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ABSTRACT

‘We study the quantum relativistic Coulomb excitation
process Including recoil effects in the plane wave Born approxi-
mation. Quantum and relativistic recoil effects allow for
'relatively large transverse momentum transfers, wusually
(1,6)

neglected This specific feature Is shown to modify the

angular distribution of Coulomb induced fission fragmentatlon
in an essential manner, In contrast with usual treatments we

find that our results compare favourably with recent data(7).
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Recent studies of relativistic‘Uranium beam in
emulsions reveal that approximately 700mb of the total cross
section corresponds to the so called clean fission events, 1.e,,

(7)

events In which only two heavy fragment are observed A

natural explanation for these events Is the Coulomb excitation

of the projectile, Recent caiculationsta)

using the conventionsl
semiclassical theories underestimate the experimental cross
section by a factor of seven. However, the most intriguing
fact with respect to this data Is the angular distribution,
which exhibits a peak at zero degree in the Uranium rest frame.
This also cannct be reproduced by the available theories(z).

(8)

Based on such calculations y it has been suggested that some

new unknown mechanism could be responsible for the observed

clean fission phenomena,

To our knowledge, every treatment of the Coulomb
excitation mechanis% (quantum as well as semiclassical(1”6))
neglects recoil effects, 1In this letter, we derive the
relativistic quantum Coulomb excitation cross section including
recoil effects. The exchange of a virtual photon together with
recoil effects 'drastically alter the clean fission angular
distribution and quantitatively modify its total cross section
as compared to those without recoil. Our result seems to be
compatible with experiment,

We consider the excitation mechanism indicated in

fig. 1. The corresponding amplitude reads
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S\c..;' < S&tg 41 <) P,:-\ ool AR DF(x-Y)<5‘ %\ 31*(1)\5%7( 1)

and ju(x) is the nuclear current opefator, where DF(x-y)

is the Feynman propagator for the electromagnetic field. 1In
general it is a rather difficult and delicate problem to define
the nuclear state IAPA> when P, is relativistic. This is
because the nucleus is an extended object and the relativistic
boost involves Intrinsically the dynamical response of the
nucleus. However, for the case of the Coulomb scattering
process, we may assume that the momentum transfer AP = P' - P
is always nan-relativisflc. In such a case, from the Lorentz
invariance of the theory, we can express the current matrix
element in terms of well established non-relativistic nuclear
physics terminology. Let A(Pn) be the Lorentz transformation
matrix from the rest frame of A to the system with momentum

Pa

CARIFENARS = AN DN BB\ P (R el A0Y (2

where

ap———
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is the momentum transfer as seen by an observer in the rest
frame of A, With the help of the Fourler decomposition of the
Feynman propagator and assuming that the nuclear current {s g
sum of local operators we get, after separating the center of

mass coordinate

(2‘1'34 S (Bie Py~ Ba-P) € ZaZe P (Fo)
V (ea - o)

Ne AL ) (T

(4)

where

v, _ 3 €, "Il
Fo(3)) - ;—%; 335 CEy Ve ks YOIESS  ®
the kets |E;) , |Egs) correspond to thé intrinsic excited
and ground state of nucleus A respectively,,ﬁz is given by
the spatial part of eq.()),‘ V is the normalization volume in
eq. (4},

Collecting all factors and integrating the energy
momentum conserving §-functlon, we get for the Coulomb excitation

cross section in the limit of small excitation energies

ig_ 4(x2, z,)(“"“ )j ja(s) ‘:: F (3 Al
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where A N . . i‘__}_‘,,.-sb
M = (x- ;u-?ﬁ»__%z)gés CE¥lpglasy «
) — (7)
. .. - . g E
—lgfez(if?a‘}x)jdf (E J | g.5.> e T
and

0 (S (R (88)- [(he BT - apuspons)

‘Z_-*- \ {+7? VE*+ 2, (8a+8pa) (4~ cos0) &M-\)(S?)
L E (P‘")
with
M E *
So = - (M ")E |
? ( VS ba - "
S - 1t h g* o

Vs

and y is the Lorentz factor of the incident nucleus with
velocity B,

Expression (6) Is the maln result of this letter.
The first thing to mote is the limit of no excitation when it
becomes a simple matter to check that the Rutherford cross
section ls recovered. It is worthwhile to discuss at this
point some essential differences with the semiclassical
expression for the Coulomb excitation mechanism at relativistic

energies(1’5):
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al In the cases where excitations are important, one can

still recover the factorized semiclassical expression from eqg.

