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Abstract—Conditions for efficient ion heating in the interaction of lower hybrid waves with plasmaare exper-
imentally determined. Experiments show that efficient lower hybrid heating stimulates a transition to the
improved confinement mode. The formation of internal and external transport barriersis associated with strong
central ion heating, which results in a change of the radial electric field E, and an increase in the shear of the
poloidal plasma velocity. The improved confinement mode in the central region of the discharge is attained
under the combined action of lower hybrid heating and an additional rapid increase in the plasma current.
A new mechanism for the generation of an additional field E, is proposed to explain the formation of atransport

barrier. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The interaction of lower hybrid (LH) waves with
plasma and the possibility of efficient RF plasma heat-
ing in this frequency range are being studied in the
FT-2 tokamak [1]. FT-2 is a relatively small tokamak
(R=055m,a=008m,B,=22T, and I, = 22 kA)
with initial electron and ion temperatures of an ohmi-
caly heated (OH) plasmaequal to T;(0) = 100 eV and
T.(0) = 300-500 eV, respectively. The central plasma
density in experiments, N.(0) = (3 £ 0.2) x 10"* cm3,
was chosen such that it corresponded to the LH reso-
nance frequency. It was shown experimentally that the
plasmais efficiently heated if the LH wave reaches the
axis of the plasma column without being affected by
parametric decay and is absorbed in the resonance
region. To avoid absorption at the plasma edge due to
parametric decay, the initia electron temperature
should be sufficiently high, T,(0) = 350 eV [2]. Under
these conditions, the efficient heating of the ion compo-
nent (from 100 to 350 eV) at Pgr = 100-150 kW was
demonstrated for the first timein [3]. It turned out that
such strong hesating significantly affects transport pro-
cesses in plasma In experiments with efficient LH
heating, atransition to the improved confinement mode
was observed [4].

Experiments in large tokamaks (ASDEX-U, JET,
D-111D, JT-60, etc.) have demonstrated the possibility
of achieving L—H transitions with various methods of
auxiliary heating, such as neutral injection and ion
cyclotron and el ectron cyclotron resonance heating [5].
Success was aso achieved in plasma heating with
Bernstein waves. In the literature, mechanisms for the

formation of external and internal transport barriers has
been considered (see, e.g., [6]). One of the effects hin-
dering the achievement of high thermonuclear plasma
parameters in a tokamak is known to be abnormally
high (as compared to the neoclassical theory) heat and
particle losses caused by microscale oscillations in
plasma. Fortunately, there are mechanisms for sup-
pressing turbulent transport. These mechanisms are
related to a decrease in the correlation length of the
oscillations responsible for abnormally high transport.
In experiments, this is done by increasing the shear of
the poloidal (toroidal) velocity of the plasma rotation
caused by the change in the radia electric field E, [7].

In this paper, we present the experimental dataillus-
trating the effect of improved confinement during LH
heating in the FT-2 tokamak and analyze the effect of
the radial electric field on the formation of transport
barriers both inside and at the edge of the plasma col-
umn. It is shown that the profile of the radial electric
field can be significantly affected by the combined
action of LH heating and an additional rapid increasein
the plasma current.

2. LH HEATING EXPERIMENTS

In experiments on LH heating, RF energy (920 MHz,
100 kW) was launched from the low field side through
a two-waveguide grill with a phase shift Ap = 1
between the waveguides. The duration of theohmic dis-
charge was 50 ms, and the duration of the RF pulse
was 5 ms. Theinitia plasmadensity, N.(0) = (3 £0.2) x
10'3 cm3, corresponded to the condition of ion heating,
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Fig. 1. Time evolution of the plasma parameters T; (r = 0),
Te (r = 2 cm), and the intensity of Hg line emission during
on-axis LH heating.

and asufficiently high electron temperature ensured the
efficient absorption of RF energy. Two characteristic
cases of (@) on-axis and (b) off-axis absorption of RF
energy under auxiliary LH heating were examined.

The main experimental data for these two cases are
presented in Figs. 1-4. Figures 1 and 2 show the evolu-
tion of the plasma parameters during on-axis heating. A
5-ms RF pulseis switched on 28 ms after the beginning
of the discharge. It can be seenin Fig. 1 that the switch-
ing-on of the RF power is accompanied by a sharp
increase in the ion temperature T,(0) from 100 to
320 eV, whereas the electron temperature T, increases
only dightly, which corresponds to the conditions of

LH wave absorption at nSH (0)=2.7 x10"3 cm3. How-
ever, at 31 ms, a sharp increase in T, (r = 2 cm) from
350 to 650 eV is observed; simultaneously, the plasma
density increases and the intensity of the Hg line emis-
sion decreases. We note that, during auxiliary heating,
the plasma column is somewhat displaced outward, so
that the above change in the temperature represents the
averaged value for r = 2 cm and reflects the effects of
both heating and displacement. Figure 2 shows the
radial profile of the electron temperature in the mag-
netic surface coordinates. It can be seen that the profile
To(r) is peaked at 31 ms and its slope is maximum at
r = 34 cm. Thedensity profileischaracterized by aflat
top and a sharp gradient at r = 6-8 cm, where a trans-
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Fig. 2. Profiles of the plasma parameters (a) T(r) at
(2) 28.7 ms (OH mode), (2) 30 ms (LH heating), (3) 33 ms
(LH heating), and (4) 35 ms and (b) Ng(r) and (c) Tg(r) at
(2) 28, (2) 29, (3) 30, (4) 32, (5) 33, (6) 34, (7) 35, and
(8) 37 msfor the case of on-axis heating; r is the radius of
the magnetic surface.

port barrier for the density is formed. After the end of
the RF pulse, aslow decrease in the intensity of Hg line
emission is followed by a more rapid drop, indicating
the L-H transition. Upon cooling, the formation of a
pedestal in the profile of theion temperature (aswell as
in the density profile) is observed at r = 67 cm. We
emphasize that the electron temperature in the post-
heating phase does not decrease and even increases to
800-900 eV.

In experiments, the el ectron temperature and plasma
density were measured with a high-accuracy multipulse
Thomson scattering diagnostics [8]. The ion tempera-
ture was measured with a five-channel charge-
exchange neutral-particle analyzer. We also used a
2-mm microwave interferometer, a spectrometer, a
bolometer, and Langmuir and MHD probes. The
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Fig. 3. Time evolution of the plasma parameters T; (r = 0),
Te (r = 1.5 cm), and the intensity of Hg line emission during
off-axis LH heating.

increase in the electron temperature and density, as
well as the increase in the energy confinement time
from 1to 3.5 ms, is attributed to the improved confine-
ment at the center due to the formation of a transport
barrier for theion density and temperature at the radius
r=6-8cmi[9l.

Figures 3 and 4 present similar data for an experi-
ment with off-axis ion heating, which was provided by

asomewhat higher initial central density, ng" (0) = 3 x

10" cm. In Fig. 5, the calculated profiles of the RF
power absorbed by the ion component are compared for
on-axis and off-axis heating; the profiles are computed
by the modeling of heat balance in the plasma with
allowance for the variations in all the measured plasma
parameters (n.(r), T;(r), To(r), and Z.¢) and the relative
decrease in the content of neutral hydrogen in the
course of L—H transition. In both cases, the absorbed
power was 16—20 kW. It is seen that additional ion heat-
ing & so occurs during off-axis heating, but, in this case,
the T;(r) profile is more flattened and the central tem-
perature T;(0) increases from 100 to 200 eV. Asin the
previous experiment, an internal transport barrier (ITR)
for the density (starting from 32 ms) and ion tempera-
ture isformed at the radiusr = 67 cm. It is seen that,
asin the case of on-axis heating, a low decrease in the
intensity of Hg line emission is followed by a more
rapid drop by the end of the RF pulse (32 ms). Note that
radiation losses begin to drop sharply starting from this
time (Fig. 6). One of the main distinctionsfrom on-axis
heating is that, in this experiment, the additional elec-
tron heating is substantially weaker (Figs. 3, 4). After
the end of the RF pulse, the value of T,(0) relaxesto the
initial temperature with atime constant of ~2 ms, indi-
cating that no appreciable improvement of confinement
at the axis of the plasma column occursin this case.

The modeling by the ASTRA code with alowance
for the experimental data shows that, during on-axis
heating, electrons are heated substantialy due to the
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Fig. 4. Profiles of the plasma parameters (a) T;(r) at (1) 28,
(2) 29.1, (3) 30, (4) 315, (5) 33, and (6) 36 msand (b) Ty(r)
and (c) Ng(r) at (1) 28, (2) 30, (3) 32, (4) 34, and (5) 36 ms
inthe case of off-axisheating; r isthe radius of the magnetic
surface.
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Fig. 5. Profiles of the RF power density Qy, absorbed in the
ion component at 2 ms during LH heating (curves /) and the
power density transferred from electrons to ions in the OH
mode (curves 2) and at 2 ms during LH heating (curves 3)
for the cases of (a) on-axisand (b) off-axis LH heating. The
profilesare computed by the modeling of heat balancein the
plasma.
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Fig. 6. Chord profiles of the radiation loss power P,y at
(2) 285, (2) 30.5, (3) 31.5, (4) 33.5, (5) 35.5, and (6) 38.5 ms
for the case of off-axis LH heating.
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Fig. 7. Profiles of the effective thermal diffusivity Xg s for
the cases of (a) on-axisheating at (1) 28, (2) 30, and (3) 34 ms
and (b) off-axis heating at (1) 28, (2) 32, (3) 34, and
(4) 35 ms and the profile of the neoclassical value of xi'\yl Zcf)
calculated for the post-heating phase at t = 34 ms (plot a).

rapid decrease in the effective thermal diffusivity Xe
[9]. Itisseenin Fig. 7 that, in the case of on-axis heat-
INg, Xe ofr decreases by almost one order of magnitude

and remains at a level close to the neoclassical value
NEO

Xi e iN the post-heating phase. For off-axis heating,
this effect does not take place, although the transport
barrier for the density and ion temperature at the
periphery of the discharge is formed. The energy con-
finement time increases by a factor of ~3 for on-axis
heating and a factor of ~2 for off-axis heating.

Experiments carried out in many tokamaks [5]
showed that the improvement of confinement and the
formation of transport barriers are associated with the
suppression of microscale turbulence by the shear of
the poloidal E x B drift velocity ws = wg x5, Where

o . = BeRdpE
£x8 — 2mB,dr[ByRY

According to [10], microscal e turbulence is completely
suppressed when o xg > Vi, Where yi isthe max-
imum linear growth rate of the dominant instability in
the case of wg 5 =0.

Let us consider in this context the formation of the
radial electric field profile for the cases of on-axis and
off-axis LH plasma heating.

3. MODELING OF THE RADIAL
ELECTRIC FIELD

Direct measurement of the profile of the radial elec-
tric field is a rather laborious experimental task. We
usually calculated this profile based on the measured
plasma parameters. According to the standard neoclas-
sical theory, theradia electric field is equal to[11]

STAND

Tird d
ES = E[&(Inn)—(l—k)&(m-ﬂ)}*' BoVg (1)

wherek isanumerical factor depending on the collision
frequency, By is the poloidal magnetic field, and v, is
the average poloidal velocity. This expression was
obtained from the condition that the ion and electron
viscosities averaged over the magnetic surface are
equal to zero. In our experiments with an additional
rapid increase in the plasma current [12, 13], attention
was drawn to the role of the toroidal electric field E, in
the formation of the E, profile. According to theoretical
predictions (see, e.g., [14]), theion and electron viscos-
ities begin to play an important role in the presence of
E, Taking into account the €electron viscosity and the
associated drift (the so-called Ware drift) substantially
changes the calculated profile of the radial electric
field, particularly during transition processes, such as
gas puffing and an increase in the plasma current. To

analyze our experimental data (at vy < v;), we used

PLASMA PHYSICS REPORTS Vol. 27 No. 12 2001
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Fig. 8. Calculated profiles of the radia electric field for the
cases of (a) on-axis heating at (/) 28, (2) 30, and (3) 33 ms
and (b) off-axis heating at (1) 28, (2) 30, and (3) 34 ms; the
curves calculated for 28 ms correspond to the OH mode.

the following refined expression for E, based on the
results of [14, 15]:

STAND 2.3en E(p

Je

E =E , (2)
r 00Bo (L +vEe?) (L + v+ vE)
where
B” "7 1+v T2 B ’
qRVi,e

Vl,e —3/2
/2Tiye/mi,ee

This expression is derived from the condition that the
sum of radia currents caused by the ion and electron
viscositiesis zero [15]. Itisapplicablein all collisional
regimes. In experiments with auxiliary heating, when a
fraction of high-energy toroidally trapped particles on,
isfairly large (e.g., during LH heating or neutral injec-
tion), the relation between E, and E, can be even more
complicated. Inthis case, taking into account the longi-
tudinal electron viscosity makes it necessary to aso
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Fig. 9. Profiles of the shear w of the radial electric field for
the cases of (@) on-axis LH heating at (1) 28, (2) 30, and
(3) 33 ms and off-axis LH heating at (1) 28, (2) 30, and
(3) 32 ms. In plot (a), anincrease in wgat r =2 cmand r =

5-6 cmisobserved at 30 ms. In plot (b), the shear decreases
at the axis and increases at 4-6 cm.

take into account the dependence of the radial electric
field not only on the toroidal electric field, but also on
the time and radial derivatives of this field. According
to [14], expression (2) acquires an additional term on
the order of

e6nbﬁmirR[62E¢ , Eod [EPOE@} )

0,60°T,By | 0t> BeortBy ort)’

Since variationsin E, during LH heating are small, it is
clear that variations in the ion temperature and density
should significantly affect the results of cal culations of
E, and its variations in both experimental situations
under consideration (Figs. 1-4). Below, when consider-
ing an experiment with the combined LH heating and
rapid increase in the plasma current, it will be shown
that the contribution from E, can play adecisiverole.

Figure 8 shows the calculated values of the radial
electric fields for experiments with on-axis and off-axis
LH heating. The time evolution of the shear of the
radial electric field during auxiliary LH heating is
shown in Fig. 9. We emphasize that, in the case of
strong central ion heating, the values of E, and shear
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Fig. 10. Integral radial fluctuating drift flux I'rH calculated from the results of Langmuir probe measurements near the LCM S and
the displacement of the plasma column dr in the course of auxiliary LH heating measured with the help of magnetic probes.
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Fig. 11. Profiles of the radia electric field measured with
Langmuir probesin the SOL and near the LCMS (r = 75—
80 mm) (&) during the OH phase and (b) at the end of the RF
pulse for different poloidal angles of the outer perimeter of
thetorus: 6= (1) 0°, (2) 10°, (3) 20°, and (4) —10°. Theangle
0 is counted from the equatoria planein the counter-clock-
wise direction. The radial coordinate is counted from the
limiter edge (r = 77 mm) toward the chamber wall.

W x g iNCrease both at the axis and at the periphery of
the discharge aready during the first milliseconds of
the RF pulse. During off-axis heating, both the radial
field and the shear increase mainly at the periphery. In
[16], it was shown that microscale oscillations are
strongly suppressed when wy . IS on the order of

105 s7L. In view of the condition wg x5 > Vir (Where
vie is the maximum linear growth rate of the domi-

nant instability; yn ~ 10% s [5, 10]), we consider the
increase in the shear of the radial electric field (or the
poloidal rotation velocity) to be the main mechanism
for suppressing anomal ous heat transport in the plasma
column.

The possibility of suppressing transport via the
above mechanism during strong central ion heating was
demonstrated with the help of a BATRAK self-consis-
tent transport code [17]. In this code (unlike conven-
tiona codes), the transport coefficients are functions of
the shear of the poloidal E x B drift. In our experiments,
according to expressions (1) and (2), additional central
ion heating leads to a substantial increase in |E,|. The
shear we .y a the axis increases and becomes higher
than the critical value, and the transport coefficients
drop sharply. Thisresults in an increase in the electron
temperature and density, which agrees with the experi-
ment (Figs. 1, 2). Apparently, a similar process aso
occurs at the periphery of the discharge. Here, a sharp
increase in Wy IS aso caused by the growth of AT;
and An during auxiliary LH heating.
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4. OBSERVATION OF THE SUPPRESSION
OF MICROSCALE TURBULENCE

At present, we do not have direct evidence of the
suppression of microscale turbulence in the centra
region of the plasmacolumn. However, at the periphery
of the discharge (r = 6-8 cm), the suppression of
microscale plasma oscillations in the frequency band
10-500 kHz was observed during LH heating and dur-
ing the transition to the improved confinement mode.
These data were obtained with an enhanced-scattering
diagnostics and reflectometry [18, 19] and arerelated to
the region of the plasma column where the shear of the
poloidal drift velocity wyg .y increases and a transport
barrier isformed in both of the LH heating modes under
consideration. Microscale oscillations are suppressed
most strongly in the post-heating phase, after the RF
pulse is switched off. This phase is characterized by a
sharp decrease in the intensity of Hg emission. In some
cases, bursts of ELM-activity were observed [19].
These and other dataindicate that an external transport
barrier (ETB) isformed in the post-heating phase.

Characteristic variationsin the density, temperature,
radial electric field, and fluctuating fluxes near the last
closed magnetic surface (LCMS) were observed with
the help of multielectrode Langmuir probes [20, 21].
Measurements were carried out using three movable
five-electrode Langmuir probes located in the same
cross section of the chamber. With these probes, it was
possible to obtain data on the plasma parametersin the
scrape-off layer (SOL) of an annular poloidal limiter.
This diagnostics allowed us to trace the time evolution
of the local values of the electron temperature, density,
and plasma potential; to measure the fluctuations of
these parameters in the frequency band up to 500 kHz;
and to determine the local densities of quasi-steady and
fluctuating drift fluxes. The local densities of fluctuat-
ing drift fluxes were measured with a step of 20°-30° in
the poloidal angle and a step of 1 mm in the minor
radius r. Based on these measurements, we calculated

the integral radial flux () = B%[m<~>(t)E<~>(t)D B]

FrH through the surfacer = 8 cm (Fig. 10). Itisseenin
the figure that the transition to the improved confine-
ment mode after switching off auxiliary heating is
accompanied by a decrease in this flux by nearly one-
half as compared to the OH phase. Diamagnetic mea-
surements confirm a nearly two-fold increase in the
energy confinement time after the L—H transition as
compared to the initial OH mode [4]. This correlates
with the suppression of microscale plasma oscillations
and the associated fluctuating fluxes measured at the
periphery, in particular, near the LCMS.

In these experiments, we could trace the correlation
between the plasma parameters and the radial electric
field and its variations in the SOL and LCMS regions.
Figure 11 shows the profiles of the radial electric field
at the plasma edge, under the shadow of the limiter (r =
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Fig. 12. Density profiles measured with Langmuir probesin
the SOL and near the LCMS (r = 77-80 mm) for the poloi-
dal angle of 6 = 30° of the outer perimeter of the torus at
(2) 28, (2) 34, (3) 36, and (4) 38 msand (b) the poloidal par-
ticleflux at (1) 30, (2) 34, (3) 36, and (4) 38 msfor Prp (32—
36 ms) = 100 kW.

