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Electromagnetic dissociation of 2ssU at 120 MeVinucleon
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(Received 19 November 1992; revised manuscript received 2 June 1993)

Electromagnetic Sssion cross sections of a 120 MeV/nucleon U beam incident on Sve targets,
Be, Al, " 'Cu, " 'Ag, and " U, have been extracted from measurements of projectile velocity

fission fragments. The nuclear interaction contributions to the experimentally observed cross sections
were determined by extrapolation from the Be target data using a geometrical scaling model and by
an empirical decomposition of the fission charge distributions. The results are compared to model
calculations in which electric quadrupole excitations have been included.

PACS number(s): 25.70.Jj

Electromagnetic dissociation (EMD) is a process that
occurs when a nucleus is excited above its particle emis-
sion threshold by the electromagnetic 6eld induced by
another nucleus as it passes by outside the range of the
strong nuclear force. Experimentally, electromagnetic
dissociation has been observed with relativistic heavy
ions [1—17]. Aside from the emulsion work of Ref. [6],
however, these experiments have been restricted to either
few nucleon removal &om heavy nuclei or several nucleon
removal &om light nuclei. Here we present the results of
the first electronic counter experiment designed to mea-
sure electromagnetic fission cross sections of a heavy nu-

cleus. In addition, this was the first measurement of
EMD cross sections at a beam energy where there is
predicted to be a significant contribution &om electric
quadrupole excitations.

Fission cross sections of a 120 MeV/nucleon 2ssU beam
incident on five targets (sBe, 2rAl, " Cu, tAg, and
"tU) were measured at the Lawrence Berkeley Labo-
ratory's BEVALAC. The projectile velocity 6ssion frag-
ments were detected in coincidence by 16 position sensi-
tive AE Etelescope-s [18]. Each telescope was composed
of a 300 p,m diffused junction Si AE detector followed by
a 5 mm Si(Li) E detector. The telescopes were placed
concentrically about the beam in two rings of eight tele-
scopes each. The upstream ring intersected the beam
axis 37.0 cm downstream of the target and covered the
angular region 4.5' ( 8 & 13.5', while the downstream
ring intersected the beam axis 103.2 cm downstream of
the target and covered 1.5 ( 8 ( 4.5'. One surface
of each silicon detector was divided into fifteen 2.42 mm
wide, high conductivity strips separated by 0.607 mm
wide, high resistivity gaps to give position information
through the technique of resistive charge division. The
strips of the E detectors were rotated 90' with respect
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to the EE strips to give full two-dimensional position in-
formation with an overall resolution of 1.5 mm in the
z and y directions. The absolute beam Hux was mea-
sured with a 1/4 in. thick plastic scintillator paddle lo-
cated approximately 150 cm downstream of the target.
A complete description of the experimental setup along
with the details of the procedure used to calibrate the
silicon detectors can be found in Ref. [19].

Pulse height information &om the E and AE detec-
tors was combined, using a range algorithm [20], to de-
termine the charges of the &agments. The charge resolu-
tion obtained varied &om approximately +0.25 Z units
for the lightest 6ssion fragments to approximately +0.5
Z units for the heaviest &agments. The position infor-
mation &om the Si detectors was used, along with the
total energy deposited, to determine the velocity vectors
of the &agments.

Raw Zq+Z2 distributions for the 6ve targets are shown
in Fig. 1.The range of excitation energies associated with
virtual photon absorption is modest (( 20 MeV) at the
beam energy of this experiment. Therefore, electromag-
netic fission practically always leads to a true charge sum
of 92. Of course, the data also contain a large background
&om nuclear interaction processes in which there can be
much larger energy transfers and/or transfer of charge.
The ratio of electromagnetic to nuclear &agmentation is
expected to increase with the charge of the target nu-

cleus, however, as can be seen in the increasing sharpness
of the peak at Zq + Z2 ——92 as Zt~, z increases in Fig. 1.

