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Abstract. Electromagnetic fission of 2**U projectiles at E/A = 600 and 1000 MeV was studied with the
ALADIN spectrometer at the heavy-ion synchrotron SIS. Seven different targets (Be, C, Al, Cu, In, Au
and U) were used. By considering only those fission events where the two charges added up to 92, most
of the nuclear interactions were excluded. The nuclear contributions to the measured fission cross sections
were determined by extrapolating from beryllium to the heavier targets with the concept of factorization.
The obtained cross sections for electromagnetic fission are well reproduced by extended Weizsicker-
Williams calculations which include E1 and E2 excitations. The asymmetry of the fission fragments’ charge
distribution gives evidence for the excitation of the double giant-dipole resonance in uranium.

PACS: 25.75.+41, 25.85-w, 27.90.+b

1 Introduction

In relativistic heavy-ion collisions, electromagnetic processes are expected to have large
cross sections due to the fast time variation of the electromagnetic field. The process of
electromagnetic dissociation can occur if one of the nuclei is excited above its particle
emission threshold. It may then deexcite by particle emission or, if the excitation energy is
above the fission threshold, by fission. The latter process is called electromagnetic fission.
A framework for the calculation of electromagnetic dissociation cross sections is given by
the Weizsidcker-Williams (WW) approximation folded with experimental photoabsorption
cross sections [1].

Electromagnetic dissociation was first observed in cosmic ray experiments [2] and
in projectile fragmentation of '*C and 'O by Heckman and Lindstrom [3]. Further ex-
periments gave evidence for electromagnetic dissociation in the fragmentation of '*O

* This work forms part of the Ph.D. thesis of Th. Rubehn.

** Present address: NSCL, MSU, East Lansing, MI 48824, USA
*** Present address: LBL, Berkeley, CA 94720, USA
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projectiles at E/A = 1.7 GeV [4] and of 197 A targets excited by various projectiles 5, 6].
Electromagnetic multiphonon excitations of the same targets were studied measuring the
1n, 2n and 3n removal cross sections [7, 8]. In other experimtents the y-ray and neutron
decay of the electromagnetically excited double giant-dipole resonance (GDR) in 208pp
and 136Xe was observed [9, 10, 11]. While the 1-phonon excitations were well reproduced
by the calculations, the cross sections of the 2-phonon excitations were underpredicted
[12, 13]. In a recent experiment In to 4n removal cross sections of 23¥U-projectiles im-
pinging on Al, Cu and Pb targets were measured [14]. The results were well reproduced
by WW-calculations including the excitation of the double GDR.

Experimental studies have, in particular, shown that fission of 2381 at relativistic
energies can be a result of electromagnetic interactions, presumably via the excitation
of the giant-dipole resonance. Jain et al. investigated the fission of uranium projectiles
at E/A = 960 MeV in nuclear emulsions [15]. ”Clean” fission events consisting of only
two fission fragments with no other charged particle or target fragmentation tracks were
observed. Fission cross sections of 238U-projectiles at E/A = 900 MeV after collisions with
H to Pb targets were reported by Greiner et al. [16]. Since the target dependence could
not be explained by an increase of the geometrical cross section only, a contribution from
electromagnetic fission was assumed. Schmidt et al. [17] and Bernas et al. [18] measured
charge spectra of fission fragments from 238J.projectiles hitting a lead target. In addition
to the symmetric component of the spectra an asymmetric contribution was found which
was assumed to be due to electromagnetic excitations. In an experiment performed at the
BEVALAC, electromagnetic fission of 22*U at E/A = 120 MeV was studied using various
targets [19]. The nuclear contributions were determined by scaling the data for a Be target
according to a geometrical model. A qualitative agreement between the experimental
cross sections and the results of Weizsacker-Williams calculations was found. Recently,
electromagnetic fission of uranium was reported for Pb-projectiles at E/A = 100, 500, 1000
MeV [20]. The authors disentangled the nuclear and the electromagnetic contribution on
the basis of their different angular distributions. Within the uncertainties of the method the
cross sections for electromagnetic fission are in good agreement with WW calculations
including E1, E2 and the possibility of 2-phonon excitations. In the literature, however,
only little information can be found which shows more than a qualitative agreement
between the experimental results and the WW calculations.