75-80 mm) for different poloidal angles of the outer
perimeter of the torus. The value of E, was deduced
from probe measurements of the plasma floating poten-
tial with allowancefor thelocal gradient of T,[21]. The
measurement accuracy was 15-20%. The transition to
an ETB is accompanied by the appearance of a pro-
nounced inhomogeneity of E, (with respect to both the
poloidal angle and the radius). Theinhomogeneity of E,
leads to the stochastic behavior of the drift particle
fluxes and the formation of a transport barrier. It is
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Fig. 13. Plasma current 1, and the loop voltage Uy, in the

experiment with LH heating and an additiona rapid
increase in the plasma current.

interesting to note that the decrease in the radial turbu-
lent transport in the post-heating phase is accompanied
by an increase in the poloidal component of the fluctu-
ating particle flux. Thisisillustrated in Fig. 12, which
demonstrates that the sharp increase in the density gra-
dient isaccompanied by an increasein the poloidal par-
ticle flux near the LCMS. The data are presented for a
fixed probe position corresponding to 30° at the outer
perimeter of the torus.

5. EXPERIMENTS WITH COMBINED LH
HEATING AND A RAPID INCREASE
IN THE CURRENT

According to the third scenario, the transition to the
improved confinement mode is provided by the com-
bined action of LH heating and a rapid (in 0.5 ms)
increasein the plasmacurrent 1, from 22to 30 kA. Fig-
ure 13 shows atypical behavior of 1, and the loop volt-
age U, when the LH heating pulse and an additional
current are switched on simultaneously. Figures 14 and
15 show the corresponding variations in the profiles of
the density and the electron and ion temperatures. We
emphasi ze that pedestalsin the density and ion temper-
ature profilesform morerapidly ascompared to thefirst
and second scenarios. During such acombined heating,
the T,(r) rapidly (over about 1 ms) grows and becomes
peaked. Rapid electron heating is also observed in
experiments without LH heating (with only a rapid
additional increase in the plasma current) [22]. Thisis
explained by the nonlocal character of the process. We
note that, in experiments without LH heating, neither
the density nor the ion temperature vary during the cur-
rent rise.

The values of E, calculated by formulas (2) and (3)

for the OH mode and under the combined LH heating
and increase in the plasma current are compared in

Fig. 14. Density and electron temperature profiles at (1) 24,
(2) 26, (3) 28, and (4) 30 ms in the experiment with LH
heating and an additional rapid increase in the plasma cur-
rent.

T;, eV
240

Fig. 15. lon temperature profiles at (1) 31.15, (2) 32.2, (3)
33.6, (4) 37.1, and (5) 41.3 ms in the experiment with LH
heating and an additional rapid increase in the plasma cur-
rent. The temperature is determined with the help of a
charge-exchange neutral analyzer and from spectroscopic
measurements of the Hell line emission; T; o stands for
the experimental points obtained from spectroscopic mea-
surements at theradii r =7, 7.5, and 8 cm.
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Fig. 16. Calculated values of the radia electric field E;

(a) in the OH mode at t = 24 ms and (b) during the plasma
current rise at t = 24.6 ms and (c) the profiles of the toroidal
electric field E, (used to calculate E;) obtained with the

ASTRA code at (/) 24, (2) 24.5, (3) 26, and (4) 28 ms.

Fig. 16. The figure shows the component of E, related

to the density and temperature profiles (ErST AND) and

the component related to the toroidal electric field

( Er(l) ). Itistheincreasein E, during the plasma current

rise that leads to a rapid initial growth of E, and the
shear of the poloidal E, x B rotation velocity. A trans-
port barrier is formed at a radius of 4.5-6 cm immedi-
ately after the beginning of the current rise. Figure 17
compares the time evolution of the density at different
radii for thefirst and third scenarios. Furthermore, after
the current rise, the poloidal magnetic field diffusesinto
the plasma column, so that the toroidal electric field
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Fig. 17. Time evolution of the plasma density on different
magnetic surfaces for (a) the combined LH heating and
increase in the plasma current and (b) LH heating only.

decreases at the periphery. However, the radial electric
fieldinsidethetransport barrier remainslarge dueto the

contribution from ErST AND [15]. High-resolution spec-
tral measurements confirmed these characteristic fea-
tures of the formation of a transport barrier at the
periphery of the plasma column under the combined
action of LH heating and arapid increase in the plasma
current [23]. To visualize the processes in the region
r = 5-8 cm, we used an additional gas (helium) puffing.
In experiments, in addition to the density growth
(Fig. 17), we aso observed a rapid growth of AT; (r =
6 cm). The change in the poloidal rotation of the Hell
ions indicates that E, is negative and increases substan-
tialy in magnitude. This fact can be regarded as direct
evidence in favor of the mechanism for the generation
of an additional radial electric field.

6. CONCLUSION

The experimental results indicate that efficient LH
heating acts to stimulate a transition to an improved
confinement mode. The mechanism for improved con-
finement can be attributed to achangeintheradial elec-
tric field due to substantia heating of the ion compo-
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nent and, as a result, an increase in the shear of the
poloidal E, x B plasma rotation velocity. The radia
field E, is calculated with allowance for the longitudinal
electron and ion viscosities. In this case, E, is deter-

mined not only by the value of ErsT AP calcul ated by

the standard neoclassical theory, but also by the longi-
tudinal electric field E, Several experimental scenarios
are analyzed. In thefirst scenario (on-axision heating),
T,(0) increases from 100 to 300 eV; in the second sce-
nario (off-axision heating), T;(0) increases from 100 to
200 eV and the ion profile is broader; and, in the third
experimental scenario, atransition to theimproved con-
finement mode occurs under the combined action of LH
heating and arapid increase in the plasma current.

In the first two scenarios, a transition to the
improved confinement mode in the course of LH heat-
ing occurs spontaneously. The electron heating from
400 to 900 eV in the first scenario is explained by the
fact that anomalous heat transport is substantially sup-
pressed in the central region of the plasma column.
During both on-axis and off-axis heating, an internal
transport barrier for the density and ion temperature is
formed at r = 4.5-6 cm. In the post-heating phase, an
L—H transition occurs and an additional external trans-
port barrier is formed.

In the third experimental scenario, atransition to the
improved confinement mode occurs under the com-
bined action of LH heating and a rapid (in 0.5 ms)
increasein the plasmacurrent from 22to 30kA. Itisthe
increase in E, during the plasma current rise that leads
to the fast initial growth of E,. A transport barrier at a
radius of 4.5-6 cm isformed almost immediately after
the beginning of the current rise. In this case, akey fac-
tor istheincreasein both theradial electric field and the
shear of the E, x B poloidal rotation velocity. New
experimental data confirming the proposed mechanism
for the generation of an additional radial electric field
E, have been obtained.

The model describing the suppression of heat trans-
port implies that the condition wg .5 > Vi issatisfied,
where the maximum linear instability growth rate is
assumedtobe y,r ~105s~!. Thisvalueof y, - iscon-
sistent with the estimates for the growth rate of theion
gradient mode [24]. In the present paper, we did not
analyze the type of dominant microscale oscillation

mode that is responsible for anomalous heat transport.
This problem is the subject of our further studies.

ACKNOWLEDGMENTS

This study was supported in part by the Russian
Foundation for Basic Research (project nos. 98-02-
18346, 00-02-16927, and 00-15-96762) and by the
Ministry of Education of the Russian Federation (grant
no. TOO-7.4-2797).

10.
11
12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

PLASMA PHYSICS REPORTS  Vol. 27

LASHKUL et al.

REFERENCES

V. N. Budnikov and M. A. Irzak, Plasma Phys. Con-
trolled Fusion 38, A135 (1996).

S. 1. Lashkul, V. N. Budnikov, V. V. Dyachenko, et al., in
Proceedings of the 2nd EPS Conference on RF Heating
and CD in Fusion Devices, Brussels, 1998, p. 165.

S. P Hirshman and D. J. Sigmar, Nucl. Fusion 21, 1079
(1981).

V. N. Budnikov, V. V. D’yachenko, L. A. Esipov, et al.,
Pis'ma Zh. Eksp. Teor. Fiz. 59, 651 (1994) [JETP Lett.
59, 685 (1994)].

Y. Kamada, Plasma Phys. Controlled Fusion 42, A65
(1999).

E. J. Synakowsky, Plasma Phys. Controlled Fusion 40,
581 (1998).

T. Stringer, Nucl. Fusion 33, 1249 (1993).

M. Yu. Kantor and D. V. Kuprienko, Rev. Sci. Instrum.
70, 780 (1999).

S. 1. Lashkul, V. N. Budnikov, V. V. Dyachenko, et al., in
Proceedings of the 26th EPS Conference on Controlled
Fusion and Plasma Physics, Maastricht, 1999, p. 1729.
R. E. Waltz, G. D. Kerbel, and J. Milovich, Phys. Plas-
mas 1, 2229 (1994).

S. P. Hirshman and D. J. Sigmar, Nucl. Fusion 21, 1079
(1981).

S. I. Lashkul, V. N. Budnikov, V. V. Dyachenko, et al.,
Plasma Phys. Controlled Fusion 42, A169 (2000).

S. I. Lashkul, V. N. Budnikov, V. V. Bulanin, et al., in
Proceedings of the 2nd EPS Conference on RF Heating
and CD in Fusion Devices, Brussels, 1998, p. 161.

V. Rozhansky, Czech. J. Phys. 48 (3), 72 (1998).

V. A. Rozhansky, S. P. Voskoboinikov, and A. Yu. Popov,
Fiz. Plazmy 27, 219 (2001) [Plasma Phys. Rep. 27, 205
(2001)].

H. Biglari, P. H. Diamond, and P. H. Terry, Phys. Fluids
B 2, 1 (1990).

S. P. Voskoboinikov, S. I. Lashkul, A. Yu. Popov, and
V. A. Rozhansky, Pisma Zh. Tekh. Fiz. 26 (19), 39
(2000) [Tech. Phys. Lett. 26, 867 (2000)].

V. N. Budnikov, V. V. D’yachenko, L. A. Esipov, et al.,
Fiz. Plazmy 21, 865 (1995) [Plasma Phys. Rep. 21, 817
(1995)].

V. N. Budnikov, V. V. D’yachenko, L. A. Esipov, et al.,
Pis'ma zh. Tekh. Fiz. 23 (1), 52 (1997) [Tech. Phys.
Lett. 23, 32 (1997)].

E. O. Vekshinag, P. R. Goncharov, S. V. Shatalin, et al.,
Pis'ma zZh. Tekh. Fiz. 26 (19), 52 (2000) [Tech. Phys.
L ett. 26, 873 (2000)].

S. V. Shatdlin, L. A. Esipov, P. R. Goncharov, et al., in
Proceedings of the 27th EPS Conference on Controlled
Fusion and Plasma Physics, Budapest, 2000, p. 740.

V. N. Budnikov, V. V. Bulanin, L. A. Esipov, et al.,
Fiz. Plazmy 25, 1053 (1999) [ Plasma Phys. Rep. 25, 969
(1999)].

S. I. Lashkul, V. N. Budnikov, A. A. Borevich, et al., in
Proceedings of the 27th EPS Conference on Controlled
Fusion and Plasma Physics, Budapest, 2000, p. 508.

K. Lackner, S. Gunter, F. Genko, and R. Wolf, Plasma
Phys. Controlled Fusion 42, B37 (2000).

Trandated by N. F. Larionova

No. 12 2001



Plasma Physics Reports, Vol. 27, No. 12, 2001, pp. 1011-1016. Translated from Fizika Plazmy, Vol. 27, No. 12, 2001, pp. 1070-1075.

Original Russian Text Copyright © 2001 by Grekov.

STELLARATORS

One Possible Way to Affect the Impurity Influx
into the Plasma of a Stellarator with Poloidal Slits

in the Vacuum Wall

D. L. Grekov
Kharkov Institute for Physics and Technology, National Science Center, Akademicheskaya ul. 1, Kharkov, 61108 Ukraine

e-mail: grekov@ipp.kharkov.ua
Received March 28, 2001; in final form, July 17, 2001

Abstract—A possibleway to affect theinfluxes of heavy impuritiesinto the plasmaof astellarator with poloi-
dal dlitsin the vacuum wall (e.g., the W7-AS stellarator) by RF heating of the impurities is discussed. It is
shown that the influxes can be reversed in direction by applying arelatively low RF power. The design features
of theW7-AS stellarator are such that thereis no need to place additional antennasinside the vacuum chamber.
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1. INTRODUCTION

The influxes of heavy impurities during discharges
in tokamaks and stellarators contaminate the plasma,
increase radiation losses, and degrade confinement.
Impurity influxes can be avoided by conditioning the
discharge chamber and by coating RF antennas and the
design elements of the chamber with special materials.
The divertor configuration of the confining magnetic
field makes it possible to ignite high-density and high-
temperature discharges. On the other hand, as early as
1976-1977, Burrell [1] theoretically showed that, by
using asymmetric particle sources and/or asymmetric
sources for heating the bulk plasma, it is possible to
reverse the direction of impurity influxes. For atoroidal
plasma column, a proper choice of the source configu-
ration makes it possible to achieve this effect in the
edge region, where the particle transport occurs in the
strongly collisional regime (the Pfirsch—Schiiuter
regime). In [2], it was shown that, if the impurity ions
are affected by aweak thermal force, then their influxes
can be stopped by heating them asymmetrically. Inthis
case, the power required to reverse the direction of
impurity influxes turns out to be significantly lower
than that expended on heating the bulk ions. In the
present paper, a possible way to affect heavy impurity
influxes into the discharge plasma by an asymmetric
heating of impurity ions is studied using the Wendel-
stein 7AS (W7-AS) stellarator as an example of afacil-
ity with poloidal ditsin the vacuum chamber.

2. MODEL FOR THE W7-AS MAGNETIC
SYSTEM

The W7-AS stellarator, which was put into opera-
tion in the late 1980s at the Max-Planck-Institut fir
Plasmaphysik (Garching, Germany), is one of the larg-

est stellaratorsin the world. The “advanced stellarator”
(AS) concept implies that the confining magnetic field
should be created in such away asto bring the particle
orbits closer to the magnetic surfacesthan is possiblein
a“classical” stellarator [3]. In the W7-AS stellarator,
the confining magnetic field has five periods along the
torus (m=5) and iscreated by a periodic system of par-
ticularly curved coils. The coordinate dependence of
the W7-AS magnetic field can be described by the fol-
lowing model expressions:

By =B = By[1—gXxcosd +¢g;xcos(d + md)
+¢g,xcos(d —mob) + lexzcos(ZS -md)
+ 822x2c03(28 —-2mé) + s3zxgcos(38 —-2md)

—gcosmo],

B; = Bo%l[slcos(ﬁ +md) —g,cos(d —md) W

—2€,,XC0S(28 —md) —€,,XxC0S(29 —2m¢d)

—geszxzcos(?n?) —2m¢)},
R ) . .
B, = BO—[slsm(S +mo) —,8n(9 —mo)
ma
— 281 XSIN(29 —md) —€,,XSIN(20 —2mMd)
—gsgzxzsin(SS —2m¢)]

Here, B, isthe toroidal magnetic field at the geometri-
cal axisof thetorus; Risthe distance from the geomet-
rical axis; r isthe radia coordinate in the minor cross

1063-780X/01/2712-1011$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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section of thetorus; aisthe average minor radius of the
vacuum chamber; 9 and ¢ are the poloidal and toroidal
angles of the quasitoroidal coordinate system, respec-
tively; misthe number of magnetic field periods aong
thetorus; €, = a/R < 1; &, €, €31, €1, AN €5, Are con-
stants; €, = €,€;/2; and x = r/a. In further calculations,
we assume g, = 1.2, & = 0.2, &, = -0.04, g, = 0.05,
€,,=0.12, and &;, = —0.04. This model harmonic con-
tent of the magnetic field reflects the main features of
the spatial behavior of the magnetic field strength and
magnetic surfaces. With allowance for the relationships
€4 = & €215 Ems €m0, €30 < 1, the magnetic flux function
W(x, 8, ¢) was obtained from the equation B - YW =0
tofirst order in g,:

W(x9,0) = %+ IR’ [slxcos(ﬁ +mo)

Chall

+£,xC0s(8 —md) + 2e,, X cos(29 —mp) (2

+ %ezzxzcos(Zﬁ -2m¢) + gsgzxscos(?n‘} - 2m¢)]

3. HEAVY IMPURITY INFLUX IN W7-AS
IN THE PRESENCE OF HEAT SOURCES

At the periphery of the plasma column in W7-AS,
the following two conditions are satisfied: A} < L and
Ai <L, where A, and A; are the mean free paths of impu-
rity and bulk ions, respectively; L = TiR/+ isthe connec-
tion length; and + is the rotational transform. Conse-
guently, the particletransport occursin the strongly col-
lisional regime (the Pfirsch—Schltiter regime). It iswell
known (see, e.g., [4]) that, because of the toroidal non-
uniformity of the confining magnetic field, the radial

transport in tokamaks is enhanced by a factor of /¥
above the classical transport. In such afield, oppositely
charged particles drift in opposite directions, thereby
giving rise to a poloidal electric field at the magnetic
surfaces. If there were no friction, this poloidal electric
field, which has a nonzero component along the mag-
netic field lines, would be short-circuited by the parti-
cles moving along these lines. Because of collisions,
the poloidal electric field remains nonzero. Averaging
theradial particledriftin crossed fields (apoloidal elec-
tric field and a toroidal magnetic field) over the mag-
netic surface leads to the familiar expressions for the
radial particle fluxes. Rutherford [5] showed that, in a
system consisting of ions and heavy impurities, diffu-
sion can be described in essentially the sameway asin
an electron—-ion system. This approach yields the fol-
lowing expression for theradial flux I, of impurity ions

GREKOV

in the Pfirsch—Schllter regime in atokamak [1, 5]:

ng’p;
r| = —Fi/Z| = -Z-,—T—,,—ﬂ
(3
% +Cﬂ[|1c3p. 1 ap,D 5C20T
Clth,ar ~ Zn, ard" 2C;ar

Here, g =rB,/RB, = 1/+, B, and B, are the toroidal and
poloidal components of the tokamak magnetic field; p;
is the Larmor radius of the bulk ions; p,, Ny, Z,€ My,
and T, are, respectively, the pressure, density, charge,
mass, and temperature of theions of speciesa (a =i, I);
T; isthe scattering time of the bulk ions by the impurity
ions; and C, are constants. From expression (3), we can
see that the term lm

n; or
theimpurity flux I, is directed toward the plasma center.

For stellarators, the impurity ion flux should be cal-
culated for the magnetic field, which is more compli-
cated in structure than the tokamak field. Thus, the
expression for I'; should be supplemented with theterms
that account for the helical nonuniformity of the confin-
ing magnetic field [6]. However, these terms are, as a
rule, small in comparison to those in expression (3).

