Hydrodynamic effect in the passage of fission fragments
through condensed matter

1. When heavy charged particles pass through matter,
a very high energy is released over a short path length.
Thus, the specific ionization for fission fragments is
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When fission fragments pass through condensed matter, the hydrodynamic mechanism of energy

transfer causes a short-duration compression of the matter in the vicinity of the fragment track;

this, in turn, can increase the concentration of the active particles that stimulate the course of

various chemical processes.

230000 MeV-g™ cm?, with up to 90% of the particle
kinetic energy transferred to the medium that produces
the deceleration. Let us estimate the volume energy
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released when a fission fragment passes through a
condensed substance (say, water). The fission fragment
range amounts to L,~2.6x10% cm. "'! The fragment
track width is determined by the mean free path of the
secondary electrons that are produced when the fission
fragments interact with the atoms of the medium.
According to the data of'®! the track radius is R,
=6X10" cm. Thus, the region in which the fragment
kinetic energy is released is a cylinder of length L,

and radius R,. The volume of this cylinder is V,=nRiL,
=3x107!® em?®. The initial fission-fragment velocity is
(1—1.4)x10° cm/sec, the time of flight is ¢,~107"? sec.
The time of flight of the secondary electrons is less
then ¢, about 107 sec. The time ¢, is much less than
all the other characteristic energy-dissipation times.

It can therefore be assumed that the entire energy of
the fission fragment is released inside the track volume
instantaneously. Assuming a fragment energy E =100
MeV, then the density of the released energy is E/V,
=5x10 erg/cm?, corresponding to an approximate
pressure 50 kbar.

2. The effect of the released fragment kinetic energy
on the bremsstrahlung depends on the mechanism
whereby this energy is next transferred to the medium,.
One of the possible mechanism, thermal conductivity,
was considered in'*'*!, This process is characterized
by a time £, ~L2/x, where x is the thermal diffusivity
coefficient, on the order of 1.4 X107 cm?/sec for water,
and L is a certain characteristic dimensions (e.g., the
length L, or the radius R, of the fragment track). It
seems that the energy can be transferred to the medium
more effectively by a hydrodynamic (HD) mechanism,
Indeed, the characteristic HD time is #,4~L/c2, where
¢, is the speed of sound in the condensed medium (c,
~1.5 km/sec for water). It is easy to verify that for L
on the order of L, or R, we have {,,<t,.. The validity of
using the HD description of the transfer of energy from
the source to the medium is determined by the fact that
the characteristic linear dimensions of the perturbation
region are much larger than the intermolecular dis-
tances and the free paths of the particles of the medium.

3. Let us describe the indicated HD transport mecha-
nism for energy first released inside the track, assum-
ing that we deal in essence with propagation of a shock
wave whose front is concentrated on the cylindrical
surface of the source. Since the transverse dimension
of the track is much smaller than its longitudinal
dimension, we obtain the estimate for a shock wave
from an infinitely long “filamentary” instantaneous
source with a specified energy release E, per unit
“filament” length. Let D=dR/d¢ be the rate of propaga-
tion through the medium, of a shock-wave front (SWF)
of radius R(¢), let v be the velocity of the medium be-
hind the SWF, let p, and p be the densities of the medi-
um ahead and behind the SWF, and let P be the pressure
on the SWF, assumed much larger than the “pressure”
ahead of the front. We then obtain from the conservation
conditions for the mass, the momentum on the SWF,
and the energy in the region enclosed by the front,

E, =nR% D*F(,n),
(1)

P=p D*1-1/8),
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where F(5,n) is the compression function, 8=p/p,,
which will be regarded here, for estimating purposes,
as a certain parameter, and » is the exponent in the
“equation of state” of the medium P ~p" (in this form,
the equation of state takes into account only the “cold”
part of the pressure, since the “thermal” part of the
pressure can be neglected under our conditions). In
condensed matter, at a pressure on the order of
10*—10° atm, the compression does not greatly exceed
unity; for water, e.g., <2, and in addition =7 for
water. For 6=3/2 and n="T we have F=0.3." Solving
the differential equation (1) under the initial conditions
t=0and R=R,, we get R(¢)=Ry(1 +1/t,)"/?, where {,
=R3(aFp,/4E,)*'?. For R,~6x10" cm, F=0.3 (6=3/2),
po=1 g/cm™ and E,=10°> MeV/cm it follows that /,
=107 sec, i.e., on the order of the time of flight of the
fragment in the medium. Consequently, the SWF veloci-
ty is D=0.34Y ¢ cm/sec and the pressure is P~5.8
x107%/t atmospheres (the time ¢ is in seconds). For ¢
=107'* we get from these formulas R =0.7%X107° cm,

D =3.4 km/sec, and a pressure P =6x10* atm, which
corresponds to the initial conditions. The estimated
values of D and P are close in order magnitude (accu-
rate to several units) to the experimental values for
water, '®! viz., at P=56.8 kbar, 6=1.52, D=4.09
km/sec, and v =1,39 km/sec. Since the pressure
developed in the vicinity of the fragment track increases
like p° for media of close elemental composition, where
p is the density, it follows that the HD effect will be
more strongly pronounced in a condensed medium
heavier than water.

4. Shock compression of water leads to an abrupt in-
crease of the electron concentration. Thus, according
to'”!, at an approximate pressure 60 kbar the electron
conductivity of water, (and hence the electron concen-
tration) increases by 10* times the value at normal
pressure,

Thus, when fission fragments pass through condensed
matter, particularly biological tissue, the HD mecha-
nism must be taken into account in addition to the other
energy-transfer mechanisms. As a result of the short-
duration compression of the medium in the vicinity of
the fragment track, a shock wave is produced and is
accompanied by a jump in the temperature behind the
front. This increases the concentration of the active
particles (electrons, ions, radicals) capable of stimu-
lating various chemical processes.

DTo simplify the estimates it was assumed in the determina-
tion of the function F (5, ) that all the parameters are uni-
formly distributed inside the region enclosed by the wave.
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