In order to test the validity of the theoretical description more precisely, it is necessary
to determine the target and energy dependence of the cross sections with a better accuracy
than hitherto reported. In this paper we present Cross sections for electromagnetic fission of
uranium at E/A = 600 and 1000 MeV for several targets. Individual charge resolution was
achieved for both fission fragments. Therefore, an efficient selection of electromagnetic
fission events was made possible by requiring that the sum of the fission fragments’
charges equaled 92. Conversely, a major part of the nuclear interactions were identified
by the detection of charged particles emitted from the interaction zone.
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Fig. 1. Schematic view of the ALADIN facility. The beam entered from the left, projectile fragments were
tracked and identified in the MUSIC detector and in the time-of-flight (TOF) wall. Coincident neutrons
emitted approximately in the direction of the incident beam were detected by the LAND detector. The
multiplicity of light particles emitted from the interaction zone was measured using the Si-CsI hodoscope.

2 Experiment

Fission of 23¥U-projectiles at incident energies of E/A = 600 and 1000 MeV after bom-
bardment of seven different targets (Be, C, Al, Cu, In, Au, U) with a thickness between
185 and 800 mg/cm? was investigated using the ALADIN forward spectrometer [21] at
the heavy-ion synchrotron SIS of GSI. Due to the high kinetic energy of the uranium beam
the fragments of the projectile fission were emitted in a narrow cone close to the beam
direction.

In Fig. 1, we show the experimental setup in a schematic view. For each projectile
nucleus its position and arrival time were measured upstream of the target with two
thin plastic scintillators. The projectile fragments were detected by the Time Projection
Muitiple Sampling Ionization Chamber (MUSIC) and by the time-of-flight wall (TOF)
positioned behind the dipole magnet. A set of 18 multiwire proportional counters and
48 anode strips allowed the measurement of the atomic numbers for fragments from He
to U together with their positions and angles. A charge resolution of 0.5 (FWHM) was
achieved for fission fragments (see Fig. 2). The TOF wall consisted of 192 scintillator
strips arranged in two layers. Light particles and fragments emitted at ©r,, between 5 and
17 degrees were detected in a hodoscope of 84 Si-Csl telescopes. Coincident neutrons were
measured with the LAND detector [22] positioned behind the ALADIN spectrometer. In
this paper we will not make use of the neutron data, however.

At beam energies of E/A = 600 and 1000 MeV, fission fragments are, with respect to
the beam axis, emitted into a cone of polar angles of 2.1 and 2.9 degree, respectively.
This is well within the acceptance of the ALADIN spectrometer of £9.2° in horizontal
and +4.3% in vertical direction. Due to the finite double-hit resolution in the MUSIC the
detection efficiency was limited to 87% at E/A = 600 MeV and 81% at 1000 MeV. The
cross sections were corrected for this effect. For this correction the angular distribution
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Fig. 2. Spectrum of the charge sum Z,.,,,, of the fission fragments for the reactions 2**U on Be and U at E/A
= 1000 MeV.

of the fission fragments was assumed to be isotropic in the CM-system. This assumption
is, however, not crucial since anisotropy coefficients of a = 0.4 — 0.5 in the distribution
W(6) = 1 £ acos? 8, as reported for a narrow energy window in photofission experiments
with monochromatic gamma rays [23], would change the efficiency only by 1%.

3 Calculations

Electromagnetic dissociation processes are usually described by replacing the electromag-
netic field by an equivalent photon flux. The absorption of a virtual photon will excite
the nucleus which can then dissociate according to the branching ratios of the particular
channel. The Weizsicker-Williams description [24, 25, 26] of the photon spectrum was
extended by including higher multipolarities = I [27]. The cross section of electromagnetic
dissociation into a specific channel ¥ can be expressed by:

s =3 [ S5 N7 do, M

where w is the energy of the photon, ., is the photodissociation cross section and N(w) is
the photon spectrum generated by the collision partner.
The E1 and E2 spectra integrated over the impact parameter are given by