Acceptance corrected Z distributions for Zq + Z2 ——92
events are shown in Fig. 2. A smooth transition &om pri-
marily symmetric fission for the Be target data to primar-
ily asymmetric 6ssion for the U target data is seen. As is
well known &om studies of light-particle induced fission,
the magnitude of the asymmetric component in &agment
yields is a sensitive function of the amount of excitation
energy imparted to the fissioning system [21]. Higher ex-
citation energies lead to increased yields of the symmetric
component in 2 U fission. Quantitative estimates of the
energy transfers from the data of Fig. 2 are complicated
by &agment charge misidenti6cation, but loose limits can
be derived. From a comparison of the Z distributions of
Fig. 2 with experimental data on U 6ssion fragment
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FIG. 1. Raw Zq + Zq distributions.

yields vs excitation energy [22], the conclusion is that
& E,„,& & 50 MeV for the Be data and ( E,„,) & 36
MeV for the U data.

For the most peripheral events (ZI+ Z2 ——91,92, 93), a
velocity for the fissioning source was calculated assuming
two body decay:

P,

where P, —:p~+ p~ and M, =—M~+ M2. Plots of the par-
allel and transverse components of P, for ZI + Z2 ——92
events are shown in Fig. 3. Although the P~~

distributions
for the five targets look very similar, the P~ distribu-
tions shift to larger values as the target atomic number
increases. This behavior can be explained as being due to
the increasing Coulomb kick the projectile receives &om
the target by the Rutherford scattering term in the po-
tential. For reference, the arrows in Fig. 3(b) indicate
the transverse velocities one would expect &om classi-
cal Rutherford trajectories at grazing impact parameters,
bs, „calculated from Eq. (7) below. For the heaviest
targets, and especially for U, most events fall inside the
classical grazing angle. The cross section for electromag-
netic fission should be peaked at bz, „with a tail extend-
ing toward larger impact parameters. However, since the
fissioning source cannot be expected to follow an exact
Coulomb trajectory at this beam energy, the precise re-
lationship between b and P~ is unknown.

The geometrical acceptances of the detector system for
coincidence events leading to charge sums of 91, 92, and
93 were calculated with a Monte Carlo program. The
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FIG. 2. Acceptance corrected Z distributions for Zq +
Zq ——92 events. The dashed and solid curves represent the
nuclear and EMD contributions to the yield. See discussion
in text.

FIG. 3. (a) Parallel source velocities for Zq + S2 = 92
events. The arrows mark the beam velocity. (b) Transverse
source velocities for Zq+Zq ——92 events. The arrows mark the
calculated transverse velocities assuming classical Rutherford
trajectories at b = b
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&agments were assumed to be emitted isotropically in
the projectile rest frame with kinetic energies taken &om
measurements on proton-induced U fission [23]. A grid
of 20 x 20 points covering the measured range of P~ vs

P~~ was set up and 100000 events for each Zi —Z2 split
were generated at each point. Coincidence efIiciencies
at other values of P, were determined by interpolation.
Total fission cross sections for Zi + Z2 ——92 events in mb
were then calculated &om the relation

Target

Al
Cu
Ag
U

I
~exp

78 + 30
246 + 37
393 + 42
568 + 127

II
~exp

43
190
361
811

&ww

27
99

204
504

&El+E2

33
120
248
613

TABLE I. Experimental and calculated EMD 6ssion cross
sections (mb).

(2)

f
EMD + nuc (4)

Under the conditions of this experiment, the cross section
for the Be target data is expected to be almost entirely
due to nuclear interaction. The nuclear cross sections for
the other four targets were determined &om the Be data
using a simple geometrical scaling model:

where n;~ and e,~ are the number of detected events and
coincidence efIiciency for Zi ——i, Z2 ——j as a function
of P„A is the atomic weight of the target, F is the
integrated beam flux, Ax is the thickness of the target
in mg/cm2, and N~ is Avogadro's number. Total fission
cross sections for Zg + Z2 ——91 and Zi + Z2 ——93 events
were calculated &om similar expressions.

Due to the imperfect charge resolution of our detec-
tors, we cannot give reliable values for the cross sections
into individual &agmentation channels. Detailed Monte
Carlo studies of the effects of charge misidentification
were made, however, and it was found that the sum cross
sections

f f f+9i + 092 + +93

were relatively insensitive (( 6%) to fragment Z misiden-
tification [19]. Moreover, it was determined that ( 5% of
the true Zq + Z2 ——92 events were misidentified by more
than one charge sum unit, indicating that nearly all of
the electromagnetic fission events are included in cr&.

