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The kinetics of electron transfer to the conductivity band behind the density discontinuity in the front
of a shock wave is considered. It is shown that due to the finite time of the process, the radiation
from the deep layers of matter, in which temperature equilibrium between the electrons and lattice
is established, is screened by the ‘‘cold’’ electrons. A semiquantitative theory is proposed to ex-
plain the experimental fact that the temperature measured by an optical technique in alkali halide
salts is smaller than that calculated by means of the equation of state. Agreement between theory
and experiment is observed in the temperature range between 3 x 10° and 5 x 10*°K. Qualitatively
it also explains the anomalously high temperature produced in shock compression of ionic crystals

at about 2500°K.
INTRODUCTION

MEASUREMENTS of the temperature behind the front
of a powerful shock wave in crystals of alkali-halide
salts*) have shown that, starting with T =~ 10*°K, for
example for CsBr, a systematic lag is observed be-
tween the optically-measured temperature and the
reasonable estimates that take into account, in particu-
lar, the influence of the melting of the crystal and the
specific heat of the electrons excited in the conduction
band®). In CsBr, the observed radiation is weaker
than the calculated one by a factor of 60 at P = 5 Mbar.

The present article is devoted to a possible explana-
tion of this effect by a detailed analysis of the kinetics
of electron excitation. The developed theory is applica-
ble for the explanation of the experimental results ob-
tained inm, for five ionic crystals—CsBr, KCl, NaCl,
KBr, and LiF. It agrees with the experimentally
measured temperatures on the shock-wave front in the
region (3—50) X 10°°K?), and is logically connected
with the mechanism of the appearance of the electrons
in the conduction band of the crystal when the latter is
shock compressed® ). In addition, this theory explains
qualitatively the anomalously high temperature in the
shock compression of the crystals under consideration
in the region of 2500°K and below!*..

THEORY

When the crystal is heated to the rated temperature,
on the order of several electron volts, a noticeable
transfer of electrons should take place at equilibrium
from the filled valence band to the upper conduction
band. The energy gap between these bands amounts to
Q = 6—11 eV in alkali-halide crystals. Therefore a
direct transfer of an electron by collision with a pho-
non is not very probable.

When electrons interact with phonons, they acquire
and give up energy in small batches. When electrons
collide with atoms or ions, this follows directly from
the large mass ratio M/me. Inasmuch as phonons con-
stitute a description of collective motions of heavy
nuclei, it is clear that this conclusion can be trans-

ferred also to electron-phonon interactions. An elec-
tron that has accumulated sufficient energy by multiple
collisions with phonons, causes another electron to be
transferred to the conduction band. In such a situation,
we can expect that after a relatively long period of
time the temperature of the electrons e~ (and of the
holes e’, to which all this applies to an equal degree)
will be determined by the thermal balance, i.e., by the
equality of the rate of transfer of energy from the pho-
nons and of loss of energy to the transfer. Only after
the transfer approaches the state of thermodynamic
equilibrium do the energy losses to transfer turn out
to be offset by the inverse processes 2e” +e" = e and
2e” + e = e, and the electrons and holes enter in a
thermal equilibrium with the lattice.

The observed temperature corresponds to an optical
thickness

B !
L= {ad=1,

where a is the absorption coefficient and / is meas-
ured from the front of the shock wave®. If L =1 is
reached in a zone in which the transfer of the electrons
still continues, then the measured temperature will be
that of the electrons, i.e., a much lower value than the
temperature of the lattice on the wave front or the
equilibrium final calculated temperature. It is impor-
tant here that one measure the radiation in the optical
range, which depends on the transitions of the electrons
inside the conduction band or on the transitions of the
holes inside the valence band. Such a radiation charac-
terizes the kinetic temperature of the electrons and of
the holes, which is approximately constant for a rela-
tively long time, during which the concentration of e~
and e* changes in a wide range. In the corresponding
zone, the concentration of e* and e increases expo-
nentially with increasing distance from the front to the
interior of the compressed substance. In particular, it
is curious that the distance between the wave and the

DThe thickness of the shock-wave front, i.e., the distance over which
the crystal lattice is heated as a result of viscosity and thermal conduc-
tivity to a temperature 0, is neglected.