NEl( )— 52€2<
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where Z is the charge and 3 the velocity of the particle, « the fine strmcture constant, Ko and
K are modified Bessel functions and ¢ = wby,;,, /(B 7). bmix is the cutoff impact parameter
below which nuclear processes take over and become dominant. Higher multipolarities
turn out to be less important in our case since their effect is much smaller than the error
bars of the experiment [28]. N¥!(w) is identical with the photon spectrum of the simple
Weizsicker-Williams theory [27]. The photofission cross section can then be expressed as

a"y,f(w) = Uv,tot(w)Pf(w)a @)

where P is the fission probability. In our calculations Lorentz parametrizations of the total
photo cross section for the GDR were taken from Ref. [29] which are in good agreement
with other measurements [23, 30, 31, 32]. Furthermore, we used the parametrizations
for the isoscalar component of the GQR from Ref. [31] and for the isovector component
from Ref. [33]. The fission probability P is known up to ~ 20 MeV [29, 34]. For higher
excitation energies the I, /I’y ratios were determined using the results of an evaporation
calculation [35].

Llope and Braun-Munzinger developed a framework for a quantitative analysis includ-
ing the multiple excitation of the giant resonances [36] describing the excitation process as
a single or multiple excitation of a classical harmonic oscillator [37, 27]. The probability
density for multiple excitations can be achieved by a repeated folding of the probability
for the absorption of single photons at a fixed impact parameter. After the integration over
all impact parameters, the cross section can be expressed as:

(1) @)
Onphonon = [ dE*(CZC* ¥ ‘f;’]';* £, (5)
where doV/dE* and do'® /dE* are the contributions from single and double phonon
excitations, respectively. Comparisons between calculations which allow 1-phonon exci-
tations only and those including the excitation of the double GDR show insignificantly
small differences of the cross sections for electromagnetic fission. This is due to the fact
that the higher fission probability in the energy regime of the double GDR is to a large
extent compensated by the redistribution of cross section from one phonon to that of two
phonon excitation. Therefore, the results of the calculations are independent of the strength
of the double GDR as long as electromagnetic fission cross sections are discussed. This,
however, is not true for quantities which are sensitive to the excitation energy distribu-
tion, i.e. the proton odd-even-effect and the asymmetry of the fission fragments’ charge
distribution.

In the extended WW calculations we used different parametrizations for the cutoff
parameter b,,;,. Benesh, Cook and Vary (BCV) proposed the dependence [38]

pBCV = r0<A:,/3+Atl/3 _ I(A;1/3+A{’/3)>, ©6)

min

where A, and A, are the masses of the target and projectile nuclei, ro = 1.34 fm and z =
0.75. This parametrization was obtained from a fit of the results of a Glauber calculation.
Another parametrization which gives a very good overall description of experimental
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reaction cross sections for medium-heavy nuclei at medium and high energies has been
developed by Kox et al. [39]

(7)

min

1/3 41/3
pEor = ro(Al/3 + Atl/3 + aOM— - c>,
P A3 4 Al
where ro=1.1 fm, a¢p=1.85 and c is an energy dependent correction term. The existing
measurements of the total reaction cross sections for heavy systems are, however, not
sufficiently precise to allow a final decision in favour of one of the parametrizations.

In a recent work Aumann, Bertulani and Siimmerer developed a microscopic approach
to resolve the ambiguity connected with the choice of the cutoff parameter [12]. They
compared the results obtained from a soft-spheres model with the sharp-cutoff results.
The differences in the cross sections using the BCV parametrization and the soft-spheres
model turned out to be insignificant.

In the WW calculation the assumption is made that all nuclei have a spherical shape.
Bertulani showed that the averaging over the projectile orientation leads to a slight increase
of the cross section. For the moderate deformation of uranium (5. §=0.3) the effect is,
however, negligible [40].

Yield (arb. units)

60

Z

frag

Fig. 3. Charge distributions of the fission fragments for several targets at E/A = 1000 MeV under the
condition that the sum of the charges of the fission fragments equals 92 and that the multiplicity in the
hodoscope is zero.
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4 Results and discussion

The total fission cross section contains both electromagnetic fission and nuclear interaction
processes with possibly larger energy and/or charge transfer. Photofission experiments
with uranium show that, averaged over the relevant range of excitation energies, the
probability for the emission of light charged particles is in the order of 1073 [41]. Therefore,
electromagnetic fission events could be enriched by the condition that the sum of the
charges of the fission fragments equaled 92. To further reduce the nuclear contribution we
required that the multiplicity Mj,q, observed in the Si-CsI hodoscope was zero. With the
beryllium target, these two conditions allow to reject 80% of the observed fission events.