Now, we assume that, in the plasma, there is a heat
source that affects the impurity ions and has the com-
ponents

is responsible for the fact that

Q = Q/sind + Qi sin(d £ mp) + Q' sin(29 —mo)
+QZsin(28 —2md) + QZsin(39 —2md). P

Note that the remaining components of the Fourier
series expansion of the function Q,(r, 9, ¢) in angular
variables do not contribute to the radia impurity flux,
provided that the magnetic field is chosen in the form
(2). The heat source acts to change the heat impurity
flux q,, along the magnetic field lines in accordance
with the equation O - (q;; + q;») = Q,, Where q;» =

nT
SNlig VT, is an oblique heat flux. Setting q,; =
27,eB’
BL, yields the following equation for L;:

0L, Q| op; 0W10B

R,00 B, ZleBgarraﬁ'
We integrate this equation along the magnetic field line
B,=7 — +¢ to obtain

L, = g‘;[}l | cos9 —*S—'_mcos(ﬁimq))
ZQI cos(29 —md) 5 Q' — cos(29 —2m¢)
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Qu

~3r—om ———0s(39 — 2m¢)}

5p/Ry 0T 1 € ©)
+— —'[——‘cosﬁ

Z,eBia’90¥

cos(28 mé)

cos(28 2mo) + === COS(33 2m¢)}

T
ALINLITLIT ——L_V,T,, the heat source con-
m T, +T

tributes additively to the temperature gradient of the
impurities along the magnetic field lines. In turn, the
change in the temperature gradient causes a changein

Since q; = —C3

the thermal force RI|| = Czan +r
li

impurity ions and, as a consequence, a change in the
electric field that gives rise to the radial impurity flux.
The MHD eguation for impurity ions has the form [5]

Vp =nZelE+v,xB)+R,, (6)

where v, is the velocity of impurity ions and R, is the
frictiona force experienced by them. Taking the scalar
product of Eq. (6) with B givesB - E =-B - R,/Zen,.
Then, we take into account the potential character of
the electric field (E = -V @) in order to determine how
the thermal force acting on impurity ions contributes to
C, 4 mn, B;
C:3.J/m Tt Z,en’T,
follows, we will be interested only in the contribution
cpg of the heat sourcesto the electric field:

t
{Q' singd

VT, acting on

the field: B - Vo' = -

L,. In what

2

(pT:cg 4 mn R
° Ci3ynT i Z,en’T,

2 gn(smp)+ —2 Q"

@txm) (24 —m

+—=l Q" ————sin(29 —2m¢)

(2« + 2m)

+ ) 5SiN(29 —md)

— Q” ————sin(39 - 2m¢)}

(3r— 2m)

We take the vector product of Eg. (6) with B to abtain
the impurity flux across the magnetic surfaces:

BxVWY

= M(Len,E + R|)
|
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The contribution of the heat sources is equal to F,T =
n B,V,WE;
B VW

over the magnetic surface whose shape is determined

by the equation W(x, 9, ¢) = const. As aresult, to first
order in g,, we obtain

n . I
= §IV“’ (plT . We average this contribution

T_ 4 C,mn, BR, G
| Z2 it 0 B

3«/1_TC3 i B2Z,eMT)

_Q 1R
G (r + m) ZSt[l xCmal }
QI ExnX ZDRoD
ey KR el ™
Ql ExX 2 DROD
o (24 — 2m)2 e [1 2xLmd]
+ Ql32 3532)_( 3 DRODD QI
(3*_2m)2 2¢, 4xCmad 0~ *2’

where X =t /aand r isthe mean radius of the magnetic
surface. Consequently, if the magnitudes and signs of

the componentsB.Q; , BQ", B.Q;”, BQ”, and BQ|
of the heat source are chosen so that G is positive, then
the impurity influx into the plasma can be stopped by
compensating for its driving force, i.e., by canceling
the term that describes the impurity influx in expres-
sion (3).

4. RF SOURCE FOR HEATING IMPURITIES

In this section, we consider how the source for heat-
ing impurity ions should be designed in order to have an
appropriate content of the poloidal and toroidal har-
monics. For this purpose, it is proposed here to heat
impurity ions by an RF source. In order that the impu-
rity ions absorb RF energy, we choose the oscillator fre-
guency to be w = wy, where w, = Z,eB/m,cisthecyclo-
tron frequency of the impurity ions. The possibility of
launching RF energy into the plasma column should be
analyzed by taking into account the fact that the vac-
uum chamber in the W7-AS stellarator consists of five
metal sections connected by dielectric inserts. These
poloidal inserts can serve as dit antennas through
which RF energy can be launched into the W7-AS
plasma[7].

The parameters of the W7-AS stellarator are as fol-
lows. The major radiusis R, = 200 cm, the mean minor
radius of the vacuum chamber is a. = 40 cm, the mean
minor radius of the plasma column is about a, = 20 cm,
and the magnetic field at the chamber axisisB,=2.5T.
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Fig. 1. Plasma density profile ng(r) and position of the

region of cyclotron resonance for impurity ions. The RF
field E, is applied to the ends of the chamber sections that

are separated by the poloidal dielectric inserts.

Note that the radial and poloidal components of the
W7-AS magnetic field are much weaker (by afactor of
about ~¢,) than the toroidal component. The mean
plasmadensity is p, = 10'* cm, the plasma density at
the periphery is about ni(a,) = 10" cm, and the ion
temperature at the periphery isabout T;(a,) = 50 eV [8].
The region between the plasma column and the cham-
ber wall is filled with a cold low-density plasma, n;, ~
10" cm3 (Fig. 1). In what follows, Ti,s atoms are con-
sidered to be aheavy impurity, because, at such an edge
temperature, they can be stripped of up to eight elec-
trons [9]. Note that, at a temperature of 50 eV, other
impurity ions can aso be stripped to the ionization
states with the appropriate values of Z, /m,, specifically,

Crl,, Mny, Fel, Nig%, and Cug ions [9]. We
assumethat impurity ionsarein alayer with athickness
of about 4 cm at the plasma periphery.

We consider an external RF source connected to the
ends of the chamber sections that are separated by the
poloidal dielectric inserts. In this case, the waves that
are excited most efficiently are those whose component
E,=E - B/B (which is nearly purely toroidal) is much
larger than the component Ej (which is nearly purely
poloidal at the plasma boundary). Such waves are usu-
aly caled “dow” waves. Since the thickness of the
insert isd < ¢/w, the electric field within the dlit can be
assumed to be potentia, E(a., 9, ¢) = -V, in which
case the potential difference between the dlit ends has
the form

/2

U =R [ Ey(a9.0)db,

—/2

®)

GREKOV

where R® = d. Taking into account the fact that the
electric field at the chamber wall is periodic in the ¢
direction, we seek a solution to the Maxwell equations
for E; in the form of aseries:

E(r,9,0) = Z Eu(r, 9)cos(l9).
1=0

We assume that the chamber wall is perfectly conduct-
ing, 0 —= . Inthis casg, the field E; at the wall sur-
face is nonzero only at the poloidal inserts. If the
amplitude of the RF field and its phase do not differ
betweentheslits, then we have E; = 0 for | # mn (where
m = 5 and n is an integer). Since, for every integer
n < 1/(m®), cos(Ip) = 1 holds in the interval —®/2 <
¢ < ®/2, weobtain

muU

En(as 9) = 2Ep(a., 9) = R

Note that, by appropriately choosing the amplitudes
and phases of the potential difference U acrossthe dlits,
it is aso possible to achieve E;; # 0 for | # mn. Since
1/(m®) > 1, the spectrum of the expressed waves is
broad.

Far from the Alfvén resonance region (g, = N|2| )s
slow waves are described by the dispersion relation

D = ®

€

NZ+ (g, —N[) = 0.
€

w2

Here ;=1 - :pze, Wy = (4TInBZ§ €/mg)' and weg =

ZyeB/(mye) are the plasmaand cyclotron frequencies of
the particles of speciesB (B=1i,1,€),g, =1+ 23685
2
. . W
outside the regionswhere w = wg, 8gg = ——22— , N;=
cB W
N -B/B, N = kc/w, k is the wave vector, and Né =N2—

o Ni de . ,
N . Under the condition —-—— < 1, the impuri-
N” —81 81
ties have little impact on the dispersion of the slow
wave. Far from the region of cyclotron resonance for
impurity ions, this condition yields a weak restriction

. n _m
Ny — &, ~ Njf, provided that = < —.
n; |

For dl | # 0, the low-density plasmaregion istrans-
parent to the slow wave because, in thisregion, we have

g=1+ Ni < N|2| and €, < 0 and, accordingly, Né =

2 2 . 0
N; + Ny >0. Thegroup velocity v, = _ﬁ/@ of the
PLASMA PHYSICS REPORTS  Vol. 27 No. 12 2001
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wave isdirected preferentially along the magnetic field

lines:
M W
V=V = — [—=—|Vy.
g g m g gll

Consequently, in the low-density plasma region, the
slow wave propagates mainly along the magnetic field
linesd =39, + +¢, experiencing aslight radial displace-
ment toward the center of the vacuum chamber. In this
region, the wave remains long enough to compl ete sev-
era revolutions along the torus before reaching the
periphery of the plasma column. Then, the wave prop-
agates in the peripheral layer, which contains impurity
ions. When propagating along the magnetic field lines
in the edge plasma, the wave passes through zones in

which w— wy < +/2Kvy. In these zones, we have &g, =

m_@:_o_h_mj (see, eg, [10]).

j ﬁ_ﬁ_ exp| -
8(")k”‘/'l'l Dﬁk||VT|D
Under the condition % < % kypui,» the impurities have
i |

no effect on the wave dispersion. The rate at which the
slow waveisdamped dueto the cyclotron absorption by
impurity ions can be determined from Eq. (9) by the
perturbation technique, the small parameter being
Imdg /e;. We assume that Imk; < |k | and equate the
imaginary part of Eq. (9) to zero to obtain Imk; =
1 /mhm 1 .

Z«/;ﬁ:ﬁ:a Note that Imk; is independent of N,.
Nevertheless, the wave damping rate depends on Ny,
because the wave is damped along the portions of the

path where the condition w — w, < ﬁkwn holds.
Since the dependence of Bonr, 9, and ¢ israther com-
plicated, the damping rate of thewave along its path can
be estimated only numerically. Figure 2 shows how the
fraction of RF power that is absorbed by impurity ions
along the wave path depends on the poloidal angle at
which thewaveislaunched into the plasma. We can see
that, for | = 5, the impurities absorb about 80% of the
input RF energy and, for | = 10, the fraction of the
absorbed energy is larger than 90%. Moreover,
the power of the waves launched from the inner side of
the torus is absorbed most efficiently. As for the other
mechanisms for RF energy absorption, note that the
collisional damping mechanism can be neglected,
because v /0w ~ 1073, On the other hand, since z, =

W/ /2 kyVre = 20/1 = 20/(mn), the main mechanism by
which the waves with n = 3 are damped is electron
Cherenkov absorption.

In treating the problems related to RF plasma heat-
ing, the electrodynamic properties of the exciting
antennas are characterized by such quantities as the
input conductance (for details about slot antennas, see,
e.g., [7]) or the input impedance. In the problem under
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Fig. 2. Dependence of the fraction P/P, of the RF power
absorbed by impurities on the poloidal angle 9, at which RF

energy is launched into the plasma for toroidal modes with
| = 5 and 10. Higher toroidal modes are absorbed by the
electrons.
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Fig. 3. Dependence of the factor G, determining the effi-
ciency with which RF heating affects the heavy impurity
influx, on the poloidal angle 9, at which RF energy is

launched into the plasmafor toroidal modeswith | =5and 10.

discussion here, the fundamental questions are as fol-
lows:

(i) Isit possibleto excitewavesin the plasmain such
a way that the source for heating impurities has the
desired harmonic content?

(ii) What is the power level required to stop the
impurity influx into the plasma?

The value of the quantity G required to reverse the
direction of the impurity influx can be estimated from
expressions (3) and (7). For the above parameters of the
W?7-AS stellarator and for n,/n, = 10, we obtain G =
7.5 x 107 W/cm?. Figure 3 shows the dependence of G
on the poloidal angle at which RF energy is launched
into the plasma. We can see that, in order for the input
RF energy to be absorbed most efficiently, the dlits
should be powered in the following two ranges of poloi-
dal angles: 80°-180° and 290°-340°, in which case the
total contribution of al of the wave paths to G is
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approximately equal to ~102. We al so takeinto account
thefact that, if the dlits are used as antennas, they excite
a broad toroidal mode number spectrum in which the
contribution of the desired modes with | = 5 and
10 amounts to about ~10-2. As a result, the RF energy
density in the volume occupied by impurities should be
about ~7.5 x 102 W/cm?. Integrating the RF energy
density over thisvolume, we find that the required total
RF power is about 50 kW.

5. CONCLUSION

In conclusion, note that the results obtained are
qualitetive rather than quantitative. In order to imple-
ment the method proposed here, it is hecessary to carry
out additional calculations for the actual (rather than
model) stellarator magnetic configuration. As a result,
the optimum ranges of the poloidal angles for launch-
ing RF energy into the plasma may turn out to differ
from those calculated using the above model expres-
sions. The estimated RF power level required to reverse
the direction of impurity influxes can also be somewhat
refined through calculations for a realistic magnetic
configuration (the magnetic field and magnetic sur-
faces), whose harmonic content is far richer than the
model one.

Hence, we have shown that the design features of
the W7-AS stellarator provide the possibility of revers-
ing the direction of heavy impurity influxes into the
plasma by RF heating of impurities, in which case the
required RF power level isrelatively low. The proposed

GREKOV

concept can be implemented without installing special
antennas for launching RF energy into the plasma.
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Abstract—A short-laser-pulse driven ion flux is examined as afast ignitor candidate for inertial confinement
fusion. lon rangesin a hot precompressed fuel are studied. Theion energy and the corresponding intensity of a
short laser pulse are estimated for the optimum ion range and ion energy density flux. It is shown that alight-
ion beam triggered by a few-hundreds-kJ laser at intensities of =10%1 W/cm? is relevant to the fast ignitor sce-

nario. © 2001 MAIK “ Nauka/Interperiodica” .

In the fast ignitor scenario [1], which is amilestone
of the concept of inertial confinement fusion (ICF), a
relativistic electron beam is considered to be the most
suitable source for igniting a hot spot much smaller
than the dense compressed DT core. Studies of the fea-
sibility of fast ignition with relativistic electrons are
now being carried out at many laboratories [2-5]. In
addition, a 15-GeV bismuth ion beam from an external
sourceinstead of an el ectron beam generated directly in
the target corona was also examined [6].

Over the past year, there have been several observa-
tions of multi-MeV ion beams generated by high-inten-
sSity ultrashort laser pulses in the interaction with solid
targets [5, 7-9]. In this context, the present paper aims
to provideinsight into the feasibility of the fast ignition
concept with high energy beams of light ions generated
in laser—plasma interaction. Apart from the standard
studies about the electron fast ignitor concept for ICF,
our main concern is to prove that a light-ion beam is
capable of igniting a hot spot on a reasonable laser
energy scale. In contrast to relativistic electron beams,
ions are much lessinfluenced by collective plasma phe-
nomena and have straight-line trajectories. Light ions,
similar to electrons, can be generated due to laser—
plasma interaction in a target, while a heavy ion beam
must be produced by an external driver and transported
to the target. lon transport is not inhibited so much by
the self-consistent electric field because the ions accel-
erated by the charge separation field at a near-critical
density are much heavier and propagate inertially
inside the target together with the electrons as a charge-
compensated neutral beam. Below, the optimum
parameters of an ion beam and laser pulse that are suit-
able for an ignition spark in a hot precompressed DT
fuel are estimated as a rough guide.

The mechanism for ion acceleration is charge sepa-
ration in a plasma due to high-energy electrons driven
by the laser inside the target [9] and/or an inductive

electric field as aresult of the self-generated magnetic
field [10]. These electrons can be accelerated up to
multi-MeV energies due to several processes, such as
stimulated Raman scattering [11], resonant absorption
[12], laser wakefield [13], ponderomotive acceleration
by standing [14] and propagating [15] laser pulses,
“vacuum heating” dueto the V x B Lorentz force [16]
or Brunel effect [17], and betatron resonance provided
by laser pulse channeling [18].

It is unlikely that the ponderomotive mechanism
[14] at laser intensities higher than 10'® W/cm? can pro-
duce ions with the observed energies (see [9]). The
maximum proton energy in experiments with foils at a
high-contrast intensity ratio was explained by accelera
tion in the charge-separation field arising due to “vac-
uum heating” [9]. However, for the fast ignitor scheme,
this mechanism isinapplicable because of the extended
plasma corona at the front of the dense target. Recent
experiments carried out at the Center for Ultrafast Opti-
cal Science [19] demonstrated a significant increase in
theion energy (as compared to [9]) if the laser intensity
contrast ratio decreases. Thus, one may identify a pre-
formed plasma as a source of enhanced electron gener-
ation and, hence, enhanced electrostatic field that effi-
ciently accelerates the ions. We believe that the Raman
scattering mechanism for electron forward acceleration
[11] together with the laser channeling effects [18] are
the most likely processes at the corona of an |CF target
which produce a strong sheath electrostatic field and
are responsible for ion beam generation by short laser
pulses at laser intensities of >10'® W/cm?.

Hot electrons, accelerated in an underdense plasma
(with adensity n, comparable to the critical density n,)
up to the energy €., penetrate into the target at a dis-

tance on the order of the Debye length Ap O ./e/Ne

and create a strong sheath electrostatic field, which
acceleratesionsforward. Acceleration gradients of sev-
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eral tens of GeV/cm are expected for MeV electrons.
As electrons are decelerated, their kinetic energy trans-
formsinto the electrostatic field energy and the electric
potential should be expected to be at the level of the hot
electron energy €.. Correspondingly, the magnitude of
the electric potential determines the ion energy € ~
Ze@ ~ Ze,, where e and Ze are the electron and ion
charges. Most of the measurements suggest that pro-
tons and deuterons are the major species of laser trig-
gered particle emission, athough heavy ions have
recently been identified [20]. Their energy is propor-
tional the charge number Z, whichisconsistent with the
electrostatic process of ion acceleration. Clearly, an
evaluation of the feasibility of fast ignition with ener-
geticions must be based on the conversion efficiency of
the laser light into ion beam energy and scaling of the
beam parameters versuslaser characteristics. A system-
atic investigation of both of these issues has only
begun. However, the data on the ~6% conversion effi-
ciency into ions of severa MeV energy [8] and the
square root dependence of the proton energy on the
laser intensity inferred from the latest experiments are
very promising.

The general approach to fast ignition involves a
powerful external unspecified source and aimsto define
the ignition parameters for a beam and a core. Thefirst
study of fast ignitor parameterswas presented by Tabak
et al. [1]. As was pointed out in [21], the original fast
ignitor concept [1] dealt with anearly isobaric fuel con-
figuration and underestimated the energy required for
ignition, which is more relevant to a nearly isochoric
process and is somewhat larger than first proposed. The
results of [21] roughly agree with those presented in [6]
and predict a larger ignition energy than that given by
the analytical model of Piriz and Sanchez [22]. Accord-
ing to [21], the optimum particlerangeisR= 0.6 g/cn?,
while the model [22] predicts R = 0.25 g/cm?. Regard-
less of the differences between [21] and [22], we con-
sider a wide enough domain of the particle ranges to
include both of these estimations.