856

effective radiating layer depends (logarithmically) on
the initial concentation of e* and e” on the front of the
wave, but the observed temperature does not. We pre-
sent below a semiquantitative calculation and a selec-
tion of parameters that make it possible to reconcile
the proposed hypothesis with the observations.

Let us set up the equations®. By n we mean the
concentration of the electrons in the conduction band;
the concentration of the holes in the valence band is
also equal to n. The rate of ionization via the reaction
e = 2e” +e" will be denoted c;n, and the correspond-
ing rate for the reaction e’ = 2e* + e~ will be denoted
by c.n; taken together, (c; + c;) n = cn. In accordance
with the principle of detailed balancing, we propose that
the inverse recombination process occurs fundament-
ally via triple collisions; its rate is fn®, so that

dn
— =cn— fn% (1)
The connection between f and c is determined by the
fact that dn/dt = 0 when n = neq (T ), where neq is the
equilibrium concentration for the given electron tem-
perature T,
e ‘/ mkT
T Vogpnz

no = 2(mk® / 2ah2)*:, (2)

)/ze~Q,2RT — nu(i\’m
9

£-Q2T,

It is assumed that exchange of energy between e”
and e~ is a fast process. The electrons and holes have
a Boltzmann distribution, i.e., they have a definite
temperature T, which differs from the lattice tempera-
ture ®. We should expect a relation ¢ = const
. TBe-Q T, and accordingly a weak (not exponential)
dependence of f on T. Thus®,

dn T3 o nN?
(R ) A
where b = fnj and does not depend on T.

As noted above, the total time for the establishment
of the equilibrium concentration of the holes and elec-
trons depends on their initial concentration. Near
equilibrium, however, the characteristic time is fully
defined and as seen from (3), equals b~1eQ kT, which
indeed determines the physical meaning of b.

For the numerical estimates given below, we assume
f~ 3x10°% cm™ sec™, which leads at ® ~ 1 eV to
b ~ 10* sec™. The characteristic time for the electron-
electron interaction at n =n, is found to be reasonable,
~10"%—107"* sec. The balance equation for the electron
and hole energy will be approximately written in the
form

3kn%=3m(@—m—o%’z_, @)
where a is a constant characterizing the exchange of
the electron energy with the lattice, and k is Boltz-
mann’s constant. The second term in the right side of
Eq. (4) is the energy lost to ionization. Finally, it would
be necessary to write the equation for the change of the

DThe equations are similar to those describing the kinetics of gas
ionization behind a shock-wave front; a detailed description of this
process and references to the literature can be found in [°].

YWe can add a term that takes into account the ionization by
phonons, g(®); this term is important for the initiation of the process
but is small compared with that written out for the region of interest
to us, where L~ 1.
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lattice temperature:

Cuig:—')kna(@—T). (5)
Estimates show that in alkali-halide salts the specific
heat of the electrons is small compared with the speci-
fic heat of the lattice down to temperatures on the
order of 2--3 eV, i.e., T ~ Q/3. Therefore, the
changes of ® in this region can be neglected. At higher
temperatures, when an appreciable redistribution of
the energy between the lattice and the electrons takes
place, this redistribution causes the substance to be-
come condensed inside the front of the shock wave, and
simultaneously causes energy to be drawn further from
the striker producing the shock wave itself. In other
words, in this case to calculate the changes of ®(t) it
is necessary, besides taking (5) into account, to make
use of a gas-dynamic calculation of the shock-wave
front structure. In the estimates presented below we
have equated ® to the equilibrium temperature of the
lattice and of the electrons throughout.

