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A nonstationary theory of a Z-pinch in n-InSb is developed by taking into account quadratic volume

recombination and electron-hole scattering. The time scans of the electric field intensity are calculated for a
sample under prescribed current conditions. It is shown that the scans are oscillatory as a result of
excitation of an ionization domain in the crystal under pinch conditions. If electron-hole scattering is taken
into account the oscillations can arise only in a definite current range corresponding to a strongly

developed pinch. The frequency and amplitude of the oscillations are calculated as functions of current and
of the recombination and scattering parameters. The pinch radius, pinch time, and shape of the current-
voltage characteristics are determined. It is shown that the dependence of the pinch radius on current is
nonmonotonic (possesses a minimum) under electron-hole scattering conditions. The theoretical results are

compared with available experimental data, some of which are explained for the first time. Most of the

calculations were carried out with a computer.

PACS numbers: 71.85.—a

1, The Z pinch phenomenon in a gas plasma wherein
the plasma is compressed by the magnetic field of its
own current, is well known. '?1 Much later, Glicks-
man and Steele™’ observed this phenomenon in the elec-
tron-hole plasma of a semiconductor by investigating
the anomalies of the resistance of InSb samples with
electronic conductivity (#-InSb) in the impact-ionization
(interband breakdown) regime at low lattice tempera-
tures (7,="77°K). It turned out that at large currents
(I>5 A) the plasma resistance decreased when the sam-
ples were located in a longitudinal magnetic field (H||E,
where E is the electric field intensity at the sample)
comparable in strength with magnetic field of the cur-
‘rent (H,). Glicksman and Steele have advanced the hy-
pothesis that the anomalous resistance of the samples,
which occurs at #=0, is due to pinching of the plasma.
When the plasma contracts its resistance increases,
since the processes of quadratic volume recombination
and electron-hole scattering, which decrease the num-
ber of particles™’ and the electron mobility, ®! become
stronger. The pinch effect can become weaker and the
plasma resistance can decrease in a longitudinal mag-
netic field. Glicksman and Steele’s guess was soon
confirmed!® " by a series of experiments in which this
phenomenon was revealed by using direct procedures
for observing strong contraction of the plasma. It
turned out®’ that the destruction of the pinch in a longi-
tudinal magnetic field is due to the development of a
screw instability, ! which leads to an anomalous es-
cape of plasma to the sample surface. A number of
subsequent studies™®!?1 have shown that the plasma
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contraction in »-InSb under given-current conditions
evolves in time in a rather complicated manner. Thus,
for sufficiently large current the time sweeps of the
field intensity (E) at the sample have an oscillatory
character. It was shown in™°? that the frequency and
damping time of these oscillations increase with the
current. On the other hand, it is noted inf!? that these
oscillations appear in the current transition region to
the state of strong plasma contraction. It is shown
in®2! that the pinch oscillations appear in a larger
range of currents when the pinch is already developed,
but the oscillations vanish at larger values of 7.

It will be shown here that this phenomenon has in-
deed a complex character and depends strongly on the
initial erystal parameters that determine directly or
indirectly the role of the electron-hole scattering (im-
purity concentration, mobilities and lifetimes of the
non-equilibrium carriers, etc.). At present there are
two (theoretically justified) points of view concerning
the nature of these oscillations. According to'®! the
oscillations of the field E can be due to the magneto-
thermal character of the pinch, when the heating of the
lattice and the thermal ionization in the region of strong
contraction play an essential role. In the given-cur-
rent regime, periodic heating and cooling of the lattice
in the pinch channel can take place, and the sample
conductivity oscillates correspondingly. This concept,
however, can hardly be used to explain the experiments
performed with short pulses (7,140 S 10°® gec) and rela-
tively weak currents (/ < 20 A), when the lattice is
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weakly heated in the region of the pinch channel, "
Igitkhanov and Kadomtsev'*’ have shown that the pinch
oscillations can be due to excitation of plasma instabili-
ties of the constriction type (m=0). This instability
was indeed observed in experiments performed on p-InSb
in the injection regime, %! but no constrictions were
observed in experiments on n-InSb in the impact-ioniza-
tion regime, although the corresponding hypothesis was
advanced™?7 (the spatial structure of the perturbations
was not measured in'??), We note that in the cited theo-
retical papers™®!) no account was taken of the quadrat-
ic volume recombination, of electron-hole scattering,
and of impact ionization.