Similar to [23], where the physics of the electron
fast ignitor was discussed, our key issue includes an
estimation of the ion penetration depth into the dense
compressed DT core with a density of ~300 g/cm® and
temperature of ~10 keV. For ions with energies higher
than one-hundred keV, the penetration depth is deter-
mined by their collisions with electrons; i.e., fast ions
heat electrons of the core and lose energy in accordance
with the equation [24]

de _ 2me’Z°n

dx uT, “AF(u),
F(u) = Y(u) —(m/m)y’(u),

where e istheion energy, T, isthe electron temperature,
My, IS the mass of an electron (ion), A isthe Coulomb

1
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logarithm, u = me/mT,, and

2 ) —t
= —(d :
W(u) [0[ t/te 2)

The Coulomb logarithm in Eq. (1),

A =33-In[Z/n(1+ ZT Je)/ T (1 + u)],

where the electron density and temperature are in cm
and keV, respectively, depends only slightly on the ion
energy for the parameters of particular interest
(Zm,/m <= u = 1) and typicaly is 6-8.

We define the ion range R (in g/cm?) as where a par-
ticle loses its energy up to the double thermal plasma
energy (3T,):

2U
AT, ~udu

R = 0.06 —,
7?2 _ul-/\F

3)

2 —4-3
A = Y3 ineREZ +5.5><1;) 3z (AU
2 O (1+u)°TS O

where A is the atomic number of a projectile and u, =
3m,/m. In EQ. (3) and below, e isin MeV, T, isin keV,
p isin g/cm’, and Risin g/cm’. For moderately ener-
getic ions (0.01ZT, < € < AT,), one can estimate range
(3) and present Rin asimple form
R =208 Jat3, “)
NZ

where A = 6.5 — In(Z/p/T2?). In Fig. 1, range (3) for
H, D, and Beionsis shown versusthe energy e in acore
with the temperature T, = 5, 10, and 15 keV and density
p = 300 g/cm’. The domain between the dashed linesin
Fig. 1 corresponds to the region 0.15 < R < 1.2 g/cn?,
where, according to [21], the ignition parameters were
found to depend very little on R. We assume bel ow that
thisdomain of parametersisrequired for the ignition of
a hot spot. Note that Eq. (4) qualitatively describes the
dependence of the particle range on the ion energy and
plasma parameters and, for the examples given in
Fig. 1, estimates R with an accuracy of ~50%, some-
what underestimating the particle range. Figure 1
shows that a significantly higher energy is required for
Beions as compared to protons and deuterons.

In accordance with [21, 22], the minimum intensity
of the pulse of fast particles I, required for ignition is
dlightly less than 10%° W/cm?. We accept as a rough
guide I, as given in [21] (I, = 6.5 x 10" W/cn?) to
examine whether the required ion energy is consistent
with theignition window for Rshownin Fig. 1. We esti-
mate the typical ion density n, from the quasineutrality
condition n, = n,/Z, choosing a hot electron density n,
equal to approximately the quarter critical value n./4,
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typica of the Raman instability, which efficiently
accelerates el ectrons in the forward direction. The crit-

ical density readsasn, = 0.85 x 102!\~ 1/10" cm3,
where the laser wavelength A and intensity | arein pm
and W/cm?, respectively, and the plasma relativistic
transparency is taken into account.

Apparently, no theory exists that describes the ion
energy dependence on the laser intensity. However,
some recent experiments [8, 9, 20] have shed light on
this issue. Figure 2 shows that, at the intensities
5x10%< 1 <3 x10% W/cm? of 1-um laser light, the
maximum proton energy e, iIswell approximated by a

square root dependencee,,,,, = 3.64/1/ 10" MeV. How-
ever, the more relevant average energy of protonsin the
beam is several times smaller. We estimate it ase,,,,/7
in accordance with the results of [9], where the effec-
tive temperature and maximum energy of the protons
was 230 keV and 1.5 MeV, respectively. Such an esti-
mate also agrees with the results of [8]. Therefore, the
scaling

€= 0.5Z\/1/10" MeV 5)

can beinferred from recent experiments on high energy
ion generation. Note that the Z-proportionality in
Eqg. (5) corresponds to the e ectrostatic mechanism for
ion acceleration. However, Eq. (5) may overestimate
theion energy with aspecific charge number Zinamul-
tispecies plasmathat contains lighter ions (with charge
numbers smaller than Z). Heavier ions have little
chance to be significantly accelerated because of their
lower mobility. They follow behind the light-ion bunch
and, therefore, experience asignificantly lower acceler-
ating electric field. Consequently, their energy should
be significantly lower than the energy of lightions. This
is why high-energy protons were mostly observed in
the current experiments.

Using Eg. (5) for the estimation of the ion energy
flux I; = n;(2/m)'2€32, one can obtain

~17x 1020 2 W

l,=1.7x10 O A o2 (6)
where we assume that ions are nonrelativistic. Equa-
tion (6) predicts that a conversion efficiency of laser
energy into energetic ions scales with an intensity of
| " and, for Z=1, A =1um, and | = 3 x 10?° W/cm?,
gives 7% for the conversion coefficient, which agrees
well with the experiment [8].

From the condition |; = I, we obtain the threshold
intensity for a 1-um laser, which is found to be practi-
caly the same for proton (1.2 x 10! W/cm?), deuteron
(1.5 x 10> W/cm?), and beryllium (1.6 x 10! W/cm?)
beams with typical ion energies of 6.8, 7.7, and
32 MeV, respectively. It islikely that the core tempera-
ture should be T, = 10 keV (rather than T, < 10 keV),
which basically excludes deuteronsasapossibleignitor
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Fig. 1. The R(e) dependencefor (a) H, (b) D, and (c) Beions
for the core temperatures (1) 5, (2) 10, and (3) 15 keV.
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Fig. 2. Maximum proton energy vs. the laser intensity. The
square, circle, and triangle mark the results of [8, 9, 20],

respectively. Thesolid lineisthefit e, = 3.64/1/10"% Mev,
where | isin W/cm?.
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because itsrangeistoo long (Fig. 1b) for thistempera-
ture. Such a situation is somewhat similar to that with a
proton beam. However, it has a chance to be used as an
ignitor at the upper boundary of the range ignition win-
dow, R= 1.2 g/lcn?* (Fig. 1a). The energy € = 32 MeV of
a beryllium ion beam for a core temperature of T, ~

10 keV agrees well with R = 0.6 g/cm?, which was
interpreted in [21] asthe optimum for ignition. We note
that deuterons were discarded because of their long
range, as compared to R=1.2 g/cm? found in [21] asan
upper limit for fast ignition. The latter should be recon-
sidered if a new optimum regime for ignition is found
for longer ion ranges. In addition, deuterons with ener-
gies of several MeV propagating in adense DT plasma
may participate in thermonuclear reactions. However,
our estimates show that all the possible nuclear chan-
nels of energy release cannot provide more than several
percent of the additional energy, which does not affect
our conclusion.

Asafina remark, we note that one of the key issues
of fast ignition is the self-heating of a hot spot. This
cannot be achieved in ahot spot that istoo small, so the
penetration depth cannot be shorter than the hot-spot
diameter and, consequently, the ignition energy should
be large enough. However, analytical modd [22] and
numerical hydrodynamic simulations [21] give differ-
ent estimates for the hot-spot size. The latter predicted
a much higher energy threshold for the triggering of
spark ignition, which is =17 kJ for the optimum set of
parameters. Accepting this more pessimistic estimate,
we conclude that ignition with a light-ion beam might
be expected at a =200-kJ |aser energy.

In summary, we have examined the feasibility of
light-ion triggered spark ignition for ICF using the
computation of the ion range in a hot core and recent
experimental results on high-energy ion generation in
laser—plasma interactions. The estimated requirements
for short laser pulses correspond to an intensity of
=10*' W/cm? and energy =200 kJ. The weak depen-
dence of the required laser intensity on the ion atomic
number has been found from a comparison of proton,
deuteron, and beryllium ion beams. This may have
practical importance, making fast ignition quite insen-
sitive to the ion species.

Originally, this work was prepared for the journa
Comments on Plasma Physics and Controlled Fusion,
where it was accepted in autumn 2000 for publication
in thefirst issue for 2001. Because of the change of the
owner and hiswish to stop the publishing of Comments
on Plasma Physics and Controlled Fusion, the manu-
script was resubmitted for Plasma Physics Reports. At
that time, we were aware of the publication of paper
[25] devoted to fast ignition with a proton beam.
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Abstract—The mechanism for the “ disappearance” of spectral linesin anonideal plasmais explained theoret-
ically. A comparison of the calculated results with the experimental data from measurements of the emission
spectrafrom ashocked xenon plasmamakesit possible to draw the conclusion that this mechanism is attributed
to the Stark broadening of the spectral lines. Quantum-mechanical calculations of the state of an ensemble of
plasmaatoms and ionswere carried out on the basis of theion plasmamodel. The parameters of the Stark broad-
ening were calculated using the method developed by N.N. Kalitkin and 1.0. Golosnoi. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, intense investigations of the optical
and thermophysical properties of a strongly nonideal
plasma have led to substantial progress in this area of
research [1]. In experiments aimed at measuring the
optical parameters of strongly nonideal plasmas, a
number of new physical phenomenawere observed [2].
Thus, it was found that some spectral lines are
deformed so substantially that, at a sufficiently high
plasma density, they may turn out to be practically
unresolvable. This phenomenon is the subject of our

paper.

Note that recent developments in experimental
methods and techniques were accompanied by theoret-
ical studies of the optical properties of a strongly non-
ideal plasma. Animportant result of current theoretical
work isthe elaboration of new analytical and numerical
methods aimed at incorporating the Stark effect [3].
Another important result is the construction of a theo-
retical plasma model known astheion model [4, 5], in
which the full statistical ensemble of plasma atoms and
ions is described by the solution to the set of equations
for a self-consistent field. This approach provides reli-
able calculations of the quantum-mechanica parame-
ters of the plasmain abroad range of plasmatempera-
turesand densities, including those of ashocked plasma
[6]. In the present paper, we apply the calculation
method based on a combination of the ion model and
the method for taking the Stark effect into account [3].

Since experiments [2] were carried out at relatively
low temperatures (about 3 eV), in which case the mul-
tiplet structure of the terms becomes important, we had
to apply an approximate approach. Specifically, we cal-
culated the parameters of an ensemble of plasmaatoms

and ions (in particular, their densities) in the ion model
by using the basic wave functions obtained by solving
the Schrédinger equationsin which the exchange inter-
action was taken into account only approximately.
When solving the Hartree-Fock equations, we took
into account the multiplet structure of the terms|[7] that
determine the parameters of the spectral line studied in
experiments. Here, we give only a brief description of
the ion model, because it was described in detail in
[4-6].

2. ION PLASMA MODEL

We consider an ensemble of interacting plasma
atomsand ionsin the ground and excited states. As sub-
systems for Gibbs statistics, we can adopt spherical
atomic cells of radius r, (with a nucleus of charge Z at
the center). The radius of the cell can be defined as

o= 13 0”1’ (1)
N ap

where A is the atomic weight, p [g/cm’] is the plasma
density, a, = 5.292 x 10~ cm is the atomic length unit,
and N, = 6.02 x 10? is Avogadro’s number. Here and
below, we use atomic units, in which we denote the
temperature by ©. The subsystems, numbered by j, dif-
fer from each other by the sets of occupation numbers

of the bound (discrete) electronic states, { Nrj1I }, where

n and | are the principal and orbital quantum numbers,
respectively. Each subsystem also contains unbound
(continuum) electrons. The states of subsystems are
regarded as the states of plasma atoms and ions. Using

1063-780X/01/2712-1021$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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the density functional method [6] and approximately
taking into account the exchange interaction, we arrive
at the following equation for the bound electrons:

G o[- V(r)+'('2r )}RA.()—E RL(1), @)

where the wave functions satisfy the normalization
condition

J’[R (0] dr = 1. 3)

The boundary condltlons required to determi ne the

eigenfunctions R! - (N and the eigenvalues E of the
energy can be imposed as follows:

RL(0) = 0, Rl(r) = 0. 4)
The potential V(r) has the form
Vi(r) = Vi(r) +Vi(r). (5)
Here,
Vi(r) = Z—‘”‘plp (ry)dr, - 4njrlp (r), ()
o 00 ey nre 07
Va(r) = [e) %ﬂ'+6 032 + 3[93/2}E )

where V{ (r) is the Coulomb interaction potential and

Vé (r) isthe potentia introduced artificially in order to
approximately take into account the exchange interac-

tion. The potential Vé (r) can be described by different

approximate formulas. For our analysis, we chose the
approximate expression (7), which was proposed by

Nikiforov and Uvarov [8].
The electron density has the form
pi(r) = pA(r) +p3(r). ®)

Here, the density of the bound electronsis equal to

pi(r) = sz(R (), ©)
and the density of the unbound electronsisdescribed in
the quasiclassical approximation:

< fze V() ud
pa(1) = y-—5°-50 o,
0 o)
. Vj(r)
A.y>—@.
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The chemical potential | can be deduced from the elec-
troneutrality condition, ZW]- N; = Z where N, =
J

Z N}, + 4T[I P} (r)r2dr isthe total number of electrons
inthejth subsystem and W is the Gibbs distribution,

—UN,
= (an

E
W, = ngexpg— ]

with E; being the total energy and g; =

|_| C2(2| +1)
being the statistical weight.

The set of equations (2)—(11) describes the state of
the statistical ensemble of plasma ions. Obvioudly, the
groups of equations describing the states of subsystems
denoted by subscriptsj =1, 2, etc., are coupled through
the electroneutrality condition. Such equations are
impossible to solve for al plasma ions even with the
most advanced computers. However, these equations
can be solved for the subsystem of main (or “refer-
ence”) ions, which have the highest densities W,. Hav-
ing solved Egs. (2)—(11) for thision subsystem, we can
apply the perturbation theory to determine the quantum
parameters of the remaining plasma ions with lower
densities.

3. METHOD FOR INCORPORATING THE STARK
BROADENING

In order to calculate the shape of the spectral line
corresponding to the transition between the sublevels
o =nlmand B =n'l'm of thelevelsa=nl and b=n'l",
respectively, Golosnaoi [3] proposed the following
approximate formula, which is alinear combination of
the dispersion formula and the Gauss distribution:

lop(0) = £(1)52 -

2
(0- @)+ Bye

2
+[1=f(M)] f_11 1608.exp[—g*)6u:% }

(12)

L and f(IN) =

where wy, is the transition rate, ' = 5
O

exp E—%zozArg . The charges Z, and Z, will be defined
below. As T increases, the function f(I") tends to zero.
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In calculations for a strongly nonlinear plasma, we set
f(I') = 0 and described the spectral-line shape by

1 [0— Qf

lap(c0) = [n_%eXp[_D 5 0

(13)

where
Oap = 2.5C5 maxs

_ H ml'm|zn,l,md°  [ThimiZ nlllmiﬂ% (14)
“* g 0 En'l' - Enll1 EnI - Enlll D.

Golosnoi [3] proposed to calculate the most probable

value of the squared microfidd ¢,,,, from the formula

VAN
Ca = p— A 7 (15)
[O.Sg—g + 4Z—’§ZchF + (zOzAr)Z}
B
where {, 14
l'o

2/3

Zy= szxk, Zg= {ZZE’ZXJ L Zc= ZZEXK,

Xy = %‘ Ny is the density of the ions with charge Z,,
N [Z/ecm?] isthe nucleus density, and Z, is the charge of
the emitting ion.

Of course, in our calculations, we took into account
the effect of both the natural broadening and the Dop-
pler broadening. This effect was found to be insignifi-
cant as compared to the Stark effect.

4. COMPARISON BETWEEN THE CALCULATED
RESULTS AND EXPERIMENTAL DATA

In the figure, the experimentally measured spectral
intensities of radiation from a xenon plasma are illus-
trated by the light curves, corresponding to the follow-
ing experimental:

(1) T=32000K and p = 6.26 x 103 g/lcm?, the den-
sity of unbound electronsbeing N, = 4.1 x 10'° cm'3;

(2) T=28500K and p = 1.33 x 103 g/lcm?, the den-
sity of unbound electrons being N, = 9.2 x 10'® cm3;

(3) T=27000K and p = 6.86 x 10*g/cm?, the den-
sity of unbound electrons being N, = 4.8 x 10'8 cm3;
and

(4) flashlamp.

The heavy curves in the figure show the shapes of
the 6s*P—6p*P? 529.2-nm spectral line that were cal cu-

lated for the temperatures T and densities p [g/cm?]
indicated in (1)—(4). Note that, in our calculations, the
PLASMA PHYSICS REPORTS  Vol. 27
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Experimentally measured spectral intensities of radiation
from xenon plasmas with different temperatures and densi-

ties (light curves) and the shapes of the 6s*P—6p*P” 529.2-nm
spectral line (heavy curves) calculated for the same condi-
tions.

Hartree—Fock equation was solved by applying one of
the most exact among the presently known methods|[7].
However, even with this method, the position of the
6s*P-6p*PY spectral line was found to deviate from the
experimentally measured position by about 20%.
Because of this, the calculated position was refined by
using the experimental data. Note also that, in our cal-
culations, we neglected the influence of the Stark effect
on the populations of the electronic levels.

5. CONCLUSION

A comparison between the calculated results
described above and the experimental data obtained in
[2] makes it possible to conclude that the mechanism
for the disappearance of spectral linesin astrongly non-
ideal plasma can be attributed to the Stark broadening
of the spectral lines. As was noted above, the method
that was used to solve the Hartree—Fock eguation [7]
leads to a substantial deviation of the calculated posi-
tion of the 6s*P-6p*P° spectral line from that measured
experimentally. This deviation is not associated with
the values of the plasma temperature and density and
seemsto be a consequence of the correlation effects[7],
which will be included in our model in a subsequent

paper.
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Abstract—Results are presented from numerical simulations of the thermodynamic properties of superdense
hydrogen and deuterium plasmas by the Monte Carlo method and from calculations by a multicomponent
chemical model. The results obtained reveal the anomal ous behavior of the thermodynamic functions and com-
position of molecular gas plasmasin the submegabar and megabar pressure ranges. Such behavior isinterpreted
as a dissociative phase transition. The results of calculations by the chemical model are compared with the
experimental data on the equation of state and conductivity of hydrogen and deuterium plasmas. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Experiments on the thermodynamic and transport
properties of dense hydrogen and deuterium plasmas
[1-3] reveded the unusual behavior of the conductivity
of hydrogen [1, 2] and the shock adiabat of deuterium
[3] in the megabar pressure range. The results of [1, 2]
show that, in the pressure range P = 10°-2 x 10% atm,
the conductivity of ahydrogen plasmaincreasesrapidly
(by nearly five orders of magnitude) asthe pressure var-
ies within relatively narrow (~40-50%) limits. The
measurements were carried out in the temperature
range (4.5-10) x 103 K. From atheoretical standpoint,
the behavior of the shock adiabat of deuterium mea-
sured in [3], which demonstrates a sharp change in the
deuterium density in the megabar pressure range at
densities of 0.5-1 g/cm?, also seems unusual.

Such behavior of the thermodynamic and transport
properties of a plasma indicates the possible existence
of phase transitions of the first kind that are accompa-
nied by a rapid or even abrupt change in the plasma
composition and density. The occurrence of phase tran-
sitions in a low-temperature plasma was first hypothe-
sized in [4]. Later, attempts were made to study the
parameters of plasma phase transition, primary atten-
tion being focused on the Coulomb interaction [5-7].

