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Possibility of Optically Induced Nuclear Fission
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The process of nuclear fission induced by nonlinear radiative coupling to atomic electrons is con-
sidered. For 248-nm radiation at an intensity of =102! W/cm?, highly relativistic currents are produced
which can couple to the fission mode of nuclear decay. With irradiation for a time of =100 fs, the re-
sults indicate a fission probability of =10~° for %§U nuclei located at the surface of a solid target, a
value several orders of magnitude above the limit of detection.

PACS numbers: 25.85.Ge, 32.80.Wr

Nuclear fission can be induced by electromagnetic in-
teractions involving either photons or charged particles if
sufficient energy is communicated to the nucleus ena-
bling the system to penetrate the fission barrier. Known
examples of electromagnetically induced fission are
photofission, 2

ytA— fit+frtvn, (1
o
electrofission,’
e +A— fi+fr+vnte”, 2)

Oef

and muon-induced fission.*> It has also recently been
proposed®’ that driven motions of atomic electrons aris-
ing from intense irradiation of atoms can couple energy
to nuclear transitions occurring between bound nuclear
states. This latter mechanism has some features in com-
mon with processes of nuclear excitation and deexcita-
tion in which atomic electronic transitions play a
role.®-13

The present work examines the possibility of optically
induced nuclear fission of heavy elements arising from
coupling to driven motions of atomic electrons produced
by intense external radiation. The fission process is a
particularly favorable one for the demonstration of nu-
clear excitation. It (1) generally has a large nuclear ma-
trix element, (2) is a broad channel permitting coupling
to spectral power over a wide range, and (3) involves a
very large energy release comprising distinctive emis-
sions. It will be shown that very large instantaneous
fission rates may be generated in a considerable range of
nuclear materials. If this can be achieved, extremely
bright and spatially localized high-flux pulsed sources of
fission fragments, neutrons, and y radiation could be pro-
duced (e.g., = 10%* fission fragments/cm? s).

The acceleration of electrons to an energy sufficient to
surpass the threshold of the fission reaction can be
achieved in the focal region of an intense laser pulse.'*!’
The availability of an ultraviolet laser technology'®!’
capable of producing subpicosecond pulses with energies
approaching the joule level in low-divergence beams at

high repetition rates is making possible a regime of phys-
ical study concerning the behavior of matter at extreme-
ly high intensities'®!® in the 10%°-102'-W/cm? range.
Since it can be shown'#!> that intensities comparable to
5%10'" W/cm? at 248 nm will cause strongly relativistic
motions to occur, the use of an intensity of =102'
W/cm? would then generate relativistic electrons'#!?
with an energy sufficient (y=24) to produce electro-
fission by the collisional mechanism represented by reac-
tion (2). We also note that the bremsstrahlung produced
collaterally by the fast electrons in the target material
can also participate in the production of fissioning ma-
terial through the photofission reaction (1). The
influence of both of these processes is considered below
for the case of a solid target composed of %5U.

Extant data?’-2* on photofission and electrofission of
238U enable a simple estimate to be made of the proba-
bility of fission caused by irradiation of material with
248-nm radiation at an intensity of =10%' W/cm?2. The
approach used parallels the classical procedure used in
an earlier estimate? of the rate of excitation of atomic
inner-shell electrons. We consider a plane solid uranium
target with the ultraviolet radiation incident normal to
surface. For this estimate, a pulse width with a duration
=100 fs and a focal area, positioned at the surface, of
=] um in diameter are assumed. With the density of
solid uranium as =19 g/cm3, if all of the bound elec-
trons were free and uniformly distributed, the average
electron density in the material would be p, =4.4x10%*
cm ~3. Since the projected driven motions of these elec-
trons are highly relativistic at an intensity of =102!
W/cm?, the magnitude of the electronic velocity will be
approximated by the speed of light ¢. Thus, the max-
imum driven particle current is given by

Jj=cpe=1.3%10*cm ~2s ", 3)