It will be shown in this paper that allowance for these
processes leads to an oscillatory establishment of the
stationary state for the case of the pinch effect in n-InSb
in the given-current regime. It turns out that the evolu-
tion of the pinch effect in the crystal consists of two
regions, a central region in which recombination and
scattering processes predominate (the strong contrac-
tion region) and a peripheral region where the principal
role is played by impact ionization. In the case of
strong plasma contraction the escape of the particles
from the latter region is decreased, and a plasma-den-
sity wave (domain) is generated in the region. As this
wave develops, conditions arise for its “disengagement”
from the region where it is generated, and the wave be-
gins to move into the central region. When the leading
front of the ionization wave enters the strong-pinch re-
gion, a conductivity spike is produced. This process
can repeat periodically and lead to oscillations of the
electric field intensity. It has been shown that when
account is taken of the electron-hole scattering, which
weakens the pinching effect, oscillations are produced
only in a definite current interval corresponding to
strong contraction of the plasma.

We calculate in this paper the dependences of the fre-
quency, amplitude, and damping coefficient of these
oscillations on the current, and obtain the principal
characteristics of the pinch (the dependence of the ra-
dius of the pinch channel and of the pinching time on the
current, the spatial distribution of the plasma, the form
of the current-voltage characteristics—CVC). The re-
sults agree well in a number of cases with the experi-
mental data.

2. In contrast to low-pressure gas plasma, the par-
ticle inertia does not play any role in the contraction of
an electron-hole plasma, since the carrier momentum
relaxation times are small (~107'% sec). The pinch ef-
fect results in this case from ambipolar drift of the
electrons and holes in the longitudinal electric field and
in the azimuthal magnetic field of the current. We note
that in a gas plasma oscillations are due to the inertia
of the heavy ions. 16!

The initial equation of the problem, describing the
change of the plasma density in space and in time in an
n-type semiconductor during the pinch effect under im-
pact-ionization conditions, can be obtained by using the
equations of motion of the electrons and holes, %187 the
continuity equation for the radial ambipolar flux (T,),
and Maxwell’s equation for the magnetic field due to the
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current, Assuming that the nonequilibrium plasma is
quasi-neutral, the skin effect is weak (the electric field
is constant over the sample cross section), and that all
the quantities depend only on the radius and the time,
these equations take the form

D, odn b.

Ver= — ntm 5’.—'— b.E, + - Vet Ves=—b.E;
1
D, on by ( )
Vpr= — T—t?? + bhE, — 7 UniHy,  Va=biE;
on 1 9(rTy) :
—_— = e . 2
e T o G (ntn,)—r'n(n+n,); (2)
4meE i
Hy=— [ @tbn) (ntno)rar. (3)

Here v,,, are the electron and hole velocities; D, , and
b,, are the diffusion and mobility coefficients, # is the
density of the nonequilibrium carriers, 7, is the densi-

ty of the impurity electrons, E, and T, =(n+n) v,, =nv,,

are the radial ambipolar electric field and the flux, G
is the impact-ionization coefficient, and 7’ is the coef-
ficient of the quadratic volume recombination.

In the derivation of the equations of motion we did not
take into account the magnetoresistance effect due to the
magnetic field of the current, since they are weakly
pronounced in all the known experiments (b,b,H2/c?<« 1),
Nor were the heating of the carriers and of the lattice
or the plasma degeneracy effects taken into account. As
a rule, under the conditions of the pinch effect in »n-InSb,
the carrier heating is limited by the excitation of opti- -
cal phonons and T,= T\~ 250 K,®:&7%101 At this tem-
perature, the degeneracy of the electronic component
sets in at n=10'" cm™,

All the subsequent calculations will be carried out in
the approximation b, > b, (InSb), which is usually valid
even if the electron-hole scattering is taken into ac-
count, 7 when the electron mobility decreases as the
plasma contracts:

b.=be/ (1+aN), (4)

where N=n/n; and b,, is the electron mobility at low
plasma density. An expression for the coefficient a is
given in®1°), In InSb, a=0.01 if 7,=250 K, b,,="7.5
<107 cgs esu (T, =77 K), 7,=2+10'" cm™, In this case

2n+n, On  b.bs
_p e 7 EH,, (5)
L *ntn, or PR
E=I/2nej b.(n+n,)rdr, (6)
L]

where R is the radius of the sample.
The shape of the current pulse was specified by us in
the form