The sum cross sections include a nuclear interaction
component as well as the EMD component:

tions were calculated &om the statistical uncertainties
plus the best estimate of the uncertainties introduced by
&agment charge misidentification. The large error on the
U target point includes an additional uncertainty intro-
duced by problems with the beam flux counter during
this run. All errors are 10. The overall normalization
uncertainty of Fig. 4 is estimated to be +20'%%up. Errors
due to uncertainties in the extrapolation of the nuclear
&agmentation cross sections are difIicult to estimate and
are not included. The method used here to extrapolate
o„„.is essentially the same as has been used previously
in other EMD experiments, however.

We have also attempted to extract the EMD cross sec-
tions through a graphical decomposition of the Z distri-
butions of Fig. 2. The dashed curves represent the ap-
proximate nuclear contributions if one assumes that the
shape of the nuclear component for all targets is the same
as the Be distribution. The approximate EMD compo-
nents were obtained by subtracting the dashed curves
&om the histograms. The solid curves of Fig. 2 show
the smoothed results. For the particular decomposition
shown in the figure, the &action of Zi + Z2 ——92 events
attributable to electromagnetic dissociation ranges from
less than 10'%%up for Al to 70% for U.

In order to derive cross sections &om the decompo-
sitions of Fig. 2 the Zi + Z2 ——92 events that were
misidentified as having a charge sum of 91 or 93 must
be accounted for. Assuming that the true 92 charge sum
events were equally likely to be misidentified as 91's or

where

ZpZg 6a=
vP'v

Abel ~b,
2 j (5)

O
10

LLI

corrects for the Rutherford bending of the trajectory [19].
Using the parametrization [24]

b~;„= 1.34 A +A, —075 A

(7)

10

I I III
10

I I I I III
10

ZTARG

and the measured cross section of 494k 11 mb for the Be
data, Ab was determined to be Ab = 0.80 6 0.04 fm.

The EMD fission cross sections obtained by subtract-
ing ofI' the extrapolated nuclear cross sections are listed
in Table I under o,„and plotted as circles in Fig. 4.
The error bars for the Al, Cu, and Ag target cross sec-

FIG. 4. Experimental EMD cross sections extracted from
crz (circles) and from the graphical decomposition of Fig. 2

(squares). The dashed curve is the WW prediction. The
solid curve was obtained by summing over E1 and E2 mul-
tipoles. The log-log plot emphasizes the approximate Zt~, g
dependence contained in Eqs. (9) and (11).
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93's and that the true cross section for Zq + Z2 ——93 is
negligible, one has

true obs, 2 X obs
92 92 ~ 93

The EMD cross sections arrived at by this alternative
method are listed in Table I under o,„and plotted as
squares in Fig. 4. Because of the very rough and quali-
tative nature of the graphical decomposition no attempt
has been made to assign errors to the cr,„values. The

cTezp values are al l within 2o of the eexp values, however.
A &amework for calculating EMD cross sections is

given by the equivalent photon approximation [25]:

OEMD = d~o~ cu N u, 8

where o~(u) is the appropriate photodissociation cross
section for the fragmenting nucleus and N (u) is the vir-
tual photon spectrum generated by the other nucleus.

The simplest form of the virtual photon spectrum is
given by the Weizsacker-Williams (WW) approximation
[26]. In the WW approach the classical electromagnetic
fields are approximated as two pulses of plane waves. The
resulting number spectrum of virtual photons per unit
photon energy interval, integrated over impact paraxne-
ters, is given by

2Z ClNww(~) =, (Kp(g) K, (t, )

2 2

Ki (&) —Kp (&) (9)

where u is the virtual photon energy, Z is the char~
the nucleus emitting the virtual photon, p is the rela-
tive velocity of the two nuclei, Kp (Ki) is the modified
Bessel function of order zero (one), ( = ub; /Pp, and
b in is the cutoff impact parameter, below which nuclear
fragmentation processes take over and electromagnetic
dissociation ceases to be important.

