay of thaction, where the fission fragments originating in the target
208ph projectile after its interaction in the target. A clear fis-interact somewhere along the 1.6 m of air between the target
sion peak is visible in the ADC spectrum of the fragmentand the quartz blade. These events do not appear, in fact, in
detector. Information provided by the ZDC has allowed us tathe recorded fission peak. The second correction accounts for
check that fission occurs in extremely peripheral collisionsabsorption within the target both of projectile Pb ions prior to
compatible with e.m. fission or with fission induced by softa potential fission and of fission fragments for a fission event.
nuclear interactions involving very few participant nucleons.These events are lost and disappear from the fission peak.
Two procedures have been adopted to extract the e.m. and For the first correction factdf,, the probability that both
the nuclear contributions to the experimentally observed fisfission fragments do not interact along the 1.6 m of air has
sion cross sections. In the first analysis, the fission croskeen estimated to be of the order of 97%, by considering
sections have been fitted as the sum of a term proportional #nly the nuclear interaction cross section for fission frag-
Z% (where § is fixed by the WW model predictionsand a ~ ments in air, approximated by the expressj@f]
geometrical nuclear term. N_ 2, A1/3 . A1/3 2
An alternative analysis based on the factorization model o= oAy =9 (A1)
[18] has been carried out as well. The method is based owith ry=1.35 fm, §=1.1, A,=100 for the fission frag-
two relevant assumptions: the first is that the continuum unments, andA;=14.7 for air. The contribution from e.m.
der the fission peak is due to nuclear interactions and theissociation cross section for Pb fragment-air interactions
second one is that the fission cross section on carbon &tas been neglected.
40A GeV/c is entirely nucleai.e., the e.m. contribution is For the second correction factél,, the probability that
negligible. The e.m. term is estimated by subtracting theboth the projectile Pb ion and the fission fragments do not
nuclear one from the total fission cross section. The resultiteract within the target has been estimated to be of the
obtained with these two methods for the e.m. fission crossrder of 82—95 % depending on the target, using the follow-
section are fully consistent at 1A85eV/c and for light tar-  ing parametrization:
gets at 48 GeV/c. The Pb-Pb point at 40GeV/c extracted |
with Fhe second metho_d is lower than t_he one deduced f_rom 1 f P,(X)Po(x)dx, (A2)
the fit. The e.m. contributions to the fission cross section, I Jo
deduced with both the above methods, have been compared ) ) ) -
to calculations performed using the Weizsacker-Williams apWhere | is the target thicknes®;(x) is the probability of
proach. The comparison shows a better agreement with tH#hding a given Pb projectile at a depthin the targetP(x)
values obtained with the second method, probably indicatinds the probability that both fission fragments, produced at a
a faster increase of the nuclear contribution as a function offepthx in the target, manage to come out of the target with-
the target mass than the one predicted in the geometricQut Interacting.
scaling mode[12]. Calculations were made for all the targets, by considering
Since experimental data ¢P%b photofission were not _ X\ _ 200\
available on the whole energy range of virtual photons radi- Pi) =™ and Py(x)=e*™M,
ated at SPS energies, we have u8¥eb measurements for where\; and\, are the totalnuclear + e.m).mean free path
the WW calculation of e.m. contribution. A better evaluationin the target, respectively, of an incident Pb and of a fission
of the W-W predictions could be performed when experi-fragment. The values of; have been evaluated by using Eq.
mental data of°%Pb photofission will be available. (A1) for the nuclear cross sections and by estimating the
Finally we have to remark that the measurements preeross sections for the e.m. dissociation of a Pb ion or of a

034904-8



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

fission fragment according to the WW method, by replacing The systematic uncertainties f&; andK, have been es-
in integral(2) the photofission cross sections with the photontimated to be less than 2%.
absorption cross sections measured up to 100 GeV in Ref. Finally we point out that a fraction of the observed fission
[16]. events is due to fission of projectiles different fréfPb. In
For the computation of the e.m. term, we have considerefact, due to the target thickness, tH#8Pb beam has a certain
that a nucleus breakup can be induced only by high energgrobability, prior to a potential fission, to interact in the tar-
photons(w=40 MeV). In fact the giant dipole resonance get and to transform into a lighter Pb isotope, mainly by e.m.
excitation produces only the emission of one or more neudissociation. The fraction of fission events due to the fission
trons and does not modify the quartz blade signal. of 2%%Pp projectile turns out to be of the order of 8676%)
Onceo®(w=40 MeV) has been estimated for Pb-Pb, we for the lead targets at #40GeV/c (158A GeV/c), while for
have deduced its value for lighter targets assumifig Zf the lighter targets this fraction is always higher than 95%.
and for fragment-Pb interaction by assuming the followingThese numbers have been obtained assuming that the fission

projectile scalingio®©« NoZp/ A, [17]. cross sections are the same for all the Pb isotopes.
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