I(t)=I,(1—e="*"), 7

where 7’ is the time required for the current to grow to
the maximum value of I (7'~ 107 sec in many experi-
ments™®1%Y), The dependence of the impact-ionization
coefficient G on the electric field was chosen in the form
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FIG. 1. Time scans of the
electric field intensity at the
N0 sample (¥=0.128; o =0.01; R™
=2): curves 1—I;=5 A, 2—I,
=7 A, AT=1/160; 3—I,=12 A,
AT =1/320 (left-hand scale for
curve 3, right-hand scale for
1 and 2).
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G=g.e"; (8)

here g,=5x10° sec™ and 5=0. 033 cm/V.

This dependence was determined experimentally in%?
(n-InSb, T=177°K). The value of the volume recombina-
tion coefficient of InSb is 7'~ 5% (19°%~10"°) cm?®/sec.

Substituting expression (5) in Eq. (2) and taking re-
lations (3), (4), and (6)—(8) into account, we obtain the
initial equation of the problem:

N .y 8/ 2N+t azv) pA*(T) 1 6 N o.T)
T pr(" N+1 9p) " @ (p=1,T) p dp\ 1+alV" )
EA(T
=B+(1+N)exp[L —R-N(1+N), (9)
0(p=1rT)
where
C AN
t
T)= =T/t ————
o(p,T) 2{1+a~"d9’ AM)=t—e, T=—,
p=L 'Y=Tpm:Dh - Toulse = nc’eR'n, =_.1-'
R R Tpinch 2br.1 nz Tplnch

R*=gTpuse R™=r"ndputse Es=blo/neb.on.R?,

Touse 1S the duration of the current pulse. The function
o(p=1, T) determines the conductivity of the sample,
and o(p=1, =0, T)="Uis the number of particles in
the sample. The initial condition is

N(T=0, p)=0, (10)

and the boundary condition is that the radial flux on the
sample surface be equal to the surface-recombination
flux:

2N+1 N
N+1 dp |l o=

pa*(T)N

=‘§N|o-1v (11)
(1+aN)a(p,T) | omi

where S = 7,41,/ R and s is the rate of surface recom-
bination. In the case of sufficiently large currents,
when the pinch effect is strong, B> S (Syun/R<< 1) and
the recombination on the surface is negligible (the plas-
ma resulting from impact ionization is rapidly com-
pressed to the sample axis). We shall henceforth as-
sume S=0.

Solutions of Eqs. (9)-(11) were obtained with a com-
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puter. The character of the solutions was investigated
as a function of the current for different values of the
parameters of ambipolar diffusion 7, volume recombi-
nation R°, and electron-hole scattering a. The values
of B' (B=P'1%), E}(E,=E'I,) and T were fixed at p’
=0.83A%, E}=3.28A", 7=10% These values cor-
respond, for example, to the following given initial pa-
rameters: 7,=2°10"% cm™, 5,=2-108, b,,="7.5-10"
cgs esu, R=2x10"% cm, 7,,,,=10"% sec, and 7/ =10"®
sec.

We proceed to a discussion of the obtained solutions.

3. Figure 1 shows a calculated series of time scans
of the electric field intensity at the sample (6) for dif-
ferent values of the current I, (these are exactly the
relations determined directly in the experiment). An
abrupt increase of the field intensity (to a value E,,)
due to the rapid growth of the current (7) is followed
by a decrease (to a value E,,) as a result of the ava-
lanche-like growth of the number of particles through
impact ionization (the conductivity increases). The
field then increases again (E = E,;,;) and its subsequent
value oscillates about a certain value E,;, <E; < Epjpen.
The rise in the electric field intensity after reaching
the value Ey,, is attributed™®’ to the onset of the pinch
effect. Owing to the strong contraction of the plasma,
the quadratic volume recombination processes become
stronger in the contraction zone and lead to a decrease
of the number of particles in the sample. The electron-
hole scattering effects that decrease the electron mo-
bility are also enhanced. These processes contribute
to a decrease in the crystal conductivity. To confirm
this assumption, we present time scans of the particle
number U, of the sample conductivity o(p =1), and of
the plasma concentration on the axis in the case a
=0,01. In the case of weak currents (I,=7 A, Fig. 2a),
the scans of N(0, T') are shifted in phase relative to U
and o by 7, i.e., the decrease of the conductivity at the
instant of maximum contraction is due to a decrease of
the number of particles in the sample (the scans retain
their shape at o =0 regardless of the current). For
large currents (I,=18 A, Fig. 2b), when the plasma
concentration in the contraction zone is large, the
relations are different: the scan of o(p =1) is shifted