Practically independently of the concrete choice of
the initial values of T(0) and n(0) (provided only they
satisfy the condition n(0) < noexp[-Q/2ke]; T(0)
< @), at first there is a short period in which the
electron temperature changes with practically no change
of their concentration. This is followed by the onset of
the next period, in which the temperature ceases to
change, having reached the value T, since the entire
energy acquired by the electrons is consumed in the
increase of the number of electrons in the conduction
band. This temperature T can be readily determined
from Eqgs. (3) and (4), neglecting the recombination in
(3) and putting dT/dt = 0 in (4).

We obtain the equation for T, in the form

3kan(® — Ty) = bQn (_T@_t )3 e-QNT, (6a)
and accordingly
—dﬁ = bn ( T )3 e~UhTv = const-n. (6b)
dt NI

We see therefore that so long as the temperature is
constant the concentration of the electrons in the con-
duction band and of the holes in the valence band in-
crease exponentially in time. This growth continues
until the second term of (3) becomes comparable with
the first. The temperature and the concentration of the
electrons then approach the equilibrium values.

To solve the system (3) and (4) we employ in the
latter case the following method. We seek the solution
in the form

y=yo+ (1 — yo) thA(z — z0), (7)

Z=Zo——p§(y —yo)-+%(1~yo) [x—zo—::—lnchA(x—xo)], (8)

o z=In;’§, T =at, p=6
We equate y, to the quantity (T: + @ )/2@. The values
of the constants zy, A, and x, are found from the con-
dition y =1 at x — «, from Egs. (4) and (3) with

y = Yo, and from the known value z, at the chosen in-
stant x; when y, = T,/@. Comparison of the solution
obtained by this method with the exact solution obtained

Y=
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with an electronic computer has shown that it is ade-
quate for estimates.

To find the light flux radiated by the front it is
necessary to know, besides the electron temperature,
also the absorption coefficient a. The dependence of
a on T and n is chosen analogous to that used inm,
in the form

oo 169102 nT

Pahiutediie e =1 9
- omiemd ©)
where the refractive index is
n=7Y1+(cw—1)5, T = 1.34-10% (i — —1 )vr[ev] [sec-1],

0 is the relative density, €, and €, are the static and
high frequency dielectric constants, w is the frequency
of the light whose flux is measured. For the blue re-
gion w = 6.27 x 10 sec™®, and for the red region
w = 4.8 X 10" sec™ . The light flux F in relative units
is equal to

L 7

F = SFo(T)aexp {— K

0

adl Jar, (10)
where Fo=(e™/T - 1) 1 =(D- U, and U and D
are the mass and wave velocities of the shock wave.
For blue light 7 = 2.593 eV, and for red light
7=1.985¢eV.

The theory considered above is valid at tempera-
tures on the order of 1 eV and above. At temperatures
~0.5 eV and below it must be modified somewhat. The
point is that, as shown inm, at such temperatures the
light emits electrons excited not from the valence band
but from certain levels in the forbidden band. These
levels correspond to defects generated by the shock
wave propagating through the solid crystal. In the
liquid state, such levels can arise in natural fashion as
a result of the disordered nature of the structure.

Equations (3) and (4) go over in the case of defects
to the following equations:

» 3 2
an oy, [(f) emahT — QL] , (32)
dt 21, 0 . ngg -
3 ar dn
—kn— =23k —Ty—qg—01. 4a
3 n 7 3kan (0 ) 7 (4a)

In these equations, q is the defect excitation energy
and ngq is the concentration of the defects.

COMPARISON OF THEORY WITH EXPERIMENT

A. High Temperatures

The theory considered above was used to calculate
the brightness temperatures of the shock compressed
ionic crystals investigated in*, A comparison of the
calculated and experimentally-measured temperatures
for KCl is shown in Fig. 1. We see that by choosing
the value a = 10" sec™ it is possible to describe quite
satisfactorily the experimental data, including the dif-
ference between the temperatures measured in the
blue and in the red regions of the spectrum. The same
value of a describes satisfactorily also the results ob-
tained for NaCl and Kbr. The results of the calcula-
tion for LiF are likewise in good agreement with ex-
periment at sufficiently high temperature. In this case,
owing to the large width of the energy gap (Q = 11.2 eV),
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FIG. 1. Comparison of calculated
temperatures with experiment for KCl.
Solid curve—0, dashed—Tefrata = Jg
10'% sec’! in the blue and red regions
of the spectrum. A and O—experimen-
tal values of the temperature in the
blue and red regions of the spectrum,
respectively. 0