The threshold for the electron energy for electrofission in
28U is approximately 10 MeV. Since the electrofission
cross section?"! o, is in the range of =1 mb for U,
the transition rate is ~ jo.;r=1.3%10% s ~! which, for a

pulse length 7 of =10 13 5, gives a total transition prob-
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ability for electrofission of
Pef~j0'ng=10_5. (4)

From the known systematics of nuclear-fission barrier
heights,??%?7 some heavier materials like %3Cf, and par-
ticularly certain isomers,?® are expected to have thresh-
old electron energies somewhat less than that charac-
teristic of %$U. However, since the photofission and
electrofission processes generally go mainly through the
E1 giant dipole resonance, a consideration of the sum
rule for these transitions?** suggests that the cross sec-
tions for the electrofission process for other heavy ma-
terials will not vary more than a factor of 10 from the
value corresponding to uranium.

The volume of material involved in this interaction de-
pends upon the depth of penetration of the ultraviolet
field into the plasma. Since the critical electron density
ne is 1.6x10%2 cm ~3 at 248 nm, a value more than 200-
fold less than the density estimated for the plasma under
consideration, the uranium plasma is highly overdense.
However, since the driven motion of the electrons is
strongly relativistic, the penetration length of the exter-
nal field has significant relativistic corrections which ex-
tend the propagation into the normally forbidden over-
dense region.®' The dielectric constant ¢ for this case can
be written as

5 -1/2

e=1—-—=L
ﬂ)2

e’E¢

m2ctew?

1+ (5)

In Eq. (5) w, is the customary plasma frequency, E the
peak value of the radiative electric field, @ the frequency
of the wave, e the electronic charge, and m the mass of
the electron. For an intensity of =10%' W/cm?, w, cor-
responding to a plasma density p, =4.4x10%* cm —g, and
o for 248 nm, the resulting skin depth®? § for damping
of the propagation is §=20 nm. For these conditions,
we have ignored collisions and estimate that the electrons
have a total energy'*'>3 ymc? corresponding approxi-
mately to y=24 and, therefore, experience a change in
the relativistic factor Ay==23 due to the acceleration by
the ultraviolet field. This magnitude of Ay is consistent
with the maximum value that can be achieved by laser
acceleration at a given power, regardless of the focusing
conditions or the wavelength of irradiation.!> For our
case, in which the total power is =10!3 W, the max-
imum magnitude'® of Ay is Aymax =164.

From the discussion given above, it is possible to esti-
mate the energy of the fission yield that would be gen-
erated by irradiation of a solid uranium (%$U) surface
with a single pulse. The fission yield Y,s corresponding
to the electrofission channel can be written as

Yot =poASPfAE[ (6)

in which pg is the uranium atom density, 4 the focal spot
area, 6 the skin depth, P.s the electrofission probability,
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and AE; the average fission energy. With AE;=165
MeV and the other parameters as discussed above,
Y.s=0.2 uJ, or equivalently, approximately 8400 fission
events. A similar outcome would be expected from a
%§Th target.*

Since a highly relativistic current of electrons is pro-
duced in a dense plasma having ions of a high charge Z
by the interaction of the oscillating electrons with the
solid target, it is expected that a substantial quantity of
energetic bremsstrahlung will be generated, some of
which will be in the energy range (=10 MeV) corre-
sponding to the photofission?®?! process (1). Further-
more, since o f~ 10%0,;, the contribution of the
photofission channel may not necessarily be negligible.
In order to evaluate this contribution, we will assume
that the plasma conditions are such that a fraction of
=10 ~3 of the incident radiative energy is channeled into
energetic bremsstrahlung. 3% For an incident energy of
=1 J, this bremsstrahlung would then account for =1
mJ, an estimate that is based on the measured scaling of
hard x-ray production in studies of fusion plasmas.3’ If it
is further assumed that all of this bremsstrahlung can
participate in the photofission reaction, then =10° quan-
ta are available. Given the photofission cross section of
=10"2 cm? this leads to the production of =50
fissions in the active volume, a value considerably less
than that estimated for the electrofission mechanism.
However, since the range®’ of the bremsstrahlung is =1
cm in solid uranium, an additional =10° fissions would
be produced in a much larger region in the material sur-
rounding the focal volume. Of those, only that fraction
within the fission-fragment range>® of =5 um of the sur-
face would produce escaping fission ions. This would be
=10> particles. A major fraction of the neutrons pro-
duced (=10°%), however, would escape from a sample*
with dimensions comparable to 1 cm. These estimates
indicate that the detectable fission-fragment yield may
contain a significant contribution from photofission. The
total neutron production, however, is probably dominat-
ed by the photofission reaction. In terms of the fission
yield originating in the focal volume, it seems likely that
that would be governed mainly by the electrofission
mechanism. Experimentally, a yield of the magnitude
estimated, even if reduced by a factor of =107, could be
readily detected.