Koo

Ji

Y200

150
7/4T

FIG. 2. Time scans of the plasma concentration on the sample
axis N,., (dotted curve), of the number of particles U (dashed),
and of the sample conductivity o(solid curve) at I;=7 A (a) and
18 A (b). The parameters are ¥=0.128; ¢ =0.01; R™=2; AT
=1/160 (a) and T=1/480 (b).
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FIG. 3. Dependence of the pinch time on the current (y=0. 128,

R™=2). Curves 1 and 2—¢ =0.01; 3 and 4—a =0.03; T{—pinch
time determined from the plasma profile; 7y—pinch time de-
termined from the time scan of the electric field intensity.

approximately by 7 relative to N(0, T') and U. In this
case the decrease of the conductivity during the pinch
effect is due to electron-hole scattering. In the inter-
mediate current interval 7 A<I;<18 A the phase shift
between U and o varies from zero to 7. We note that
measurements of the corresponding phase shifts would
make it possible to assess the role played by quadratic
volume recombination and by electron-hole scattering
under pinch-effect conditions.

The characteristic pinch time is usually"?’ defined
as the time interval elapsed from the peak E,,, to the
first spike (E = E,.;) connected with the appearance of
the anomalous resistance (Fig. 1). The corresponding
calculated plots of 7,(Iy) are shown in Fig. 3 (curves 2
and 3) and agree with the experimental data. 1'% Figure
4b shows the radial profiles of the density at the in-
stant of time when E=E_;,.,, and attest to the strong
contraction of the plasma. It should be noted that rath-
er strong pinching takes place somewhat earlier; Fig.
4a shows the concentration distributions at the instants
of time marked by the arrows in Fig, 1 (the plasma
concentration on the sample axis is four times the
average value at these instants). Figure 3 (curves 1
and 3) shows the corresponding plots of the pinch time
7,(I,) against the current. We note that for strong cur-
rents the effects of electron-hole scattering weaken the
plasma contraction (the times 7, and 7, increase, see
curves 3 and 4 of Fig. 3). It is more convenient to
trace this tendency by investigating the dependence of
the pinch radius pp,c, on the current. In analogy with
the Bennet profile, ! N=N(0, T) (1 +p?/p%nen) 2, We de-
fine the pinch radius as the point at which N(0, T)/

N(P =Ppiaers T)=4. The corresponding plots of ppyimen(Zo)

Np,7,) Mp,7z)

i5 150} b

9

g a5 0 ar 0z 03

FIG. 4. Radial profiles of plasma density at the instants of
time marked by arrows in Fig. 1(a) and at E=E ., (b). Curve
1(1')—I,=5 A; curve 2 (2')—I;=7 A; curve 3 (3')—[j=12 A;
the parameters are y=0.128; ¢ =0.01, and R"=2,
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Ppinch

a7 FIG. 5. Dependence of the
pinch radius N(0, T)/
N(p=Pynens T)=4) on the
current, 1—o¢ =0, R"=10;
2—a=0.01, R™=2 (y=0.417);
3—a=0.01, 4— =0.03
(y=0.128, R"=2),
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03t

a.r

15 Iy, A

in Fig. 5 were calculated at the instants of time cor-
responding to establishment of the stationary state,
when the oscillations of the field E are weakly pro-
nounced. In the case when a =0 (curve 1) the radius of
the pinch decreases monotonically with the current, If
a#0, then the corresponding plots are nonmonotonic
(curves 2-4). At sufficiently large currents, when the
plasma concentration is large, the electron-hole scat-
tering weakens the radial flux and the pinch radius in-
creases with the current (if ®=0.01, R"=2, and ¥
=0.417, then a similar dependence sets in at /o~ 12 A—
curve 2; at & =0.005, it sets in starting with ;=18 A).
The arrows on Fig. 5 mark the currents at which this
singularity in the behavior of p,,n(fy) sets in. The re-
sults have made it possible to explain Morisaka’s known
experiments, '™ where an increase of the pinch channel
radius was observed in #»-InSb at I;=20 A. As seen
from Fig. 5, when the recombination, diffusion, and
scattering parameters (R~, ¥, a) are increased, the
pinch radius for a given current is increased.