the concentration of the electrons and the role of the
screening are relatively small. This makes the bright-
ness temperature in LiF, unlike in CsBr at the same
temperature (® = 2 eV), close to the equilibrium
value. In CsBr, although calculation with a = 10'° sec™®
results in an appreciable lowering of the visible tem-
perature (see the dashed line in Fig. 2), no satisfactory
agreement with experiment is attained at pressures
above 2 Mbar. Better agreement can be obtained by
decreasing a to 10° sec™* (see the line with the long
dashes in Fig. 2).

It should be noted at the same time that no account
was taken in the calculation of the possible narrowing
of the energy gap with increasing density of the sub-
stance, leading to a lowering of the visible tempera-
ture. Nor did the calculations take into account the
change of the lattice temperature during the course of
establishment of the equilibrium temperature. This
can play a major role in the analysis of the experi-
mental results in the region P > 8 Mbar, where the
electronic specific heat begins to exceed the specific
heat of the lattice. For example, at P = 6 Mbar the
equilibrium temperature equals ~5 eV, and when the
contribution of the electrons is disregarded the value
is ~18 eV.

As seen from (6) the change of ® and of other
parameters has relatively weak (logarithmic) influence
on T,. But when @ is decreased, owing to the corre-
sponding change in the wave and mass velocities of the
shock wave, the rate of growth of the optical thickness
is accelerated, leading to an intensification of the

CsBr

P, Mbar

FIG. 2. Comparison of the calculated temperatures with the experi-
mental ones for CsBr. The symbols are the same as in Fig. 1. Long
dashes—Tegr at a = 10% sec™.
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FIG. 3. Change of electron concen-
tration n in the conduction band and of
their temperature T with time in KCI at
0©=22eV.

screening and to a decrease of the brightness tempera-
ture.

Figure 3 shows the time dependences of the electron
concentration in the conduction band n and of the tem-
perature of the electrons T, calculated analytically
(see above) for KC1 at P = 1.64 Mbar and @ = 2.22 eV.
The forward boundary of the shock-wave front is
aligned in this figure with the ordinate axis. After
t & 4 x 107! sec, the electron temperature reaches a
value T = 0.77 eV, which it retainsup to t = 3
x 107'° sec. By that time the electron concentration in
the conduction band reaches n = 1.4 x 10'® cm™. The
subsequent rapid increase of n causes the absorption
coefficient @ to increase, so that only a rather thin
layer, lagging the leading front boundary by (1.5--2.0)
x 107° sec, produces the radiation.

The relative contribution of the different layers of
the substance inside the shock-wave front to the radi-
ated light flux is shown in Fig. 3 by the cross-hatched
area. The emission of the deeper layers, where the
electron temperature reaches its equilibrium value
sufficiently rapidly (with At ~ 107° sec), is screened
by the forward layers with T ~ . The radiation
registered in this case corresponds t{o a temperature
T =1.36 eV.

Thus, as seen from Fig. 3, the effective (brightness)
temperature is somewhat higher than T,. By way of
illustration we present one example. In CsBr at
P = 2.4 Mbar we have Tgq =® =2.84 eV, but T,
=0.72 eV and Teff = 1.77 V.

The considered mechanism of the phenomenon ex-
plains also the cause of the small reflectivity of the
front of the shock wave registered in“], in spite of the
high equilibrium electron concentration, which reaches
values on the order of 10°* cm™, which are comparable
with the concentration of the free electrons in metals.
The change of the electron concentration, from
n ~ 10'® cm™, when it has no influence on the reflection
coefficient, to n ~ 10?> em™, occurs within a time on
the order of 107° sec, or in a layer of thickness A ~ 5
X 107* cm. At the same time, for reflection of the inci-
dent light it is necessary to have A < 107 cm.