In this paper, the behavior of the thermodynamic
properties of hydrogen and deuterium plasmas in the
above pressure and density ranges is studied compara-
tively by the Monte Carlo quantum method [8, 9] for
hydrogen and by using the chemical model of a multi-
component nonideal plasma[10] for hydrogen and deu-
terium. It is shown that the experimentally observed
behavior of the conductivity of dense hydrogen and the
deuterium shock adiabat can be explained by the exist-

ence of a new phase transition occurring in dense
hydrogen and deuterium. The critical transition temper-
ature and the phase coexistence curve are found. The
electric conductivity of hydrogen and the deuterium
shock adiabat are calculated and compared with the
experimental data.

2. NUMERICAL SIMULATIONS

For the numerical simulations of a hydrogen
plasma, we use an original efficient modification of the
Monte Carlo quantum method elaborated in [8, 9]. The
modified method allows us to study dense degenerate
plasmas over a wide range of densities and tempera-
tures. We consider a system consisting of 50 electrons
and 50 hydrogen ions in a cell with periodic boundary
conditions.

Thermodynamic quantities are calcul ated as deriva-
tives of the logarithm of the statistical sum [11]. The
datistical sum of a quantum system is expressed
through the density matrix. An exact expression for the
density matrix of a quantum system at low tempera-
turesisstill unknown. To approximate this sum, we can
represent it in the form of integrals over trgjectories
[11]. The spin variables are taken into account by the
spin part of the density matrix, whereas the permutation
operator acting on the spatial and spin coordinates of
electrons allows for exchange effects. The sum istaken
over al permutations with a given parity. For Fermi
particles, this sum contains positive and negative terms,
which poses the well-known “problem of signs.”

1063-780X/01/2712-1025$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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In the developed approach [8, 9], the density matrix
is described by the expression

ps(a. [r].B)

noN M
_ C;ee_su(q,[r],ﬁ)l—l |_| cp'ppdet|L|J2i3| s

l=1p=1

The matrix does not contain the alternating-sign sum

over permutations in the explicit form. The exchange

effects are accounted for in the determinant of the
exchange density matrix:

"W;’b'"SE HeXpE_lzkra_rb) + ygﬁa

AN

In formulas (1) and (2), we introduced the following
notation: U(q, [r], B) is the sum of Kelbg potentials,

NG

S

q)lpp = e><10[—7T| ES)|2], éL” are the dimensionless vec-
tors connecting the nearest peaks of trgjectories, C'pt =

| |
(rzpltl'yrr)a Yoo =Vp Vi Ve =BA Y
pt

k=1

n

k) 1 _
a > lpt St

2
" A)\s = M, AP is the increment of the mod-
P m

a
ulus of the canonic distribution, the (...1...) bracket
denotes the scalar product, and m, is the mass of parti-

cles of the a species.

The summation over spin variablesresultsin ablock
structure of the exchange density matrix for electrons
with the same spin projections. The important advan-
tage of expression (2) isthat the sum over permutations
iswritten in the form of adeterminant that can be easily
caculated by the conventiona methods of linear
algebra.

Using the Monte Carlo quantum method, we calcu-
lated the isotherms of a hydrogen plasma at tempera-
tures of 10, 20, and 50 kK. The most interesting is the
10-kK isotherm. On this isotherm, there is a plasma
density range in which a stable solution is absent. The
plasma density changes abruptly from 10 to 2 x
10** cm3 in a narrow pressure range. A similar situa-
tion also occurs for the 20-kK isotherm, but in a nar-
rower density range. On the 50-kK isotherm, the insta-
bility domain is absent and the dependence of the pres-
sure on the density is smooth up to densities of 1026 cm.
It was found that the range of the hydrogen plasmaden-
sity with such a peculiar behavior of the equation of
state nearly correspondsto the density rangein which a
sharp increase in the hydrogen plasma conductivity is
observed [1, 2]. Unfortunately, it is still impossible to
numerically calculate the conductivity of a hydrogen
plasma. The Monte Carlo method allows one to calcu-
late the thermodynamic functions but not transport
coefficients, such as the electric conductivity. To calcu-
late these coefficients, the method of molecular dynam-

BONITZ et al.

ics should be applied. In addition, when simulating
using the Monte Carlo quantum method, a system of
electrons and nuclei is used. Some electrons and nuclei
form bound states. This can be seen from the form of
the pair distribution functions[8]. However, there is no
significant difference between free and bound elec-
trons, so that it is difficult to determine the composition
exactly.

In some sense, the simulations of hydrogen plasma
thermodynamics can be regarded as an additional
experiment on determining the equation of state of
dense hydrogen, which is al the more useful because,
in experiments [1-3], the temperature was not mea-
sured.

3. CHEMICAL MODEL

In[10], achemical model of anonideal plasmawith
allowance for chemical reactions was proposed. A dis-
tinctive feature of thismodel is the exclusion of aclas-
sicaly inaccessible phase space volume from the
ensembl e of free particles when cal culating the correc-
tions for their interaction. This correction appears
because some states of the particles under consider-
ation are bound and form particles of other species. The
corrections for the interactions involving neutral parti-
cles are represented in terms of a power series in the
density with allowance for al types of pair and three-
body charge—neutral and neutral—neutral interactions
[10]. The corresponding second and third virial coeffi-
cients associated with theinteraction of free particles of
different species were calculated in [12] by using the
Hill pseudopotentials [13]. The Hill pseudopotentials
describing the charge—neutral and neutral—neutra
interactionswere cal culated using the (12-4) and (12-6)
Lennard—Jones potentials, respectively, as the initial
ones. The classically inaccessible phase space volume
wastaken into account in [14] when cal culating the cor-
rections for the interaction in an ensemble of free
charged particles. The derived corrections to the ther-
modynamic functions differ substantially from the con-
ventionally used Debye corrections. The thermody-
namic quantities for a multicomponent, chemically
reacting plasma of an arbitrary composition are repre-
sented in terms of aseriesin different interaction types.
It is taken into account that the particles of different
species interact with each other through the Coulomb
and van der Waalsforces with the parameters of theini-
tial interaction potentials characteristic of a given pair
of particles; the electron component is assumed to be
weakly degenerate. For hydrogen and deuterium plas-
mas, six components (namely, e, A, A*, A, A,, and

A, , where A is the element symbol) were taken into
account.

The expression for the free energy of amulticompo-
nent plasma with allowance for the above-listed inter-
actions and chemical reactions has the form (see nota
tionin[10, 14])
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The equation of state and the set of chemical bal-
ance equations are written in the form
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In Egs. (3)«5), we introduce the following notation:
JZT x 3" %

48
coupling parameter (it is calculated through the activi-
ties); Z,, z, and n, are the statistical sum, charge num-
ber, and density of the particles of k species, respec-
tively; T and V are the plasmatemperature and volume;
B;; and Cjj are the second and third virial coefficients;
M is the total number of plasma particle species; A, is
the thermal wavelength of electrons; and o is the Kro-
necker symbol.

It should be stressed that taking into account the sec-
ond and third virial coefficients in the free energy and
in the equation of state allows one, in principle, to
determine the parameters of the vapor-liquid phase
transition.

f,(0) = T[“/é a®®; a isthe plasma

4. COMPARISON OF ANALYTICAL RESULTS
WITH NUMERICAL AND PHYSICAL
EXPERIMENTS. DISSOCIATIVE PHASE
TRANSITION

The described approacheswere used to calculate the
equilibrium properties of hydrogen and deuterium plas-
mas over a wide region of the phase diagram. A com-
parison of the results of calculations for both described
approaches shows their satisfactory agreement in the
stability domain of both methods. At low densities,
where the chemical model is certainly applicable,
numerical simulations demonstrate the formation of
atoms and molecules.

To study the possibility of a phase transition in the
adopted version of the chemical plasma model, we
extended the model to the parameter range in which the
model is unstable, using the recommendations of [15].
The numerical algorithm is based on the Newton
method. The convergence of the method is provided by
the requirement that the densities of all the plasmacom-
ponents be positive during the iteration process. If the
temperature and the density (the specific volume) are
chosen as thermodynamic quantities, then the require-
ment for the densities to be positively defined is satis-
fied automatically for the entire P-V diagram.

The stability of the solution was examined along the
isotherm by varying the pressure or the plasma density.
To search for al of the existing solutions to the set of
chemical balance equations, it is convenient to move
along the phase diagram from the range of high temper-
atures. Performing numerical calculations along differ-
ent isotherms with a sufficiently small step in density,
we may noticethat, starting from a certain temperature,
a loop appears, which is characteristic of a gas-iquid
phase transition (Fig. 1). To analyze the cause of the
appearance of the phase transition, we calculated iso-
thermsfor amodel system consisting of only atomsand
molecules (Fig. 2, curve 1). Calculations show that the
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Fig. 1. Phasetransition in ahydrogen plasma. I sotherms T =
(1) 60, (2) 55, (3) 50, (4) 45, (5) 40, (6) 38, and (7) 35 kK
are shown; the envelop 8 is the phase equilibrium curve
(spinoda).
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Fig. 2. Hydrogen isotherm for T = 35 kK in (1) the model
system of atoms and molecules and (2) full-composition
model.

main cause of the phase transition is the rapid increase
in the magnitude of thetotal contribution from all of the
second virial coefficients characterizing the pair inter-
actions of heavy particles, which results in the intense
dissociation of molecules. Taking into account all other
types of particle interactions does not change the shape
of the isotherm qualitatively (Fig. 2, curve 2). In this
case, the van der Waals loop becomes more pro-
nounced. When the interaction between heavy particles
iseliminated (on keeping the Coulomb interaction), the
phase transition disappears. For T < T, the total second
virial coefficient B(T) is negative, whereas the third

BONITZ et al.

coefficient C(T) is positive (Fig. 1, curves4-7). At tem-
peratures above the critica temperature (Fig. 1, curve 3)
B(T) changes its sign and the phase transition disap-
pears (Fig. 1, curves 1, 2). At lower temperatures, such
that T < 1/3T,, the total third viria coefficient C(T) is
also negative. In this case, we failed to find a stable
solution for the liquid phase. All the solutions lying on
isothermswith T < T to the left of the maximum have
no physical meaning. The two-phase domain is
bounded by curve 8. The isotherm segments lying in
this domain describe the states with a negative com-
pressibility and also have no physica meaning. The
value of the critical temperature for various materialsis
close to the dissociation energy of molecules or molec-
ular ions.

The phase transition is accompanied by an abrupt
change in the densities of al species (Fig. 3). The den-
sity jump occurs mainly due to the jump in the degree
of dissociation, which allows us to call this transition
the dissociative transition. It is interesting to note that
the chemical model under consideration also describes
an ordinary phase transition from a molecular gas into
amolecular liquidat T ~ 50 K.

As was mentioned above, the abrupt change in the
thermodynamic parameters of a hydrogen plasma was
also observed in our numerical simulations using the
Monte Carlo method. Figure 4 compares the analytical
and simulation results. It can be seen that the model
described in Section 3 not only predicts the phase tran-
sition qualitatively, but also gives a quite reasonable
guantitative estimate for its position on the isotherm,
which agrees with the results of numerical simulations.
The obtained value of the critical temperature also
agrees with the results of simulations (Fig. 4, curve I).
The values of the internal plasma energy calculated by
the chemical model and the Monte Carlo method are
also in qualitative agreement (Fig. 5).

If the phase transition under consideration actualy
exists, then it must be accompanied by a sharp increase
in the plasmaconductivity, because, asisseenin Fig. 3,
the density of free charge carriersin the transition point
increases by three orders of magnitude. Such an
increase in the electric conductivity was observed
experimentally. In [1], a sharp decrease in the plasma
resistivity at pressures of ~1 Mbar was recorded.
A comparison of the results from calculations carried
out using different models for the electron mobility
shows (Fig. 6) that, at high pressures, the so-called hop-
ping conductivity [16] shows the closest matching to
the experiment:

(6)

where D = r,f/r is the coefficient of the quantum diffu-

sion of bound electrons from an atom to an ion aong
the applied field, r, = [3/411(n, + n)]'? is the average
PLASMA PHYSICS REPORTS  Vol. 27

No. 12 2001



PHASE TRANSITION IN SUPERDENSE HYDROGEN AND DEUTERIUM

3

Ny, cm
1025 _

1024
107
1022

102! g

1020

|
10° 109

Fig. 3. Composition of ahydrogen plasmaon the 45-kK iso-
therm: (1) H,, (2) H; ,(3)H, (4 H*, (5) H", and (6) €.
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Fig. 5. Internal energy of a hydrogen plasma (U is the
plasma energy per unit volume, and n is the total particle
density of all species) calculated by the chemical model for
T=(1) 10and (2) 50 kK and by the Monte Carlo method for
T =10 (squares) and 50 kK (circles).

radius of the electron hopping, and 1 = #/AE isthe hop-
ping time. According to this mechanism, the electron
mobility depends on the density, because the quantity
AE (the energy difference between the symmetric and

antisymmetric termsinthe A, molecule) isdetermined

by the overlap integral for the electron wave functions
[16]. Note that a sharp increase in the conductivity
observed experimentally in [1] occurs at substantially
(by a factor of 2.5) higher pressures than those pre-
dicted by the theory.
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Fig. 4. Isotherms of a hydrogen plasma calculated by the
chemical model for T = (1) 50, (2) 45, (3) 38, and (4) 10 kK
and by the Monte Carlo method for T = 50 (squares) and
10 kK (circles).
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Fig. 6. Electric conductivity of adense hydrogen plasmain
the megabar pressure range along the isotherm T = 10 kK:
(1) hopping conductivity, (2) gas-kinetic conductivity,
(3) Drude formula, and (4) minimum metal conductivity.
Curve (5) shows the hopping conductivity along the iso-
therm T = 4.5 kK, squares show the results of experiment
[1], and the other symbols correspond to different experi-
mental series of [2].

A large amount of experimental datais presentedin
[2], where a sharp increase in the electric conductivity
of ahydrogen plasma was also pointed out in the den-
sity range 0.2-0.8 g/cm’. In this case, the measured val -
ues of the plasma pressure range from 0.4 to 0.7 Mbar
[2], which correspondsto the two-phasedomainin Fig. 1.
Consequently, the parameter range of the supposed
phase transition found in our paper coincides with the
range in which arapid increase in the conductivity was
observed in [2]. Although a rapid increase in the con-
ductivity due to the abrupt change in the density and
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Fig. 7. Phase diagram of a deuterium plasma: (a) deuterium
shock adiabat (curves 1 and 2 show the gas boundary of the
two-phase domain, and squares show the results of experi-
ment [3]) and (b) isotherms of a deuterium plasma (numer-
as by the curves show the temperature in kK).
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Fig. 8. Isotherms of an oxygen plasma for (1) 60, (2) 50,
(3) 45, (4) 40, (5) 35, and (6) 30 kK.

composition takes place in all of the theoretical calcu-
lations, it is the hopping (ion) conduction that plays a
dominant rolein the dense phase (Fig. 6). The contribu-
tion from other (gas-kinetic) mechanisms is no more
than 10% of the hopping conductivity. The minimum
metal conductivity calculated assuming that, under the
conditions of interest, all of the electrons become con-
duction electrons turns out to be overestimated (by
nearly one order of magnitude). The bulk of the exper-
imental data on the conductivity lies between curves 4
and 5 calculated along the 10- and 4.5-kK isotherms,
respectively, which corresponds to the experimental
temperature range. It should be noted, however, that all
of the conductivity calculations for p > 0.3 g/lcm® are
evaluative in character, because the plasma composi-
tion in these states is calculated for unstable isotherm
segments. Note also that calculations by the chemical
model reliably describe only the gas—plasma branch of
the isotherm. The calculations for the condensed phase
are qualitative and only give estimates for the critical
temperature, density, and pressure. The structure of the
condensed phase (if it actually exists) can be deduced
only from numerical simulations.

The anomal ous behavior of thermodynamic quanti-
ties in a superdense deuterium plasma was aso
observed experimentally [3]. Figure 7a shows the cal-
culated deuterium shock adiabat and the experimental
results of [3]. The low-temperature branch of the shock
adiabat (T < 10 kK) correctly describes the experimen-
tal datanot only qualitatively, but also quantitatively. In
addition, we observed a density jump in the adiabat
near p = 0.6 g/lcm?’. For 6 < T < 3.5kK, thereisno solu-
tion to the Hugoniot adiabat equation in the gas phase.
However, the calculated value of the density jump is
significantly greater than the measured one. The high-
temperature branch (T > 30 kK) of the calculated adia-
bat gives greatly overestimated val ues of the pressure at
a given plasma density. This may be attributed to the
scatter in the available data on the parameters of inter-
molecular interaction potentials for deuterium and to a
significant error in the model itself near the phase tran-
sition. The proposed interpretation of the experimental
datais original and nontraditional, because theoretical
curves are usually continuous. The area under curve 2
in Fig. 7a determines the range of unstable solutions
within the chemical model. The maximum of curve 2
(Fig. 7a) corresponds to the critical temperature T =
45kK (Fig. 7b).

A similar behavior of the thermodynamic quantities
is also observed in superdense plasmas of other molec-
ular gases. As an example, Fig. 8 shows the phase dia-
gram of an oxygen plasma. The critical temperature is
equal to ~45 kK (curve 3), which is close to the disso-

ciation energy of molecular oxygen O,.
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5.CONCLUSION

In this study, the equilibrium properties of super-
dense hydrogen and deuterium plasmas in the sub-
megabar and megabar pressure ranges have been
numerically simulated by the Monte Carlo method. The
same pressure range has been studied by means of the
previously elaborated chemical model [10, 12, 14]. An
abrupt change in the thermodynamic plasma parame-
ters has been revealed both analytically (by using the
chemical model) and numerically (by the Monte Carlo
method). The mentioned features of the phase diagram
can be interpreted as aphase transition of thefirst kind.
A stepwise change in the composition and density of
the medium at pressures of ~1 Mbar is accompanied by
asharp increase in the electric conductivity, which was
observed experimentaly in [1, 2]. It is shown that,
under these conditions, the dominant charge-transfer
mechanism isthe quantum diffusion of bound electrons
(the hopping conduction).

We can assert that the available experimental data
on the shock adiabat and the conductivity of hydrogen
and deuterium plasmas, together with the results of
numerical simulations by the Monte Carlo method and
calculations by the chemical model, suggest the exist-
ence of a new type of phase transition in dense gases.
A specific feature of this transition is that the compo-
nent composition changes substantially on the phase
boundary between a weakly dissociated molecular gas
and an atomic liquid due to the intense dissociation of
molecules at a high pressure. Further compression of
the liquid can lead to metallization.
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Abstract—The effective cross section for the H; + H, —= Hj + preactionin the energy range 5.7-11.5 eV
is measured by the split beam method. The maximum of the cross section at an energy of ~8 eV isrelated to

the production of the H f compound system. The reaction threshold W, = 5 eV provides evidence in favor
of the classical model of the Hg ion with the charge fixed on one of the nuclei throughout the collision event.

© 2001 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

I nvestigations of the energy levels of molecules con-
sisting of multielectron atoms showed that ab initio cal-
culations by the antisymmetrical molecular orbital
(ASMO) method provide correct results only for the
intermolecular interaction of atomsin a stable structure
and fail when atoms and moleculesinteract at long dis-
tancestypical of both the production of an intermediate
compound in ion—molecular reactions and the forma-
tion of electronically excited or excimer molecules[1].
Using the example of an oxygen molecule, it was
shown that, in calculating the atomic interaction at dis-
tanceslonger than the size of a stable molecul e, the best
results are obtained by taking into account not only
atomic orbitals of an oxygen atom but also orbitals of
O~ and Ot ions. Here, exchange effectsturn out to be of
minor importance [2].