The cross sections had to be corrected for nuclear interactions of the fragments in the
target and in the material of the detectors. To determine this effect experimental total charge
changing cross sections for various systems were used [43, 44, 45] and interpolations for
typical fission fragments were made. The difference to calculated total reaction cross
sections was used as an estimate of the associated uncertainty.

In Fig. 3, we show inclusive charge spectra of the fission fragments for different targets
under the previously described conditions. A transition to more asymmetric fission can
be observed as the atomic number of the target increases. Since for pure electromagnetic
fission no target dependence of the asymmetry would be expected, the observed increase
indicates an additional contribution with a different dependence on the atomic number of
the target; this component is due to nuclear collisions. From light particle induced fission of
233J it is well known that the asymmetry in the charge spectrum of the fission fragments is
a sensitive measure of the excitation energy imparted to the system [42], higher excitation
energies lead to more symmetric fission. The excitation energies of electromagnetic fission
are dominated by the GDR located at ~12 MeV and should, therefore, lead to asymmetric
fission. Since the ratio between electromagnetic and nuclear fragmentation is expected
to increase with the charge of the target (gemq x Z71,,.,) the experimentally oberserved
decrease of the mean excitation energy can be understood.

The efficiency corrected experimental fission cross sections for those events where
Zswm = 92 and M;,4, = O are plotted in Fig. 4. A much stronger increase with the
atomic number of the target can be seen than it would be expected for nuclear processes.
The observed transition to more asymmetric fission and the dependence of the measured
total cross section on the charge of the target indicates a dominant contribution of the
electromagnetic excitation for the heavy targets.

The total cross section can be expressed as the sum of the cross sections for electro-
magnetic and peripheral nuclear processes:

Ototal = OEMF + Onuclear- (8)

The determination of the nuclear contributions starts from the assumption that the total
cross section measured for the Be target is almost entirely due to nuclear processes. Two
different methods, a geometrical model [19, 38] and the concept of factorization [3, 46],
were investigated to extrapolate the nuclear contributions for the heavier targets.
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Fig. 4. Measured fission cross sections (squares) at E/A = 600 (left) and 1000 (right) MeV for the different
targets under the conditions Z,um = 92 and Mj,4, = 0. The magnitude of the nuclear cross sections
(triangles) was determined using the concept of factorization described in the text.

The picture of the geometrical model assumes that only the most peripheral collisions
contribute to the nuclear fission cross section and therefore only reactions with impact
parameters from b,,.;, to a slightly smaller impact parameter b,,;,, — Ab are taken into
account. Here, b,,;, is the impact parameter where the surfaces of the colliding nuclei
begin to touch. In this model Ab is assumed to be independent of the target. The nuclear
cross section can then be written as

3 e = 27 (bin — @ — %9).4 b 9)

where a = %7?{%2 corrects for the Rutherford bending of the trajectory [19].

In Fig. 5, the predictions of the geometrical model are compared to the cross sections
for those events where the sum of the fragment charges equals 90 and those events where
Zsum = 92 but at least one light charged particle was detected in the hodoscope; these
events are due to strong interactions. Eq. (9) was adjusted to reproduce the cross sections
for the Be target. The observed target dependence is stronger than predicted by geometrical
model calculations. Therefore, the following alternative method was applied.

On the assumption that projectile fragmentation in peripheral nuclear collisions can be
considered as a two-step process, the production cross section o5 of a specific fragmen-
tation channel can be described as a product of a formation cross section %, depending
on the target (T) and the projectile (P), and a branching ratio 5 which depends on the
projectile and the fragmentation channel. This leads to the widely used factorization ansatz
obr =754F 13,5, 6,7, 46]. The cross section ratios for a given Target T', with respect to
the Be target,
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Fig. 5. Cross sections for those events where the sum of the charges of the fragments equals 90 (squares)
and for those events where Z,.,» = 92 but light particles were detected in the hodoscope (triangles). The
dashed line shows the results of the geometrical model, fitted to beryllium, while the solid lines represent
straight line fits to the data.

ok U
Re(T)= —- = 3—5 (10)
U,Be Be

should be independent of the fragmentation channel.
Other measurements with comparable systems show that peripheral nuclear fragmen-
tation can be described by factorization [5, 6]. In order to verify the assumption, in