{6) provided

2 2 * .2
1- wse >> EE—S = (—E— ) 12)
LF(r*Sr? o

In non-relativistic Coulomb excitaticn processes
this condition is easily satisfied, since most of the contri-
bution to the cross section will come from finite deflection

angles. However, in the relativistic limit, this will not be

the case, for

P <
L-wse ~ (F) (13)
P
El» 2
and this is of the same order as [E—-J y Sshaowing thus that
CM

the factorization assumption becomes a delicate matter for

these deflection angles.

b) The angular distribution of the clean fission fragments
will be compleiely different from the one obtained neglecting
~recoil effects (8p=0): the first term on the r.h.s., of eq. (7)
involves the transition operator given by the Fourier transform
of the charge density. This excites the nuclear state [ED
in the direction of an. When &p is set to zero EA is

almost perpendicular to the incident beam direction so that
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the excited state should also fission in this direction. On
the other hand If we Include recoll effects &p~ 10 Mev the
momentum transfer for small angle scattering will be almost
parallel to the beam direction (see Fig, 2a), yielding the
opposite result. When the momentum transfer becomes large with
respect to 6p, the main contribution will come from the second
term on the r.h.s. of eq. (7), as will be shown later. In this
case the nuclear excitation is induced by the transverse component
of the current density with respect to En . Therefore the
polarization is perpendicular to 4§, (see Fig.2b), ylelding
again fission fragments parallel to the beam direction. This

explains the experimental ahgular distribution(7).

c) In the semiclassical calculations, due to the on shell
nature of the trajectories, the transverse momentum transfer
(P;) 1s always limited to very small vslues and therefore
neglected. 1In this guantum treatment, there 1is no such a
regtriction. In particular relatively large ( ~ 200 MeV/c)
transverse momentum transfers can contribute to the observed
clean fission events. This fact invalidates the usual simple
estimates using a multipole expansion and related sum rules.

In 6rder to compare our results for the total cross
section to the ones obtained in ref, (8) we consider small

momentum transfers (P, < 60 MeV/c) where the second term can be

safely neglected. We calculate the contributions from dipole



CBPF-NF-047/86
and quadrupole transitions using Tassie's model(g), assuming
for simplicity a spherical nucleus where the radial derivative
of the density distribution do is approximately by a Gaussian

dr
of width a=1fm centered at the nuclear radius R. We get

> My ™M)
q = 8% (O(z 21') —-—- -_R-;- B(E.l (;—-)2 TA—-B '

?é&
j‘h -r S({-x)] ]JL(?R)"‘ "'(% ““}RJ (14)

- Ax

2
A, 8v (2,2 -4-- 25 B(E2) (MaMe) 2

5 dx [legi(‘:-x)]z&-% }

1A%

NP

| 4R+ 2 “r“(%)zi;(';e) + 4 ge ‘(%)‘sm%g]z (15)

where
2
qrz - E¥ "+ St - x)
B(EY) = 66.4 fw°
B(gd) - 254« 10%fw

and TL is the laboratory kinetlic energy of the projectile.
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The factors B(E1) and B(E2) . appear as a
consequence of the normalization of the tranSition densities
to the respective sum rule for low momentum transfers. The
angular integration limit is essentially connected to the
maximum allowed transverse momentum transfer involved in the
process,

2
Buw 4 (=) (e

The total cross section for clean fission events In emulsion

is given by an average of equations (14) and (15) over the
various target nucleil multiplied by a fission branching ratio
rf/r which we assume to be 0.25. 1In fig. 3 we plot the
calculated £ota1 cross section of the events in the emulsion

as a function of PT . For values of PT up to 60 Mev/c, the
total cross section ls increased by a factor of 3 at least as
compared to the corresponding values in ref. 8. Note the
saturation of the calculated contribution at P, ~ 60 MeV/c .
Therefore after this value the main contribution comes from the
second term, Our estimate is certainly conservative: in the
most favourable.experimental conditions, the coplanarity claimed
in the measurement of the clean fission events cannot rule out
Pr as large as several hundred MeV/c. For such high values of

P, excitation mechanisms leading to fission other than the

dipole or quadrupole excitations should be taken into account,
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as, e.g. the photoabsorption by a correlated neutron-proton
pair, In this region the fisslon branching ratio should also
be increased.

For heavy ion collisions, it might be important to
study the higher order correction in (az122). A straightforward
generalization of the usual fleld theoretical eikonal approximation(”)
to include nuclear excitations allows for a derlvation of a
closed form expression for the cases when only one transition

(12)

matrix element is involved , as illustrated in Fig. 4. This

corresponds to a DWBA type of treatment and therefore is not
expected to change the present result quantitatively. Higher
order corrections with respect to transition matrix elements
for collective modes should decrease as %ﬁ)n. where 6p s
the amplitu&e of the collective density oscillation.

The mechanism proposed in this letter gives a
natﬁral explanation for highly asymmetric events in heavy ion
collisions, which have actually been observed. This could occur
via the transfer of high momenta induced by the virtual photon.-
It is Interesting to note that this asymmetric events have s
close analogy with diffractive dissociation processes observed
in high energy hadron-hadron collisions, We might therefore
classify the highly asymmetric heavy ion events as Coulomb
diffractive dissoclations, work1along these lines is in

progress.
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FIGURE CAPTIONS

Fig. ' - Feynman diagram for the first order relativistic

Coulomb escitation,

Fig. 2 - Schematic illustration of the momentum transfer
direction. ) The case ép > P, . b) The case

§p <« PT'

Fig} 3 - Total cross section for clean fission events in
nuclear emulsion plates due to Coulomb excitation,

PT i1s the maximum value for the transverse momentum
max

transfer.

Fig.

-]
[ ]

Higher order elastic correction, where the nuclear

excitation takes place at only one of the vertices.
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