Consider the behavior of the current-voltage char-
acteristic for the pinch effect in »-InSb under impact
ionization conditions (Fig. 6). If the recombination
parameter is small (curves 2, 3,4), so that the pinch
effect is strong enough, the anomalies of the current-
voltage characteristics are maximal, i.e., the devia-
tion of the current-voltage characteristic from the
reference (curve 1) is largé. The reference current-
voltage characteristic was plotted without allowance
for the pinch effect (as if the sample were in a logni-
tudinal magnetic field that destroys the pinch). Natu-
rally, the current-voltage-characteristic anomalies,

0 L L

150 200 250 3}10

E,Vicm
FIG. 6. Current-voltage characteristics of n-InSb samples in
the pinch effect under impact-ionization conditions. Dashed
curves (1.1’—a =0.01, R"=1; 10)—references (plotted without
allowance for the pinch effect); 2, 3, 4—x =0.01; 0.04; 0,08
(y=0.417; R™=1); 2’, 3", 4 —x=0.01; 0.04; 0.08 (y=0.417;

R™=10); 5, 6—Yy=0.417; 0.128 (¢ =0.01; R™=2).
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i z FIG. 7. Oscillation frequency vs
40 current, Curves 1 and 2—g =0,01;
i 0.03 (y=0.128; R™=2),
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which are due mainly to quadratic volume recombina-
tion, become weaker in this case (Fig. 6), inasmuch

as the plasma contraction decreases (the reference
curves differ little at the chosen values of «). If the
recombination parameter is large (curves 2/, 3’, 4’) the
pinch effect becomes weaker and the deviation of the
current-voltage characteristic from the reference
(curve 1) is small. In this case the sequence of the cur-
rent-voltage characteristics with increasing « is re-
versed. Variation of the parameter ¥ has a negligible
effect on the current-voltage characteristic is the pinch
is strongly developed (curves 5 and 6).

4. We now discuss the mechanism that governs the
oscillatory character of the establishment of a station-
ary plasma state in #-InSb during the pinch effect. We
present first the principal calculated data that char-
acterize these oscillations, Figure 7 shows the depen-
dence of the oscillation frequency on the current; it is
close to linear, f~I,. The experimental plots are simi-
lar to those obtained in"™%!2], The small quantitative
deviation from the experimental data (the calculated val-
ues are twice as large) is apparently due to the use of
inexact parameters. The frequency decreases slightly
with increasing a, R°, and 7.

Figure 8 shows plots of the electric-field oscillation
amplitude and of the damping coefficient (defined as the
ratio of the amplitudes of neighboring maxima of the
field E) against the current. It is clearly seen that
when the parameters R°, a, and ¥ are increased the
oscillations become weaker. The damping coefficient
increases also when these parameters are increased.
We note that the function E(I,) at large values of « is
nonmonotonic, i.e., the oscillations are produced in
this case only in a definite current interval (curve 4).
At lower values of « this nonmonotonicity is weaker
and the oscillations values at large values of the cur-
rent (I;=23 A, curve 3). If =0 then the oscillation
amplitude always increases with increasing current
(curve 1),

E V/em

FIG. 8. Oscillation amplitude (curves
1to 4—E=(E, —E},)/2, see Fig. 1)
and damping coefficient k(5) vs cur-
rent;: 1—¢ =0, R"=10; 2—q =0.01,

R =2 (y=0,417); 3,4—a=0.01; 0.03
(y=0.128, R"=2); 5—y=0.128, o
=0.01, R™=2,
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FIG. 9. Profiles of radial ambipolar hole drift velocity (a) and

of the azimuthal magnetic current of the field (b) (2=H(p, T)/
H(p=1) at different instants of time for the variant shown in
Fig. 1 (curve 3). The curves are tagged with the values of T/
AT.

We now examine the mechanism that gives rise to
the pinch oscillations and explains, together with the
results presented in Sec. 3, the obtained relations
(Figs. 7 and 8).