—_
&;; . A Au
B Cu
R ® C
2m

86 88 90 92
Z

sum

Fig. 6. Cross section ratios Rp(T') for different targets as a function of the fission fragments’ charge sum
Zsum .
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Table 1. Experimental cross sections o g a  in mb for electromagnetic fission of 222U at 600 and 1000 MeV
per nucleon. For the results of the WW calculations using the BCV parametrization for the cutoff parameter
o8BSy the contribution from the El and E2 excitations are shown. For comparison we give the calculated

cross sections using the Kox parametrization for b,,;,,. Both the statistical and the systematical errors are
given.

E/A = 1000 MeV E/A = 600 McV
Target OEMF WW  TWw  TWw T TEMF TWW  TWw  Tww TR
Be 7° 76 1 AN 6 s 1 7
c I+ 6+ 13 15 13 2 15| 12+ 8+ 16 14 1l 3 14
Al 61+ 7+ 15 64 54 9 62| 97413+ 18 55 45 10 54
Cu | 2774143 28 273 236 37 251 | 218416+ 27 228 191 38 208
In 66620+ S6 690 602 88 616 | S41+26+ 57 560 473 87 492
Au | 164425118 1577 1389 188 1376 | 1192440+ 94 1240 1059 182 1056
U 200752234 2036 1799 237 1764 | 1449427+ 112 1581 1355 227 1333

@ The cross sections for beryllium are taken from WW-calculations as described in the text.

particular, for fission resulting from nuclear collisions, we compare in Fig. 6 ratios of the
cross sections for different targets obtained for several channels with Z,,,, < 92. For a
given target, the variances are small and the assumption of factorization for nuclear fission
is therefore justified. The obtained ratios Rp(T') were then used to determine the cross
sections of nuclear fission for the various targets:

Onuct(T) = (0rotai(Be) — o pfi(Be)) < Rp(T) > . (11)
Vg L I T T T T T T B
s | ® 1000 AMeV _
N’
22000 | ¥ 600 AMeV i
-5
5 ,

1000

! L 1 L | n L

0 20 40 60 80 100

ZTarget

Fig. 7. Cross sections for electromagnetic fission of 238U projectiles at E/A = 600 and 1000 MeV beam
energy as a function of the atomic number Z of the target. The lines show the predictions of calculations
based on the extended Weizsidcker-Williams theory using the BCV (full lines) and the Kox (dashed lines)
parametrizations for the cutoff parameter.
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Fig. 8. The electromagnetic fission cross section as a function of the beam energy for the system 23U +
208Pb in comparison to the prediction of WW calculations using the BCV (solid line) and the Kox (dashed
line) parametrizations.

The nuclear cross section for the beryllium target was determined by subtracting the
cross section for electromagnetic fission of 6 and 7 mb, respectively, obtained from WW
calculations, from the measured total cross sections of 167 and 190 mb. The results are
shown in Fig. 4. The cross sections for electromagnetic fission determined by this method
are listed in Tab. 1 and plotted in Fig. 7. Weizsdcker-Williams calculations using the
BCV parametrization are in good agreement with the data while the results using the
Kox parametrization give too low cross sections. We should note that the widely used
parametrizations [1, 19, 20] of the experimental total photoabsorption cross section for
the GDR from Livermore [34] are systematically higher than those of [29, 30, 31, 32] and
lead to about 16% higher cross sections in the WW calculations [1, 19].

In Fig. 8 we combine the energy dependence of electromagnetic fission of 2*8U after
collisions with 2%8Pb with cross sections obtained in other experiments at various energies
between E/A = 100 and 1000 MeV. Since the results of [19] and our data were not
achieved with a lead target a scaling from the uranium and the gold target, respectively,
was made. The experimental data, except for the cross section of Polikanov et al. [20] at
E/A = 1000 MeV, are well reproduced by the results of WW calculations using the BCV
parametrization.