An approach that goes beyond the WW approxima-
tion has been given by Alder and Winther [27], and later
put into the context of the virtual photon language by
Bertulani and Baur [28]. In this approach, a proper mul-

tipole expansion of the electromagnetic field is made and
an analytical expression for the equivalent photon num-
bers of all multipolarities is obtained. Equation (8) is
then modified to read

= ) fd~~"'(~) N"'(~), (10)
~l

where o ' (~) is the photodissociation cross section for
real photons of multipolarity xl,. The expression for
NEi (ur) in this multipole expansion method is identical
to N (tu), while the E2 spectrum is given by [28]

2Z A
N (ur) = 2(1 —P )Ki+(2 —P ) (KpKi

2 4

(K,' —K,') (11)

where all K's are functions of ( as in Eq. (9). In the high
energy limit, as P ~ 1, Eq. (11) becomes equivalent to
Eq. (9). In fact, this is true in general; as the velocity of
the projectile approaches the speed of light, the virtual

photon spectra for all xnultipolarities becoxne equivalent
to the E1 spectrum. At lower relative velocities, however,
NE2 (ur) can be significantly enhanced in comparison to
NWW (&)

The curves in Fig. 4 are the results of two model calcu-
lations. The lower, dashed curve is the prediction of the
WW approximation with the parainetrization of Eq. (7)
for b; . The total photofission cross section was taken
from Ref. [29]. The upper, solid curve was calculated by
summing over El and E2 multipoles using Eq. (10). The
E2 photoabsorption cross section was assumed to be of
the form [30]

8' a sdB
150 (hc)

(12)

f dB 25h Z
( 2)

d(u 4+AM
(14)

where M is the nucleon mass, Z and A are the charge
0 mass number of 22 U, and (R2) is its mean square
rge radius. The numerical value of the right-hand

side of this equation was taken to be 1.00 x 105 MeV fm4

[31); ~p and I' were taken to be 10 MeV and 3.5 MeV,
respectively [32].

The E2 photofission cross section is related to the total
E2 photoabsorption cross section by

E2
( ) PE2( ) E2( )

where P&@2(u) is the E2 fission probability as a function
of photon energy. The parametrization

pE2 b

f ( ) 1+ e(~—c)jd ' (16)

with a = 0.4, b = 0.18, c = 13.4 MeV, and d = 0.59 MeV
was used for P&@2(ur). This parametrization reproduces
the total fission probability as measured in photonuclear
experiments [33]. The recoil correction to the equivalent
photon numbers [27]

bmin
7r

' bmin +
2

(17)

where a is given by Eq. (6), was included in both of the
calculations of Fig. 4.

A potentially important deficiency of the models is
their neglect of nuclear deforxnation effects. For a U
projectile incident on a spherical target, the effect would
enter through a dependence of b;n on the particular ori-
entation of the projectile. In the case where the target is
also deformed there could be an additional effect on the
multipole structure of the fields generated by the target.

with the following form for the strength function,
dBE2/d(u,

dBE2 K p2

d(u u) (~2 —ur2) + (u21 2

The value of K was determined by assuming that the E2
cross section exhausts 100%%up of the energy-weighted sum
rule [30]:
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A proper treatment of these two effects would involve a
complicated averaging over the various possible orienta-
tions of the projectile and target and has not been at-
tempted. Qualitatively, however, it is clear that the first
effect would serve to increase the theoretical predictions,
since allowing 6;„ to depend on orientation increases
the number of events at smaller impact parameters. As
for the second effect, it is not obvious in which direction
or by how much the various equivalent photon numbers
would be shifted but if, for example, N@i(u) is decreased
at the expense of higher multipoles then the cross section
for a deformed target would go down.

While the experimental cross sections extracted by
method I are seen to increase with Zq, g in Fig. 4, the
quantitative agreement with the model calculations is
only fair. The Al, Cu, and Ag data points have approx-
imately the correct Z&,z dependence but lie well above
the theoretical predictions, while the U point is clearly
too low in relation to the other points. A 20 shift up-
ward of the U point gives the data approximately the
same shape as the solid curve, only too high by 50%%uo—well above the estimated normalization uncertainty.

Both the overall normalization and the Zq, g dependence
of the cross sections extracted by method II agree more
closely with the model predictions.

In summary, we have demonstrated a new technique
for studying the electromagnetic dissociation process.
The trend in &agment mass asymmetries of Fig. 2 pro-
vides conclusive evidence of an electromagnetic com-
ponent to the total fission cross sections of U at
120 MeV/nucleon. The extracted electromagnetic fis-
sion cross sections are not inconsistent with calculations
which include electric quadrupole excitations. However,
the sensitivity of this experiment to the quadrupole com-
ponent is limited by the uncertainty in the evaluation of
the nuclear contributions. More data on U fission at
other beam energies are needed in order to reduce this
uncertainty.
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