B. Low Temperatures

In the temperature region ® < 0.5 eV, the thermal
excitation of the electrons from the valence band is
insignificant. Therefore, to explain the emissivity of
the shock-wave front, a hypothesis was advanced in®?
that the electrons are thermally ionized from donor
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FIG. 4. Time dependence of light flux radiated by the shock-wave
front. Solid curve—experiment, dashed—calculation at different values
of v,.

levels generated upon shock compression of the crystal.
The calculation of the kinetics is carried out here on
the basis of Eqs. (3a) and (4a). The calculations show
that screening in the indicated temperature region is
small in practice, owing to the low electron concentra-
tion. This means that the temperatures measured in(??
actually correspond to the equilibrium temperatures.
However, to explain the growth of the light flux emitted
by the shock wave as a function of the time, which was
experimentally observed inl*] (see Fig. 4), for example,
for NaCl at P = 0.45 Mbar and ® = 0.23 eV, it is
necessary that the initial concentration of the electrons
in the conduction band be® vo~ 3 x 10" em™ at

a = 10'° sec™. This is seen from Fig. 4, where the
experimental data, represented by the solid curve, are
compared with the calculated curves at v, equal to

3 x 10%", 10'7, and 10" cm™. The concentration of the
defects and their energy level were taken from®!: nd
=1.6x 10" cm™, q = 2.4 eV. The value of v, does not
influence the estimates made above at higher tempera-
tures.

It is interesting that the notions originally developed
to explain the lag of the observed temperature from the
equilibrium value also explain successfully the phe-
nomena occurring at low temperature. In this region,
the registered light fluxes turned out to be much
larger than those expected from calculation!*], This
phenomenon is sometimes related to electrolumines-
cence, but this does not explain the mechanism in any
way. The equilibrium spectrum of this radiation
(Thlue ® Tred) is likewise unusual for luminescence!®.
Our explanation is based on the notion that defects are
generated by the shock wave and that a number of elec-
trons in excess of equilibrium are ‘‘injected’’ into the
conduction band.

When the shock-wave amplitude in NaCl is de-
creased to P = 0.27 Mbar, at ® = 0.117 eV, the initial
““injection’’ of electrons into the conduction band v,
remains most likely the same as before. We assume
further that energy exchange between the electrons and
the lattice is of very low probability. The latter is

49We shall not concern ourselves here with the mechanism whereby
these electrons appear in the conduction band. We assume that they are
“injected” there as a result of plastic deformation of the lattice by the
shock wave (see below).
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equivalent to assuming a = 0 in (3a). Then Eq. (3a)

can be readily integrated; when this result is taken
into account, Eq. (4a) becomes

3 n dI 2w

773—":1-& " nong

3/,

2
e3r(To-T)q — (.T_) e—q/RT
S]

(11)

Equation (11) describes the kinetics of the establish-
ment of thermal equilibrium between the electrons.
The same equation can yield the stationary tempera-
ture of the electrons T,. In the concrete case of NaCl
we have T, = 0.215 eV = 2500°K, whereas in this case
® = 1360°K. This is just the brightness temperature
registered under these conditions in NaC1!,

A similar calculation for LiF (q = 3.7 eV, nd
= 10", vy = 3.5 x 10"") leads to a brightness tempera-
ture Tpr ~ 4000°K at ® = 0.185 eV, i.e., also confirms
the possibility of the clearly pronounced nonequilibrium
radiation (relative to ©) observed in'*! although, unlike
in NaCl, not all the experimental points can be de-
scribed as satisfactorily for this radiation. An impor-
tant factor in the proposed explanation is the assump-
tion that the initial ‘‘injection’’ of the electrons and
holes has a nonequilibrium character and is not deter-

mined by the lattice temperature. A quantitative de-
scription of the nonequilibrium ‘‘injection’’ is a still
unsolved problem.
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