Furthermore, we investigated the asymmetry of the fission fragments’ charge spectrum
and the proton odd-even-effect. The two observables are sensitive to the excitation energy
of the fissioning nucleus. While the proton odd-even-effect represents a measure of low
energy contributions, the peak-to-valley ratio predominantly reflects contributions from
higher excitation energies.
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Fig. 9. Charge distributions of the fission fragments for the uranium target at E/A = 1000 MeV. The different
histograms show the total measured spectrum (dashed-dotted line, same as in Fi g. 3), the nuclear background
(dotted line) and the resulting distribution for electromagnetic fission (full line). The smooth curves show
the results of folding calculations excluding (short dashed line) and including the excitation of the double
GDR (long dashed line).

The charge spectrum for electromagnetic fission was separated using exactly the same
procedure as for the cross sections, i.e. the scaled beryllium spectrum was subtracted
from the measured distribution. In Fig. 9, we show the experimental charge spectrum,
the nuclear background and the resulting distribution due to electromagnetic fission. An

experimental peak-to-valley ratio p of 7.2 4 1.0 was observed for the uranium target at
E/A = 1000 MeV.

An experimental proton odd-even-effect § = (7 + 1.5)% was determined from inte-
grating the cross sections of fragments with odd and even charge numbers. As shown
in Fig. 10, the enhancement of the production of fragments with even nuclear charge
numbers is barely visible in the peak region.

In order to understand the experimental results we investigated folding calculations
including the excitation energy distribution of the WW-theory and the fission probability,
parametrizations of experimental peak-to-valley ratios [47, 48, 49] and the proton odd-
even-effect [50] as a function of the excitation energy. For energies below ~15 MeV
experimental fission probabilities were used [34], for higher excitation energies the results
of a calculation [14]. The WW calculations were performed using the harmonic oscillator
ansatz with ordinary strength for the excitation of the double GDR as described before.

On the assumption that the parametrization of the peak-to-valley ratio is also valid for
neighbouring isotopes, experimental results of neutron induced fission of 28U were used.
The results of folding calculations using a parametrization based on averaging data of



Electromagnetic fission of 28U at 600 and 1000 AMeV 13

75 | ; |

Yield

<% T

25

T

SNy

55 60

frag

Fig. 10. Electromagnetic fission charge spectrum of the uranium target at E/A = 1000 MeV. The proton
odd-even-effect is visible in the two peak regions.

neutron induced fission of several uranium isotopes are, within the errors, identical with
those obtained from 23¥U(n,f) alone.

In good agreement with the experimental data a proton odd-even-effect 6carc = (7.1 &
1.5)% and a peak-to-valley ratio p = 7.6 - 2.6 was obtained from the folding calculations
which included the excitation of the double GDR. Calculations where the excitation of
the double GDR was not taken into account result in a peak-to-valley ratio p of 16.24 3.2
and an odd-even-effect ... of (9.0 + 1.5)%. In this case, the peak-to-valley ratio is not
compatible with the experimental results as can be seen in Fig. 9. Therefore, our data give
evidence for the excitation of the double giant-dipole resonance in uranium. This result is
in good agreement with recently reported neutron removal cross sections of 23 [14]. In
that publication it was shown that the cross sections for 1n-4n removal are well reproduced
by similar WW calculations which use the same parametrization of the fission probability.

5 Conclusion

We measured the cross sections for electromagnetic fission of uranium projectiles at E/A
= 600 and 1000 MeV for various targets. Fission events were selected by the require-
ments that the charge sum equaled 92 and no light charged particles from the interaction
zone were detected. The small remaining nuclear background was determined using the
method of factorization. Due to the selectivity of the applied experimental method small
systematic errors were achieved. Comparisons between the data and Weizsicker-Williams
calculations including E1 and E2 excitations show good agreement. The calculated exci-
tation function between E/A = 100 and 1000 MeV describes well most of the measured
electromagnetic fission cross sections from different experiments. Weizsécker-Williams
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calculations using the BCV parametrization for the cutoff parameter can better reproduce
the experimental electromagnetic fission cross sections than calculations using the Kox
parametrization.

Studies of the proton odd-even-effect and of the asymmetry of the charge distribution
in comparison with folding calculations using the excitation energy distribution of the
Weizsicker-Williams calculations give evidence for the excitation of the double GDR.
This is in good agreement with the recently reported 1n-4n removal cross sections of 238U
[14].

Due to the large cross sections, electromagnetic fission of heavy projectiles is a suit-
able tool to study fission at low excitation energies including fissile nuclei like isotopes
produced in secondary beam experiments [17, 18].
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