A substantial quantity of fast uranium ions should be
produced by electrostatic acceleration at the surface of
the sample. This arises from the tendency of the relativ-
istic electrons to be expelled from the region of high in-
tensity, since the electron trajectories are curved by the
magnetic vXB force so that their velocities are nearly
parallel with the propagation vector k of the incident
wave.'*!> In rough approximation, it appears, for irradi-
ation at =10%' W/cm? at 248 nm, that this feature
could lead to nearly full expulsion of the electrons from
the first skin depth of the focal region, and possibly
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somewhat beyond, into a region further below the sur-
face of the solid by the radiation pressure. It we assume
complete ionization of the uranium atoms in this surface
region, a high and nearly uniform planar charge density
is created over a spatial extent of approximately 1 ym?.
Furthermore, since the heavy uranium ions are inertially
confined to positions near their original sites on the sur-
face for a time on the order of =100 fs, a positively
charged ion near this surface will experience a strong
electric repulsive force. For sufficiently short times and
small distances from the surface, this field E, is of con-
stant magnitude and directed normally outward from the
surface with a value given approximately by

E.=73p; (7

in which p, is the surface charge density. For fully ion-
ized uranium (Z=92) having a lattice constant
ro==0.33 nm, the field E, is evaluated as

E,=Ze/2r$=5.9x10° V/cm. (8)

If we further assume that this constant field extends for
a distance normal to the surface of =100 nm, a length
roughly one-tenth of the focal spot size, then an ion of
charge Z passing through that field will acquire a kinetic
energy € of approximately

ex =ZeE,l 9)

For Z =92, ¢ is 5.4 MeV with a corresponding kinetic
velocity of

vk =1(Ze/ro)I/M) (10)

in which M denotes the mass of a uranium ion. From
Eq. (10) we see that a time-of-flight measurement of the
ion current would carry direct information on the distri-
bution of charge states formed by the interaction at the
surface of the target, a physical parameter directly relat-
ed to the electrofission rate. An impurity of hydrogen
atoms on the surface of the target would make possible a
calibration of the scale length / through a measurement
of the proton component of the time-of-flight signal.

Earlier work on laser-fusion targets appears to confirm
the generation of energetic ions by a surface mechanism
of this type. Fast deuterium ions produced from solid
CD; targets with picosecond irradiation at 1.06 um have
been observed*’ in approximate agreement with Eqs. (9)
and (10). For a reasonable choice of parameters (Z =1,
/=1 um, and ro=2a,), Eq. (9) gives e, =64 keV, while
the measured value*® was =65 keV.

Nuclear fission of heavy elements is predicted to be in-
duced by the irradiation of solid targets with ultraviolet
energy at an intensity of =102' W/cm?2 The fission
events should be readily observable through the detection
of fast fission fragments, fission neutrons, and y radiation
from excited fission product. For a pulse of ==100-fs
duration, a fission probability of =10 ~3 is estimated for
solid %5U. We note that recent calculations*' of a relat-

ed process involving transitions between bound nuclear
states also gives transition probabilities in this general
range. Fast highly charged ions of the parent material
should also be produced in considerable numbers at the
surface. Finally, the ease of detecting single fission
events endows this technique with sensitivity to test the
character of the atomic response to intense coherent
fields, a question of fundamental significance.
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