Based on the above approach, the diatomic molec-
ular compound (DMC) method [3, 4] has been devel-
oped, in which the interatomic interaction of chemi-
cally defined structures is of primary importance,
whereas electron exchange between identical atomsis
of little significance. The method was successively
used in studying not only multielectron atomic com-

pounds but also simple structures, such asH,, Hs, and
Hs" [5].

Strictly speaking, in studying electronically excited
molecules and ion—molecular reactions, a chemical
approach istaken in which orbitalsthat can occur asthe
distance between the nuclei constituting a molecule
approaches infinity are assumed to bethe basic ones. In
other words, atomic constituents of a molecular struc-
ture should not change their properties drastically. In

particular, in molecular ions (such as H, or Hy ), only
asuccessive transfer of an el ectron from one nucleus to

another is possible, rather than auniform distribution of
the electron density among the nuclei. The uniform dis-
tribution of the electron density can only be anext order
effect in terms of asmall parameter equal to theratio of
the chemical bond energy to the ionization energy of
the atomic structure.

In this paper, it is shown that studying the threshold
behavior related to Coulomb repulsion in exothermic
ion—molecular reactions makes it possible to verify the
validity of the chemical approach and relate the elec-
tron exchange between nuclei to the excitation of
molecular vibrations. As an example, we will consider
an ion—molecular reaction that proceeds in pair colli-

sionsof H, ions.

According to modern theoretical views, among the
four possible channels for the ion—molecular reaction,

g_'; +H+p -2.65eV (1)

HE o+ HE [H+p+H+p -530eV 2

2T H sp+p 082eV (3)
Q.

Ha+p +318eV  (4)

thelatter two must proceed viathe formation of theinter-
mediate H,  compound [3, 6], whereas channels (1) and
(2) may be direct processes. Previous studies [7, 8]
showed that channels (1) and (2) could not provide the
observed probability of proton production at relative
kinetic energies of W ~ 7 eV [9]. Therefore, at such
energies, channel (4) should be of mgor importance
because, during the decay of the intermediate com-
pound, an exothermic channel prevails, all other factors
being the same. Although channel (4) isexothermic, the
need to overcome the Coulomb barrier makes it very
sensitive to the mutual orientation of the colliding lin-
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ear molecular Hg ions because, in order to form an
intermediate compound, the ions must approach each
other to the distance R ~ 10-® cm (comparable with the
molecular size), at which atomic electron clouds can
overlap.

The measured effective cross section for reaction (4)
(on the order of ~10-'% cn?) indicatesthat theformation

of an H, ion proceeds via an intermediate state, thus

providing evidence in favor of Firsov's theoretical
approach [10], proposed for the description of similar
ion—molecular reactions. On the other hand, such a
cross-section value points to the importance of this
reaction for applications, because an appreciable num-

ber of H, ionsinintense H, or proton beams extracted
from a gas-discharge ion source increase the energy
consumption and, therefore, decrease the efficiency of
this source.

The paper is organized as follows. The concept of
the experiment is described in Section 2, and the exper-
imental setup and the method for recording the reaction
under study are described in Section 3. The results of
measurements are presented in Section 4 and discussed
in Section 5 based on Firsov’s theoretical concept with
alowance for the DM C method, which has been devel -
oped in connection with studies of other ion—-molecular
reactions and excimer molecules. It is shown that the
Coulomb threshold for reaction (4) depends on the
molecular model used—the chemica model or the
guantum mechanical one, inwhich the electron cloudis

distributed uniformly between the two nuclei of an H,
ion. Based on the probability of H; ion production

measured at interaction energies of the colliding H,
ions of several electronvolts, it is concluded that the
chemical approach not only serves as a successful
semiempirical calculation procedure but also ade-
quately describes the processes occurring over time
intervals much shorter than the period of nuclei vibra-
tions, whereas the exchange of electron clouds between
the nuclei correlates with these vibrations.

2. DESCRIPTION OF THE EXPERIMENT

The measurements were carried out by the split
beam method (see [8] for details). To ensure collision
events, a ribbon-shaped ion beam is split into two and
then isfocused so that the ion trajectories of the newly
formed beams intersect in the focal region at a small
angle ¢. In the center-of-mass frame, the total kinetic
energy of the calliding ions W (the interaction energy)
issignificantly lessthan their energy E in the laboratory
frame. For equal ion masses, we have

W = Z6%E. 5)

2
Therefore, it is possible to carry out measurements in
an energy range of several electronvolts for particle
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beams with energies of several kiloelectronvolts, which
greatly facilitates the experiment.

The probability of aninelastic processisdetermined
from the production rate of the new particles (which
will be referred to as “effect particles’) in the beams
after they have crossed each other. If ¢ < 10°, whichis
easily achieved, the effective cross section of the pro-
cess isindependent of ¢ (within an accuracy of 0.5%)
and is equal to (see[8])

0 = ngVoh/lyl,, ©6)

where n. is the production rate of the effect particles,
V, isthe velocity of the beam particlesin the laboratory
frame, |, and |, arethe beam currents, and h isthe beam
height in the intersection region. The fact that the cross
section of the process is amost independent of ¢
impliesthat, at small intersection angles, an uncertainty
in the measured value of o depends only dightly on the
shape and horizontal dimensions of the beam intersec-
tion region (at a constant particle density in beams over
the height h) and, according to formula (6), is only
determined by the scatter in the particle energiesin the
beams:

AG/o = AEI2E = AV,y/V,. )

The angular spread (together with the scatter in ener-
gies) affects, according to formula (5), only the scatter
in the interaction energies

AW/W = AE/E +20/¢.

In our experiments, the angle ¢ was equal to 4°.

To separate the ion—molecular reaction out of al the
processes occurring in the focal region, the H; ions
were recorded. It was taken into account that their
energy was higher than that of H, ions by afactor of
1.5, because both the magnitude and direction of theion

velocity remained almost unchanged in the laboratory
frame.

®)

3. EXPERIMENTAL SETUP

The experimentswere carried out in the DIVO facil-
ity [8]. The system for separating and recording the sec-
ondary particles was substantially modified. A sche-
matic of the experimental setup is shownin Fig. 1.

Molecular hydrogen ions were produced in an RF
ion source S. Then, they were extracted and an ion
beam was formed by alens system L. A magnet mono-
chromator M separated H, ions out of the total ion
flow, formed the beam, and directed it into a high-vac-
uum (p = 1077 torr) chamber HVC. At the entrance to
the chamber, a diaphragm D, with two dits (2 mm in
width and 8 mmin height) wasinstalled, which split the
primary ion beam into two beams (I, and I,). To adjust
the position of the focal region of the primary beam at
diagphragm D,;, quadrupole lenses QL and vertica
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Fig. 1. Schematic of the DIVO facility: (S) ion source, (L) lens system, (M) magnet monochromator, (QL) quadrupole lenses,
(DP) correcting deflector plates, (D4, D,) double-dit diaphragms, (HVC) high-vacuum chamber, (CS) beam convergence system,
(MC) measurement chamber, (C) sectionalized collector, (CF) three-section capacitivefilter, (FC4, FC,) Faraday cups, (EA) energy

analyzer, (EF) electrostatic Tt funnel, and (D) detector.

deflector plates DP were used, which allowed us to
attain approximately equal currents in the beams
behind diaphragm D,.

Slit diaphragm D, served as an entrance diaphragm
of the beam convergence system CS consisting of hori-
zontal deflector plates. The convergence system
ensured the beam intersection at an angle of 4°, which
was determined by the position and dimensions of the
next diaphragm D, with two dits 1 mm in width and
5 mm in height. The beam positions, current ratio, and
intersection angle were monitored by a sectionalized
collector C.

A three-stage el ectrostatic system was used to sepa-
ratethe H, secondary (effect) ions out of the total flow
consisting of H, primary ions, H; and H, secondary
ions, and parasitic ions produced in the interaction of
the beams with residual gas.

The first stage—a flat three-section capacitive filter
CF with oppositely directed fields in the adjacent sec-
tions—separated protons and primary ions and directed
the latter toward Faraday cups FC, and FC,, which
measured the beam currents.

The second stage—a cylindrical capacitive energy
analyzer EA—separated H, effect ions, whose energy

was higher than that of H, primary ions by a factor of
1.5, because, after mutual collisions between the beam
particles with relative energies of no more than 15 €V,
the particle velocities (which corresponded to an
energy of several keV in the laboratory frame)
remained almost unchanged.

The third stage—an “electrostatic 1t funnel” (EF),
which decreased the cross section of the ion beam and
rotated the beam by the angle 1t before recording—
directed the effect ions separated out by the first and
second stages toward a 9-mm-diameter entrance win-
dow of detector D (a secondary channel-type electron
multiplier). The multiplier cathode intercepted all the
ions that passed the Ttfunnel through awindow 40 mm
in width and 30 mm in height. This was certainly the
casefor al of the effections. Therotation of theion tra-
jectories by the angle 1t before recording and the
decrease in the entrance window area of the recording
device ensured a deep reduction in the beam back-
ground noise (scattered ions, neutral particles, and
X-ray photons produced in the interaction of the beam
with the residual gas and the diaphragm surfaces).

The design of the three-stage electrostatic system
for separating the effect ions ensured that, at equal
potentials at all of the system electrodes, only ions of a
definite energy arrived at detector D, which signifi-
cantly facilitated the experiment and improved the sta-
bility of the device operation.

The RF ion source produced H, ions in various
vibrationally excited states. The calculations of [11]
showed that the typical lifetime of theseionsis~10° s.
Sincethe probability of H ; ion production may depend
substantially on the vibrationally excited states of H,
ionsat theinstant of collision, we decreased the number
of vibrationally excited ions in the source by following
a procedure used in [12]. A hydrogen—neon mixture
(rather than pure hydrogen) with avolumeratioof 1: 5

PLASMA PHYSICS REPORTS  Vol. 27

No. 12 2001



RELATION BETWEEN ELECTRON EXCHANGE AND NUCLEAR VIBRATIONS

at apressure of several unitsof 1072 torr was supplied to
the source. Under these conditions, collisions of vibra-

tionally excited H; (v) ionswith Ne atoms result in the

H, (v 22) + Ne — NeH* + H ion-molecular reac-
tion, which proceeds at a high rate because, for v = 2, it
is exothermic. For v < 1, the reaction is endothermic
and proceeds at a much lower rate [13]. As a resullt,
most of the ions that |eave the source and form a beam
areintheground (v =0) and first (v = 1) excited states
with dissociation energies of 2.645 and 2.374 eV,
respectively. Since the estimated reaction threshold for

thisreaction is2.1-2.2 eV [14], acertain amount of H,
(v =2) ionswith adissociation energy of 2.118 eV may
also be present.

4. MEASUREMENTS

The effective cross section a(W) for theion—-molec-
ular reaction was determined from the measured num-

ber of H; ionsarriving at the detector (which operated
in a counting mode) in unit time (useful signal). The
effective cross section and the corresponding energy
were calculated by formulas (5) and (6), in which the
numerical coefficients specifying the beam geometry in
the intersection region were set at

W = 24x10°°E, (52)

0 = 1.26 x 10 ng JE/ 1,1, (6a)
where g isin cm?, Win eV, the intensity of the H; ion
flux n isin particle/s, the currents |, and |, arein A,

and the energy of H, ionsinthebeamsE isin eV.

For each energy value, the useful signal was derived
from the results of four measurements with (1) both
beams, (11) one beam, (111) the other beam, and (1V) no
beams being in operation. In case |, the useful signal
was recorded together with the background noise of
both beams and instrumental noise: N(I) = N + N, +
n, + n,. In cases Il and 11, there was no useful signal
but theinstrumental noisetogether with the background
noise of one of the beams were recorded: N(II) = n, +
Nin, NAID) = n, + . In case IV, only the instrumental
noise (which, under our conditions, was almost zero)
was recorded: N(IV) = n,,. The useful signal was deter-
mined as n,;; = N(I) — N(IT) — N(III) + N(IV).

To diminish the influence of the unstable operation
of theion source on the experimental results, each mea-
surement was carried out for several seconds. The dura-
tions of each of the four measurements were the same
and did not change throughout the entire time during
which the required set of statistical data was accumu-
lated. After every series of four measurements, the
beam currents |, and |, were also measured.

To perform such measurements, the potentials at the
electrodes of convergence system CS were conse-
PLASMA PHYSICS REPORTS  Vol. 27
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Fig. 2. Energy dependence of the effective cross section for
the Hy + H; —> Hy + p ion-molecular reaction. The
solid line fits the experimental results.

quently set at zero, so that the beams were not able to
pass through diaphragm D, (Fig. 1).

Average currents in the beamswere ~5 x 10 A and
grew as the ion energy E increased from 2 to 5 keV,
which corresponded to the interaction energies between
two ions from the different beams W = 5-12 eV. The
useful signal amounted to 0.1-0.5 pulse/s, whereas the
background noise of the beams was 1020 pulse/s.

The results of measurements are shown in Fig. 2. In
view of the small value of the useful signal and signal-
to-noise ratio, the measurements lasted for many hours
to attain the statistical error given in the figure. For this
reason, the measurement of the effective cross section
for agiven energy Wwas preceded by the measurement
for a certain (reference) W* value in order to eliminate
the possible change in the recording efficiency during
such along time. As a result, the relative dependence
o(W)/o(W*) was determined [15]. It was assumed that,
in measuring o for the energy W, the statistical error
was equal to Ac(W) + Aa(W*), whereas for the energy
W, it was zero. The true o(W#*) value was obtained
after averaging al the o(W*) measurements and the
absolute calibration of the systems for separating out
and recording the effect ions.

For the purpose of absolute calibration, the H; ions
extracted directly from the ion source were directed to
detector D (Fig. 1); then, their current was reduced to a
level corresponding to the number of the detector
counts within the linear portion of its characteristics.
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Fig. 3. Qualitative dependence of the singlet potential on
the distance between H; ions for different mutual orienta-

tions of their axes. The curves for the T-type and collinear
orientations coincide.

After that, a Faraday cup wasinstalled in front of the 1t
funnel (it is not shown in the figure), which intercepted
al the H§ ions, whose current was measured by an
electrometer. The relation between this current and the
number of detector counts per second determined the
efficiency of H, ion recording, which turned out to be
amost 100%. It was determined that a(W* = 9.75 eV)
was equal to (1.10 £ 0.14) x 10~ cm?.

5. DISCUSSION OF THE RESULTS
It is reasonable to interpret the obtained energy

dependence of the effective cross section for H ion
production based on the statistical theory of ion—molec-

ular reactions first used in [10] to analyze H ion pro-
duction in collisions between hydrogen molecules with

H, ions. According to [10], reaction (4) proceeds via

the formation of the H,  compound system. At the
interaction energies of colliding molecules W < 20 eV,
the energy of molecular electrons changes adiabati-
cally, because the velocity at which the molecules
approach each other, V(H, ) =3 x 10° cm/s, ismuch less
than the electron velocity V(e) ~ €/ =2 x 10® cm/s.
Since the ion de Broglie wavelength is much less than
the molecular size, the ion collisions can be described
in the model of classical trajectories.

The total spin of a system consisting of two collid-

ing H, molecular ions can be either 0 or 1, which
allows oneto speak about the singlet and triplet interac-
tion potentials. When the distance between the ions
approaches infinity, both potentials become the Cou-

BELYAEV et al.

lomb potential. For the triplet interaction potential, an
adiabatic collision between two H, molecules is not

able to form an Hg molecule, because this molecule,
whose spin is equal to 1, is unstable and decomposes

into an H atom and H; molecule. Hence, in the case of
thetriplet potentials, only channels (1)—«3) arefeasible.

Characteristic of the singlet potential is that, as the
ions approach each other, the Coulomb repulsion is
replaced with van der Waal s attraction, which resultsin
a Coulomb barrier of finite height and a potential well
of finite depth limited by the repulsion potential as the
distance between the ions decreases further. A com-
pound system forms when the ions occur in the poten-

tial well, i.e., when the distance between the H; ions
becomes so small that the electron clouds of the ions
start to overlap. This distance depends on both the

mutua orientation of the Hg molecular axes (linear,
T-type, or collinear) and the position of the electron
cloud in the molecule, which depends on the theoretical

model of the Hg molecule. In the chemica model, both
the H atom and proton keep their individuality during
the collision event and the molecule is regarded as a
dumbbell with acharge concentrated on one of itsends;
consequently, the gravity center of the molecule does
not coincide with the center of charge. The quantum
mechanical model impliesthat the electron cloud isdis-
tributed uniformly between the two nuclei; thus, each
end of the dumbbell carries one-half of the positive pro-
ton charge and the center of the positive charge of the

H, molecule resides exactly midway between the
nuclei. As aresult, within the quantum mechanical and

classical models of the H; ion, the height of the Cou-
lomb barrier and, therefore, the minimum interaction
energy required to create a compound system turns out
to be quite different because of the significant differ-
encein the distances between the gravity center and the
positive charge center.

For the singlet potential, the height of the Coulomb
barrier can be easily determined assuming the Coulomb
repulsion force to be equal to the van der Waals attrac-
tion force, because the repulsion characteristic of
R — 0 does not yet come into play. If the mutual ori-
entation of the moleculesis linear, then the interaction
energy required for the Coulomb barrier to be over-

come during the formation of the H, " systemis W." =
7.8 eV in the quantum mechanical model, whereas in

the chemical model, we have Wg‘) = 5.1 eV and the

cross section is 0 = 0.3 x 107'* cm?. For the T-type
mutual orientation of the axes, the chemical model pre-

dicts the threshold energy Wg‘) = 8 eV and a substan-

tially higher crosssection o™ = (1.5-2.0) x 10! cm?. In
the quantum model, the threshold for reaction (4) for
the T-type configuration of the compound system is
PLASMA PHYSICS REPORTS  Vol. 27
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Wéé) = 12 eV. Findly, in collisions of molecules with
parallel (collinear) axes, the classical and quantum
mechanical models of an H; ion predict the thresholds

Wffﬁ =9 eV and Wf;ﬁ) = 13 eV, respectively. Figure 3
shows the qualitative dependences (calculated by the

chemical model) of the singlet potential of the interac-

tion between two H, ions on the distance between the
ions for different mutual orientations of the ion axes.

Reaction (3), which is dlightly endothermic, results
in the production of two protons and also proceeds via
the formation of an intermediate state. The threshold

for reaction (3) is Wff’) = 5.8 eV for the linear orienta-

tion of the molecules and Wéfgu =9 eV for the T-type

and collinear orientations. In the quantum mechanical
model, the corresponding thresholdsfor reaction (3) are

WY =8.6eVand WS =13eV.