When the pinch effect is strong it is possible to dis-
tinguish in the crystal two well-pronounced regions. In
the first, located near the axis, the principal role is
played by volume recombination and electron-hole scat-
tering, while in the second (peripheral) impact ioniza-
tion predominates. As the plasma contracts, the radial
velocity of the holes (v, = vjR/T 14, See Fig. 9a) in the
peripheral region decreases at definite instant of time,
owing to the shift of the maximum azimuthal magnetic
field into the central region (Fig. 9b). During the
evolution of the pinch, when the electric field on the
sample increases, a plasma avalanche develops in the
peripheral region, since its removal to the first region
is hindered. As this avalanche develops, the conduc-
tivity of the crystal increases, and at a definite stage
the azimuthal field and the radial drift velocity again
increase in the peripheral region. Consequently the
ionization wave produced on the periphery begins to
move towards the center, and when it enters the region
of strong contraction the crystal conductivity decreases.
This process repeats periodically and attenuates in
time,

When the current is increased, the pinch effect is
more strongly pronounced and the effect of the blocking
of the flux from the peripheral region is more notice-
able; the ionization wave contains a large number of
particles. Therefore the oscillation amplitude in-
creases with increasing current. At large currents,
when electron-hole scattering predominates in the cen-
tral region (Fig. 2b), the pinch effect becomes weaker
(Fig. 5, curves 2-4), the zones indicated above are
less pronounced, and the ionization waves are much
weaker (Fig. 8, curves 3 and 4). The oscillatory char-
acter of the time scans of the electric field intensity is
due in fact to the strong pinching of the plasma. The
absence of such oscillations is evidence of a weak pinch
effect. We note that when comparing the previously
discussed experimental data’®*?] it is necessary to
assess attentively the role of the electron-hole scatter-
ing in these experiments, a role that depends on such
parameters as the electron mobility (b,,), the impurity
density (n;), the volume-recombination time, and others.
These parameters could have been different in the dif-
ferent experiments, %12 and the picture of the pinch
oscillations differs correspondingly.
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FIG. 10. Diagram illustrating the evolution of the ionization
domain in space and time under pinch-effect conditions for the
variant of Fig. 2a. The lines represent the crystal regions in
which the plasma concentration is larger at a given instant of
time (7) than in the preceding instant (T —AT). The symbols
max and min refer to extrema of the conductivity.

The damping of the oscillations in time can be ex-
plained in the following manner: Whereas the first field
spike (Fig. 1, E=E,,,) is due to contraction of prac-
tically all the carriers in the crystal, the succeeding
spikes are due to the ionization wave generated on the
periphery and delivering fewer particles to the contrac-
tion zone. The amplitude of the succeeding spikes
therefore attenuates in time, since the amplitude of the
ionization wave decreases gradually.

To calculate the oscillation frequency, we present a
diagram (Fig. 10) that allows us to evaluate the evolu-
tion of the ionization wave in space and time. At the
instant of time corresponding to the maximum of crys-
tal conductivity (minE) the ionization wave enters the
pinch zone and the conductivity is decreased (the field
increases). A new ionization wave (marked by a verti-
cal arrow) is then produced immediately on the periph-
ery. This wave increases gradually in space and
“disengages” from the crystal surface at the instant
0p.1 =Omia- From this instant on, the sample conduc-
tivity increases. Prior to the next entry into the cen-
tral zone (maxo), the trailing edge of the wave is lo-
cated at a distance p=0.5. This picutre (Fig. 10)
changes little with changing current. We estimate the
period of the oscillations defined as the time of ambi-
polar drift of a particle from the sample surface to the
strong contraction zone. When estimating the ambi-
polar drift velocity we can neglect the diffusion and the
electron-hole scattering. With the aid of (5) it is easy
to obtain the following relation for the oscillationfre-
quency:

f _ 4nbabeo

2
c?

iE, (12)

where j is the current density.

This expression agrees well with the results shown
in Fig. 7 (curve 1). Since the field E varies little with
current under impact ionization conditions (Fig. 6), the
dependence of the oscillation frequency on the current
is close to linear. According to (12), in thinner sam-
ples the oscillation frequency should increase (< 1/ R2),
With increasing impurity density n, the hole mobility
can decrease™! and the oscillation frequency decrease,
in agreement with the experimental data, 03
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From the very meaning of the derivation of (12), the
pinch time should coincide with the period of the oscil-
lations. Indeed, from a comparison of the results
shown in Figs. 7 we get 7,=1/f. A comparison with
the experimental data’®? confirms this conclusion.

We note finally that in the computer integration of
Egs. (9)-(11) we used a purely implicit difference
scheme, the solution of which was obtained by an itera-
tion method. ©2!
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