The measured thresholds for reactions (2) [8] and
(4) can be regarded as additional evidence in favor of
the classical chemical approach to the description of the
charge distribution in molecules during the collisions
accompanied by ion—molecular reactions proceeding
viathe formation of intermediate states. A specific fea-

ture of the quantum mechanical model of an H, mole-

cule is the averaging of the electron wave functions
over the positions with respect to the nuclei. Here, a
one-center wave function is actually used and the ques-
tion as to how often the electron jumps from one center
to another remains open. In the classical approach, a
proton is attracted to an atom by the polarization force;
as the proton moves deeper inside the electron cloud,
this force decreases and Coulomb repulsion between
the nuclei comes into play. Obviously, the equilibrium
between nuclei in amolecule can only be dynamical; as
the nuclel vibrate, the exchange of the electron cloud
between them must correlate to the frequency of these
vibrations. Since the duration of the collision event

between H, ionsin which the H," compound system
is produced is much shorter than the period of nuclei
vibrations, the collision proceeds at a fixed instant dis-
tribution of the electron clouds rather than at an aver-
aged quantum mechanical distribution. Interestingly,

the ionization energy |, =153eV of an H, molecu-

lar ion differs from the ionization energy of ahydrogen
atom, |; = 13.6 €V, by only about the potential energy
of the vibrating nuclei, which isone-half of the dissoci-
ation energy D = 2.7 eV. According to [1, 2], these ther-
mochemical estimates can be regarded as important
evidencein favor of the classical model of the molecule
structure. Moreover, for the two-center problem, the
requirement that the classical electron orbitsin amole-
cule be continuous unambiguously leads to the selec-
tion of the eight-shaped orbits correlating only to the
oppositely directed angular moments about each center.
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This determines the choice of the electron wave func-

tion of the “binding orbital” typein an H, molecular
ion. It isalso important that, for the oppositely directed
angular momentsin an H, molecule, the currentsin the
region between the nuclei turn out to be parallel, which,
according to the laws of electrodynamics, leads to the
attraction between them. It is this attraction that seems
to be the reason for the stability of the singlet states of
diatomic molecules.

The obtained energy dependence of the effective

crosssection for H; production isresonant in character
with amaximum at ~8 eV and a steep fall at W = 10—
12 eV. Such agteep fdl in the cross section for reaction (4)
isrelated to the increasing role of direct reactions (1)—

(3). Indeed, the dissociation of H, ions viathese reac-
tions can proceed by transferring the momentum
directly to protons in molecules without the formation

of H, " ions. Taking into account direct reaction (1) and
especially reaction (2), whose thresholds, with allow-
ance for Coulomb repulsion, lie just in the range 8—
12 eV, the probability of producing the compound sys-
tem is found to rapidly decrease. According to [6], this
probability may even become zero when the interaction
energy exceeds the threshold for reaction (4) by the so-
called critical value.

The study of ion-molecular reactions with a Cou-
lomb barrier may provide important information on the
dynamics of electron clouds in molecules and crystals
and their correlation with nuclear vibrations. The corre-
lation between electron exchange and ion vibrations
can be an important mechanism for nondissipative
charge transfer in anisotropic media.
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Abstract—The development of a preformed constriction in cylindrical agar-agar loads at currents of up to
3 MA is studied experimentally. The loads 3-5 mm in diameter have a mass density of 0.1 g/lcm® and arefilled
with different materials. Due to the implosion of the constriction to a minimum size of 40-70 um, a hot dense
plasma (with the electron density n, = 10> cm, electron temperature T, = 0.8-1.5 keV, and ion temperature
T; = 3-12 keV) is produced. It isfound that theion temperature substantially exceeds the electron temperature.
The lifetime of the high-temperature plasma determined from the FWHM of a soft X radiation gSX R) pulseis
shorter than 5 ns, the radiation power of photons with energies of =1 keV is higher than 0.5 x 10'® W, and their
total energy attains 50 J. High-speed photography in the VUV, SXR, and optical spectral regions indicates the
protracted generation of the high-temperature plasma. Calculations by the two-dimensional ideal MHD model
of the Z-pinch show that the most important consequence of the protracted plasmageneration in the constriction
region is that the current is intercepted by a freshly produced plasma. In the course of plasma generation, the
current near the axis inside the region of radius 50 um is at most one-half of the total current. After the plasma
generation comesto an end, almost the entire current is concentrated in this region for several nanoseconds; this
processis accompanied by asharp increasein the plasmatemperature. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The first studies on Z-pinches revealed that regions
emitting intense X radiation arise on the axis of the
plasma column [1]. Experiments with deuterium
showed that these regions also emit neutrons [2].

Investigations demonstrated that, in the emitting
regions, the density and temperature of the plasma are
substantially higher than those in the bulk pinch
plasma. The high-temperature plasma is produced
because of the MHD instability of the pinch and usually
appearsin the regions where constrictions are formed.

In connection with the observed increase in the
plasmatemperature in constrictions, it was proposed to
use this effect to initiate a thermonuclear burning wave
along the pinch [3, 4]. To ignite athermonuclear fuel, it
is necessary to produce one deep constriction with the
plasma temperature and density as high as possible. In
this case, the energy spent on creating the pinch will be
compensated for by heat released during the propaga-
tion of the thermonuclear burning wave. Numerical cal-
culations [5] show that, in order to ignite a thermonu-
clear burning wave along the Z-pinch, it is necessary to
produce a plasmawith atemperature of above5keV in
amicron-sized pinch constriction.

At present, experiments are being conducted at the
RRC Kurchatov Institute with the purpose of studying
the possibility of producing a high-temperature plasma
in afast Z-pinch with the help of a preformed constric-

tion. Thefirst experiments on plasma compression car-
ried out in the Module A 5-01 facility operating in the
low-resistance mode [6] demonstrated the devel opment
of a deep constriction [7-9]. These experiments were
conducted at currents of 0.8-1.5 MA with the use of
profiled dielectric loads. Operation in the range of cur-
rents of 3-5 MA, attainable in modern facilities, offers
the opportunity of further increasing such plasma
parametersin the constriction aspr (wherep isthemass
density andr istheradius) and the temperature T, which
are important for ignition.

In this paper, we present the results from experimen-
tal studies of a plasma produced by the current flowing
through profiled cylindrical agar-agar loads. Experi-
ments were carried out in the S-300 facility at currents
of 2-3 MA with arisetime of T = 100 ns[10].

2. DESCRIPTION OF THE EXPERIMENT

Experiments on the dynamics of a constriction in a
high-density Z-pinch were carried out in the S-300
facility. The S-300 eight-module generator, which was
created and put into operation at the RRC Kurchatov
Institute in 1995, is intended for experimental research
on inertial confinement fusion. This facility is capable
of producing electric pulses with an energy of 300 kJ, a
voltage of 1.3 MV, and aduration of 70 ns.

A high-voltage pulse produced by a forming sys-
tem (1) isfed through an insulator 1 m in diameter (2)

1063-780X/01/2712-1039$21.00 © 2001 MAIK “Nauka/ Interperiodica’
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Fig. 1. Output unit of the S-300 facility: (1) water transmission lines, (2) insulator, (3, 5) concentrator MITLS, (4) target unit with

the load, (6) anode, (7) cathode, and (8) diagnostic tube.

to avacuum energy concentrator (Fig. 1). The concen-
trator is built from vacuum magnetically insulated
transmission lines (3, 5) connected in parallel and
joined in atarget unit (4), in which the load (Z-pinch)
is located. The interelectrode gap in the magnetically
insulated lines of the concentrator is 1 cm, and the max-
imum electric field attains 500 kV/cm. The output
inductance of the generator (the concentrator with the
insulator and the target unit) is 14 nH. Under short-cir-
cuit conditions and at a voltage of 700 kV in the inci-
dent wave, a4-MA current pulse with a 70-nsrise time
was produced. The current through the physical load
(liner) was higher than 3.5 MA, and the current through
the Z-pinch attained 3.1 MA at arisetime of T =100 ns.

Asloads, we used profiled cylindrical agar-agar cyl-
inders 5-10 mm in height and 3-5 mm in diameter with
a preformed constriction 0.1-1 mm in diameter. Car-
bon-filled agar-agar loads, whose initial density could
vary over awide range from atmospheric-gas density to
solid density (0.005-1 g/cm?), were manufactured
based on the technology elaborated at the Troitsk Insti-
tute of Innovation and Fusion Research [11]. In some
experiments, we used deuterated polyethylene as afill-
ing material. The use of agar-agar loads allowed us to

model the dynamics of compression of condensed
hydrogen at lower currents and, additionally, to effi-
ciently transfer the energy from the generator to the
load.

With the output resistance of the S-300 generator
matched to the load, the inductance of the target unit
was no higher than 6 nH. The loads were positioned
along the axis of the target unit between two truncated
stainless-steel cones with vertexes facing each other
(Fig. 1). The cones were electrodes of the discharge
gap; the distance between them could be varied from 6
to 10 mm. In some experiments, the filament material
was doped with diagnostic additives of heavier ele-
ments (chlorine, copper, or potassium) in proportions
of 1-10% of the number of atoms. To study the plasma
compression in the Z-pinch constriction and to measure
the plasma parameters, we used various X-ray diagnos-
tics (Fig. 2).

The plasma temperature and density were deduced
from the ratio between the intensities of hydrogen lines
and helium-like ion lines (resonant and intercombina-
tion lines). The ion temperature was deduced from the
Doppler broadening of spectral lines. The X-ray spec-
trum was measured with a spectrograph with a convex
PLASMA PHYSICS REPORTS  Vol. 27
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cylindrical mica crystal [12]. Even for a small angular
size of the source, the convex crystal of the X-ray spec-
trograph alowed observations over a wide spectral
range from 2.5 to 13 A, which usually included two to
three orders of reflection of the lines. The width of an
individual spectral line was determined by both its
proper spectral width (predominantly, related to Dop-
pler broadening) and the diameter of the radiation
source. Depending on the order of reflection, the contri-
bution to the line width from the spectral component
increases, whereas the contribution from the geometric
Size of the source remains constant. This circumstance
makes it possible to separate the geometric and spectral
contributions to the line width [13]. The crystal gener-
atrix was parallel to the Z-pinch axis. A horizontal slit
0.5 mm wide was positioned in front of the spec-
trograph so as to form the longitudinal image of the
Z-pinch. The smaller scale of an individual point of the
image was evaluated from the width of the image
boundary (half-shadow). Beryllium and polypropylene
foils of width 20 and 2 um, respectively, were placed at
the entrance to the spectrometer. The spectrum was
recorded on a Kodak DEF film. The spectrograph was
placed inside a protective lead case.

The dynamics of the plasma parameters was
deduced from the discharge emission in the photon
energy range 0.05-10 keV. VUV radiation and soft X
radiation (SXR) were measured with vacuum photoe-
mission detectors with auminum photocathodes
equipped with different filters. Structurally, the detec-
torswere joined in vacuum units containing two or four
detectors. The photoemission detectors were located in
a diagnostic tube (8) (Fig. 1) at a distance of 0.9-3 m
from the load axis.

The structure of the radiating plasma was deter-
mined with the help of time-integrated and frame pho-
tography. For time-integrated photography, we used
pinhole cameras with apertures of 20, 50, and 100 pm;
the magnification varied from 1.25 to 4. The highest
resol ution on the object was 40 um for a magnification
of 1.25 and a pinhole aperture of 20 pm.

For the frame photography of the plasma in the
VUV and SXR spectral regions, we used a system of
three X-ray image tubes. The spatial and time resolu-
tions of the system were 100 um and 3 ns, respectively.
To study the character of the electric breakdown in the
load and to trace the further behavior of the plasmain
the visual spectral region, we used frame photography
with image tubes (with a frame exposure of 5 ns) and
high-speed streak-cameraimaging. Thetime resolution
of the streak camerawas 1 ns, and its spatial resolution
was 0.05 mm. In these experiments, the Z-pinch was
traced in both the radial and axial directions.

Concurrently with the radiation pulses, we mea-
sured the electric parameters of the discharge gap: the
voltage, current, and current time derivative at the
entrance to the target unit.

2001
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Fig. 2. Experimental arrangement: (/) crystal spectrograph,
(2) pinhole camera, (3) laser, (4) three-frame el ectron-opti-
cal system, (5) high-speed streak camera, (6) VUV diodes,
and (7) three-frame X-ray electron-optical system.

To study the evolution of the peripheral plasma, we
used laser praobing, which provided two-frame shadow
or schlieren photographs of the object. The probing was
performed at the second harmonic of aYAG : Nd laser
at awavelength of 532 nm with a 50-ns pause between
the frames. The laser pulse duration was 10 ns, and the
pulse energy was 20 mJ.

3. EXPERIMENTAL RESULTS

In experiments on the dynamics of plasmacompres-
sion in the Z-pinch constriction, the energy of theinci-
dent wave fed to the concentrator was 100 kJ. The best
matching between the generator and the agar-agar load
with an initial diameter of 3-5 mm was achieved when
the load height was 8-10 mm; in this case, the current
attained 3 MA (Fig. 3). In these experiments, the mass
density of loads varied from 0.05 to 1 g/cm?. Theinitial
diameter of the constriction was 0.5-1 mm. The mass
per unit length in the constriction varied from 0.1 to
5 mg/cm. To provide high plasma parameters, which
depend substantially on the current, it was necessary to
achieve the matching between the plasma compression
time and the current rise time. For loads with a density
of 0.1 g/cm?, the matching was achieved at initial con-
striction diametersless than 1 mm.

It was found that the process of plasma formation
after the electric breakdown of carbon-filled agar-agar
loads depended substantially on the initial density and
radius of filaments. At initial densities lower than
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Fig. 3. Waveforms of (1) the voltage, (2) current, and SXR
signals obtained with (3) 5-um Dacron and (4) 10-um
Mylar filters and (5) without filters for an agar-agar load
filled with carbon at a density of 0.1 g/cm? and an initial
constriction diameter of <1 mm.

70 ns 70 ns

80 ns

100 ns

Fig. 4. Image-tube photographs of the agar-agar load in
(Z, 2) the optical and (3, 4, 5) VUV-SXR spectral regions.
Timeis counted from the beginning of the current pulse.
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Fig. 5. (a) Pinhole photograph of the constriction region
obtained with a 12-pm Mylar filter and (b) densitograms of
the constriction produced by the compression of the agar-

agar |oad filled with graphite at a density of 0.1 g/cm® and
aninitial constriction diameter of <1 mm.

5% 1072 glem® (which were close to those in experi-
ments carried out in the Module A 5-01 facility) [14], a
plasma corona with a diameter exceeding the load
diameter was formed. The arising hot points were cha
otically located in the volume occupied by a low-den-
sity plasma. In optical streak camera images obtained
with axial tracing, it is seen that, at the beginning of the

BAKSHAEYV et al.

process, bright channels with diameters approximately
equal to 1 mm arise. These channels exist for a long
time during the discharge, the number of channels
being no larger than 4-5. The transverse size of most of
the bright channels changes dlightly with time; only
some of them expand in the axial directionwith aveloc-
ity of 10° cm/s.

As the initial density increased to 0.1 g/cm?, the
integral pinhole photographs and the photographs
obtained with X-ray image tubes showed the formation
of a hot and dense plasma in the region of the pre-
formed constriction (Figs. 4, 5), as was previously
observed in experiments performed in the Module A 5-01
facility [7, 9]. The minimum constriction size was
reached when the current was close to its maximum
value. After the maximum compression, the plasmain
the constriction began to expand.

In streak cameraimages obtained with axial tracing,
it is seen that, against a rather intense radiation back-
ground, a bright region less than 1 mm in size arises
and, then, 130 ns from the beginning of the current
pulse, is split into two bright regions moving in the
axial direction (Fig. 6a). The mean propagation veloc-
ity of the bright regions moving apart is2 x 10° cm/s.
In some experiments, the splitting and axial motion of
bright regions were not observed. In streak camera
images obtained with radial tracing, it is seen that the
transverse size of the bright regionisequal to 1 mm and
does not vary for 100 ns. Then, the plasma begins to
expand with a velocity of 2 x 10° cm/s in the radia
direction (Fig. 6b). In streak camera images obtained
with radial tracing, it is seen that the emission intensity
sharply increases by the time when the current is close
to its maximum value. The observed phase of intense
emission lasts for 10-15 ns. Before the phase of the
maximum emission intensity, while the current was
increasing, we observed short bright bursts lasting for
several nanoseconds.

This behavior of the plasma emission may be
explained by the fact that the formation of a plasma
from the solid phase of the agar-agar load takes arather
long time; the plasma also forms gradually and moves
toward the axis over arather long time close to the cur-
rent rise time. In this case, the current is distributed in
space between the axis and the pinch boundary. The
character of the emission from the load constriction
region observed in the frame photographs obtained
with optical and X-ray image tubes also indicates the
protracted plasmaformation in the constriction (Fig. 4).
In these photographs, it is seen that, up to 80 ns, the
constriction size varies only dlightly; 20 ns later, a
bright point arises. A similar character of the formation
of hot points was also observed in [7, 9].

The plasma compression is accompanied by the
generation of SXR pulses. Figure 3 showsVUV signals
behind a 12-pm Mylar filter (12 pum Dacron + 0.1 pm
aluminum) and a 5-um Dacron filter and also an unfil-
tered signal. The instant at which the hot plasma
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Fig. 6. Optical streak cameraimages obtained with (a) axial and (b) radial tracing.

appearsis determined from the time when the SXR sig-
nal reaches its amplitude vaue (behind the 12-um
Mylar filter); this time corresponds to the maximum
current. Notethat theVUV diodewith the 12-um Mylar
filter is most sensitive to photons with energies of
2 keV. The lifetime of the hot plasma determined from
the FWHM of the SXR signal was shorter than 5 ns.
The radiation power of photons with energies of 2 keV
is higher than 5 x 10° W, and their total energy is
20-50 J.

In integral photographs obtained with the 12-um
Mylar filter (the corresponding cutoff energy at alevel
of 0.1is1.5keV), itis seen that, a plasmawith a mini-
mum size of 40-70 um is formed as a result of com-
pression (Fig. 5). The measurements of the width of a
half-shadow of the edge of the horizontal dit give a
close value of the hot-plasma size: 6070 um.

The €electron temperature and density in the con-
striction region were calculated by the collision-radia-
tive model with allowance for the re-emission in lines
[15]. Estimates by this model give the el ectron temper-
ature T, = (0.8-1.5) keV, ion temperature T, = (1—
12) keV, and electron density n, = (0.3-1) x 10*2 cm.
The characteristic emission spectrum from potassium
and chlorineimpurity ionsisshowninFig. 7. Asisseen
from the table, the ion temperature is substantially
higher than the electron temperature.

Estimates for the relaxation times T, T;;, and T4
show that, for the measured plasma density, thermal
equilibrium should be established both in the electron
component and between the ions of different species.
However, thermal equilibrium between the ions and
electronsis not reached.

Parameters of the high-temperature plasma

We note that the plasma parameters at the end of the
compression depend substantially on the constriction
profile. The highest plasma parameters are obtained
with a constriction shaped like two truncated cones
with the vertexes facing each other and the apex angle
not exceeding 90°. For the load-material mass density
close to the solid mass density, the formation of a hot
plasma was observed in the region of the preformed
constriction when the diameter of the constriction was
less than 0.5 mm [14]. The compression was accompa-
nied by a sharp increase in the voltage and the appear-
ance of characteristic spikes in the filtered VUV sig-
nals. Thetypical size of the compressed plasmawas on
the order of 100 pum. For aload with a mass density of
1 g/lcm?, the plasma parameters (density and tempera-
ture) were substantially lower than those for loads with
amass density of 0.1 g/lcm’.

The dynamics of arelatively low-density peripheral
plasma was studied with the help of two-frame shadow
and schlieren photographs. The shadow photographs of
the Z-pinch plasmaare shown in Fig. 8a. Assuming that
laser radiation is absorbed due to inverse bremsstrahl-
ung, the electron density can be estimated as n, =
10" cm=. The plasma velocity in the constriction
region is at most 10° cm/s, and the velocity of the
gjected plasma at the Z-pinch periphery is on the order
of 4 x 10° cm/s. Schlieren photographs are presented in
Fig. 8b. Asamask, we used adisk 1.5 mm in diameter
positioned at the lens focus; this allowed us to measure
the gradientsin all directionslying in the plane perpen-
dicular to the probing beam. The measured gradientslie
within therange4 x 10" cm < |gradng| < 3 x 10%° cmr™.
The velocity of the egjected plasma is close to that

. e Z of the diag- 3 Plasma
Experiment no. Load composition nostic additive Te, €V | T;, eV | ne,cm diameter, mm
1 Agar-agar(25%) + C(60%) + KCI(15%) 17 931 | 12014 |3.72x10% 0.34
1, another point - 19 1330 3865 | 4.96 x 10%* 0.48
2 - 17 1172 8328 | 2.05x 102 0.48
3 Agar-agar(35%) + C(60%) + CuCl,(5%) 17 804 | 13614 1x10% 0.3
PLASMA PHYSICS REPORTS Vol. 27 No. 12 2001
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Fig. 7. X-ray spectrum of potassium and chlorine impurity
ions for three orders of reflection.

obtained from the shadow photographs and is equal to
(4-5) x 108 cm/s,

4. MODELING OF THE PINCH DYNAMICS
WITH ALLOWANCE FOR THE PLASMA
FORMATION

An important feature of the compression of a
Z-pinch produced using the filled agar-agar load is a
gradua (rather than instantaneous) conversion of the
load material into plasma. Therefore, when modeling
the discharge, we should take into consideration not
only the plasma dynamics, but also the dynamics of a
neutral gas produced by the evaporation of the load
material.

The problem of the gradual formation of the plasma
shell of the pinch, including the entrainment of the neu-
tral gas by the plasmashell, wasanalyzed in[16, 17] in
the three-fluid model. These papers were devoted to
discharges in hydrogen. It was shown that neutra
(unionized) hydrogen is rather easily involved in
motion due to charge exchange. As aresult, the weakly
ionized plasma shell movesto the axis of the system as
asingle entity.

A somewhat different situation occurs when the
plasmais produced from agar-agar. The agar-agar |oad
consists of chaotically placed solid filaments~10 umin
diameter and a filling material (typicaly, carbon)
between them. In the discharge, both the filament and
the filling material gradually evaporate, rather than
instantaneously convert into a plasma. The gas pro-
duced by evaporation isalso gradually ionized and con-

Anode
P
Vi
Cathode 95 ns
(a)
Anode
Cathode 145 ns

BAKSHAEYV et al.

verted into aplasma. If the time needed for the material
evaporation and plasma formation is comparable with
the discharge current rise time, it is necessary to take
into account the continuous generation of the plasmain
the interelectrode space. For available pinch dis
charges, the time needed for the load material to be con-
verted into a plasma is comparable to the current rise
time (~100 ps). The most important consequence of the
continuous plasma generation in the interel ectrode gap
is that the current is intercepted by afreshly generated
plasma.

In [18], adifferent, smpler model was used to ana-
lyze the evolution of awire liner. It was assumed that
the wire liner is gradually converted into a gas and,
then, into a plasma. The neutral gas of the evaporated
liner material was assumed to be at rest until it was con-
verted into a plasma. This approach smplifies the sim-
ulation, because it does not require a description of the
motion of the neutral component. Here, we use a simi-
lar simplification.

Calculations were performed for the S-300 experi-
mental conditions by the ideal two-dimensional
Z-pinch model described in [17]. The discharge current
in the circuit was taken from experiment (Fig. 3). The
load configuration is shown in Fig. 9a. The initial con-
striction radiuswas 0.5 cm, and theinitial material den-
sity was 0.1 g/cm’.

Thetime evolution of the agar-agar load depends on
both the incident radiation power and the heat transfer
due the heat conduction to the evaporated material [19].
At present, simulations of plasma generation in the dis-
charge encounter difficulties. To simplify calculations,
it was assumed that the load material is converted into
aplasmain acertain characteristic time t,,. The rate of
the load evaporation and conversion into a plasma
depends on the radiation power and the neutral (still
unionized) load material. The radiation power is
approximately proportional to the heat energy con-
tained in the pinch plasma. Since the pinch heat energy
is determined by the current squared and the pinch cur-
rent grows linearly with time, the rate of the plasmafor-

Fig. 8. (a) Shadow and (b) schlieren photographs. Time is counted from the beginning of the current pulse.

PLASMA PHYSICS REPORTS Vol. 27 No. 12 2001
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(a) Agar-agar (b) t=40ns
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(¢)t=80ns (d)t=83ns

Fig. 9. (8) Configuration of the agar-agar load and (b)—(d) the electron density distribution at different times after the beginning of

discharge.

mation in the space filled with the load materia can be

written in the form dp/dt = 2pt2/rfv, where p is the
agar-agar mass density. The plasma density increases
due to evaporation only in the regions containing the
load material.

Calculations were performed with different charac-
teristic times t.,. From a comparison of the calculated
and experimental compression times, it was found that
the load material in the constriction region has time to
be converted during the current rise time. The best
agreement between the experiment and simulations
was achieved with the evaporation time 1., = 80 ns.

Figures 9b—9d show the electron density distribu-
tions at times 40, 60, 80, and 83 ns. Calculations show
that the pinch is compressed and the current-carrying
shell arrives at the pinch axis rather rapidly (by 36 ns).
Then, the pinch compression stops. However, the pinch
remains stable up to 80 ns and the development of the
constriction does not lead to the pinch breaking. The
stability of the pinch from 40 to 80 nsis explained by
thefact that the gas surrounding the pinch flowsinto the
pinch compression region and the number of particles
in the cross section of the pinch near the constriction
region does not decrease. After 80 ns, the process of
plasma formation comes to an end and the pinch
becomes unstable, so that, 3 nslater, apronounced con-
striction is observed (Fig. 9d).

Figure 10 shows the radial profiles of the current
density in the cross section of the constriction at t = 30
and 80 ns. At t = 30 ns, the current-carrying shell isseen
to converge on the pinch axis. Besides a thin current
layer pushing the plasma, we can see a small peak of
the current density at aradius of 0.045 cm. This small
current peak arises becauseit is necessary to accelerate
a freshly generated plasma to the radial drift velocity
v = cE/B, where E(r) isthe z-component of the electric
field and B(r) is the magnetic field in this region.

PLASMA PHYSICS REPORTS  Vol. 27
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Thecurrent profileat t = 80 nsistypical of themain
phase of the discharge from 36 to 80 ns. During this
period of time, a fraction of the total current com-
presses the pinch plasma column near the axis (r <
0.15 mm). Another peak of the current density islocated
in the plasma-generation region (r = 0.25-0.5 mm).
Characteristically, the current density increases toward
the boundary of the plasma-generation region. This
current peak existswhile aplasmaisbeing formed from
the load material. The value of the current intercepted
by the outer part of the plasma shell can be seenin the
profiles of the current through the region of a given
radius(Fig. 11). Itisseenin Fig. 11 that from 10 to 50%
of thetotal current isconcentrated near the axis, and the
remaining current is distributed in the plasma-genera-
tion region. After the process of plasma generation
comesto an end, the current israpidly redistributed and
most of the current is concentrated in the constriction
region (seethe profileat 100 nsin Fig. 11).

Note that, in the region from 0.15 to 0.2 mm, the
current is negative. In thisregion, alow-density plasma

Js Alcm?
8 _
1x10 H —30 ns
- 80 ns
—T /

0.5 x 108}
=
0 0.05 0.10
r, cm

Fig. 10. Radia profiles of the current density in the con-
striction region at times of 30 and 80 ns.
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2 x 100+
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1 x 10°H 40 ns
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1 1
0 0.05 0.10
7, cm

Fig. 11. Current through the pinch region of radiusr in the
cross section of the constriction, | = Br/2c, at different
times.
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2 x 100+
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]
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Fig. 12. Time evolution of (a) the discharge current and
(b) the current through the region of radius 50 um in the
cross section of the constriction.
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1
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Fig. 13. Time behavior of the plasma temperature in the
center of the constriction.
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moving from the periphery entersthe compressed pinch
region and is slowed down because of both collisions
with the slowly moving plasma in front of it and the
compression of the frozen-in magnetic field of the cur-
rent. The magnetic field pressure in this region pushes
the plasma away from the axis, which isreflected in the
negative electric current in this region.

The time variations in the total current and the cur-
rent through the region of radius 100 um are shown in
Fig. 12. Itisseen that the current at the axis arises when
the plasma shell arrives there and then increases as the
total current increases. However, thetotal currentinthis
region is no higher than 50% of the total current during
plasma generation. As soon as the plasma generation
comes to an end, the current becomes amost totally
concentrated inside the region of radius 100 pm
(Fig. 12).

Figure 13 shows the time behavior of the plasma
temperature in the central part of the load, where a
high-temperature plasma emitting SXR is usually
observed. It is seen that, when the plasma shell arrives
a the axis (at t = 36 ns), the plasma temperature
increases abruptly to ~100 €V. Then, the temperature
slowly increases and the high temperature (above
1 keV) isreached only after the process of plasmagen-
eration comesto an end. During arelatively long period
of time (from 36 to 80 ns), the plasma continuously
flowsinto the constriction region in the radial direction
and leaves thisregion through the ends. In this case, the
number of particles in the constriction cross section
varies only slightly, because it is governed by the bal-
ance between the plasma inflow in the radial direction
and its outflow along the axis.

Thus, our investigations show that the process of
gradual plasma generation stabilizes the Z-pinch
against the formation of a constriction. Thisensuresthe
existence of a stable plasma pinch while the pinch cur-
rent grows to its maximum level (~2.3 MA). After the
plasma generation comes to an end, the pinch becomes
unstable and the further development of the constric-
tion occurs at the maximum pinch current.

5. CONCLUSION

Experiments performed in the S-300 facility have
shown that, at a current of 3 MA (aswell asin the pre-
vious experimentswith acurrent of 1.5 MA [7]), adeep
constriction develops in the region of the preformed
neck. The compression of agar-agar loads leads to the
formation of a high-temperature plasma region of size
40-70 pm. The time needed for the high-temperature
plasmato be formed in the profiled load is comparable
to the current rise time. The highest plasma parameters,
ne= 10?2 cm= and T, = 1.5 keV, are obtained using the
loads with initial mass densities of 0.1 g/cn?. Thelife-
time of the high-temperature plasmais5 ns. The power
and total SXR energy in the photon energy range
>1keV are equal to 5 x 10° W and 20-50 J, respec-
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tively. It is found that the ion temperature substantially
exceeds the electron temperature; the ion temperature
measured from the Doppl er broadening of linesisin the
range 3—-13 keV. Laser probing shows that a peripheral
plasmawith arelatively low density (n, < 10 cm™) is
slow-moving; its mass velocity during the current rise
phase is no higher than 2 x 10° cm/s. The high-speed
photography in the VUV, SXR, and visible spectral
regions shows that the plasma generation is protracted.
Shot-time plasma flows are carried away from the con-
striction region to the load axis over several nano-
seconds.

The calculations show that, because of the materia
evaporation, a fraction of the current is intercepted by
the periphera plasma. The current flowing through the
peripheral plasma reduces the magnetic field pressure
at the pinch shell by afactor of 2.

The compression of the ionized plasma occurs at a
rather early stage (40 ns). Then, during arelatively long
period of time (from 40 to 80 ns), the number of parti-
clesin the constriction cross section varies only sightly
and the pinch remains stable. After the plasma genera-
tion comes to an end, the pinch becomes unstable and
further development of the constriction results in the
appearance of a high-temperature plasma at the pinch
axis. The process of gradual plasma formation stabi-
lizes the Z-pinch against the formation of a constric-
tion. This ensures the existence of a stable pinch while
the pinch current grows to its maximum value.
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Abstract—The acceleration of dense electron bunches (e.g., those produced by the ionization of thin films) at
the front of a high-power electromagnetic wave in vacuum is considered. It is shown that the reaction force of
the intrinsic radiation of abunch can play a significant role in the acceleration process because it givesrise to
an additional accelerating force acting on the bunch and to forces that compress the bunch in the longitudinal
direction. As aresult, al of the bunch electrons can be synchronously accelerated during the first several half-
periods of the external electromagnetic field. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, much attention has been devoted to
the problem of electron acceleration by superintense
laser pulsesin vacuum [1-12]. Such problems are usu-
aly solved by investigating the propagation dynamics
of an individual electron in the field of a high-power
electromagnetic wave, in which case, in the equations
of motion, the own radiation of the electrons and other
collective effects are neglected.

The behavior of anindividual electroninthefield of
a moderate-intensity electromagnetic wave (with the
dimensionlessamplitude a, = eE/mcw< 1, whereeand
m are the charge and mass of an electron, ¢ isthe speed
of light, and E and w are the amplitude and frequency
of the electromagnetic field) is most often described by
the ponderomotive potential model [1-7, 10], in which
the electron motion is assumed to be a superposition of
a relatively slow drift and rapid oscillations related to
the fast changes in the wave phase at the instantaneous
position of the electron. For superintense laser pulses
achievable at the present time [13], wehave o, > 1, s0
that the ponderomotive potential model isinapplicable:
the electron is already efficiently accelerated during the
first half-period of the externa field, while the field
phase along the electron trgjectory changes slowly.

Recently, new methods have been developed that
make it possible to produce dense electron bunches by
ionizing solid-state thin-film targets by ultrashort laser
pulses [14], in which case the electron density in the
bunches can be as high as the el ectron density in solids.
In order to describe the acceleration of such electron
bunches by a superintense (o, > 1) laser field in vac-
uum, it isnecessary to use new approaches, because, on
the one hand, the ponderomotive potential model is
inapplicable and, on the other hand, the self-action of
the bunch viaintrinsic radiation may be significant and,

thus, should be taken into account in the analysis of the
bunch motion.

In this paper, we study (both numericaly and ana-
lytically) how a dense electron bunch produced by the
ionization of athin-film target is accelerated at the front
of asuperintense (o, > 1) electromagnetic wavein vac-
uum. We take into account radiation effects and assume
that the target ions are immobile.

The nonlinear electrodynamic effectsin the interac-
tion of high-power laser pulses with thin foils, such as
harmonic generation and the change (sharpening) of
the laser pulse shape, were considered, e.g., in[12, 15].

2. QUALITATIVE ESTIMATES

We start by considering some characteristic features
of amodel description of the collective radiative inter-
action between electrons. The idea of collective meth-
ods of charged particle acceleration wasfirst originated
in the mid-1950s by V.I. Vekder [16]. Let an electro-
magnetic pulse beincident on adense electron bunch of
volume V. For simplicity, we assume that the bunch
dimensionsin al directions are much smaller than the
wavelength A of the incident radiation. In order to esti-
mate the role of collective effects, we begin by neglect-
ing Coulomb repulsive forces between the bunch elec-
trons. In other words, we assume that al electrons
move aong identical trajectories and the dipole
moment d of the electron system has the form d = Ner,
where N is the number of electrons in the bunch and r
isthe bunch coordinate. In this case, to the lowest order
in v/c (where v isthe velocity of an electron), the coor-
dinate of the bunch moving in the field E of a plane

wave satisfies the equation I = eE/m. As a result, the
total intensity of dipole radiation is | = 2N?e&*E?/3mPc?

[17], and the effective scattering cross section o,
defined as the ratio of the total intensity of dipole radi-
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ation to the intensity of the incident wave, is equal to
o = 8Te*N?/3nmPc?, which is N? times larger than the
cross section for the Thomson scattering of radiation by
one electron. Since the momentum lost by the incident
waveistransferred to the electron bunch, the time-aver-
aged force acting on the bunch is f;y = 2e*N*E?/3m?c*.
This means that the averaged force acting on an elec-
tron, f, = /N, increases in proportion to the number
of bunch electrons and, therefore, can be fairly strong
for dense electron bunches, thereby indicating the pres-
ence of collective effects. Of course, for relativistic
electron bunches, these estimates are incorrect, but they
show that the radiative interaction force should be taken
into account when the electron bunch density is suffi-
ciently high.

As an example, let us compare the radiative inter-
action force with the conventional force (proportional
to E) acting on an electron in the given field of aplane
wave. Again, to the lowest order in v/c, we have
f,/eE = 2e’NE/3m?c*. Analyzing thisratio for one elec-
tron (N=1), we can see that, even for the strongest
laser fields achievable at the present time [13], the aver-
age radiation-reaction forcef, is seven orders of magni-
tude smaller than eE. However, for buncheswith alarge
number N of electrons, theseforcescan, in principle, be
comparable. In fact, for an electron bunch with a den-
sity of 10?> cm3 [14] and avolume of V = A% and for an
incident radiation with awavelength of 1 um, weobtain
N = 109, so that the average radiation-reaction force is
dominant.

An anal ogous conclusion can be drawn from a.com-
parison of the average radiation-reaction force with the
gradient ponderomotive force, which is usually
regarded as the main driving force for electron acceler-
ation by electromagnetic pulses in vacuum [1-7, 10].
For the gradient ponderomotive force, we have [4] f, =

-2V |E)*/2mu?. Inthis case, the force ratio isindepen-
dent of the field strength and, for one electron, is equal
to f,/fy = 4ANe?wr’Az/3mc?, where Azisthe characteristic
scale length on which the field decreases. To be spe-
cific, we set Az equal to 100 wavelengths, in which case
the force ratio f,/fy for a bunch consisting of one elec-
tron ison the order of 10~*. Thisindicates that, for low-
density electron bunches, the radiation-reaction force
can be neglected. However, for dense bunches contain-
ing about N = 10'° electrons, the average radiation-
reaction forcef; ismuch stronger than the gradient pon-
deromotive force f, for Az = A/2 and, thus, should be
incorporated into the equations of motion.

We emphasize that taking into account the radiation-
reaction force is only important in problems of the
acceleration of dense electron bunches. Even for high-
current electron beams with a typical density of about
10'2 cn3, there is at most one electron in a volume of
V = A3; hence, for such beams, the radiation-reaction
force can nearly aways be neglected.
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The above qualitative considerations show that the
acceleration of dense electron bunches should be
described with allowance for collective effects. Gener-
aly, efforts to exactly incorporate the radiation-reac-
tion forces in a system with many relativistic electrons
run into significant difficulties [17]. Numerical model-
ing implies the simultaneous solution of Maxwell’s
equations and the relativistic equations of motion for
many electrons. However, this way is fairly compli-
cated and the physical interpretation of the final numer-
ical resultsisfar more difficult. An alternative isto use
amodel that sometimes makesit possibleto derive ana-
Iytic expressions for the radiation-reaction force in the
case of many electrons, e.g., the so-called 1D3V model,
in which the electron motion is described in terms of
one spatial coordinate and three velocity components.
Itis clear that thismodel provides an adequate descrip-
tion of the main processes occurring during the ioniza-
tion of thin films by high-power laser pulses. Here, we
apply acombined (numerical and analytical) version of
the 1D3V model; i.e.,, we reduce the problem to the
solution of equations of motion (which are ordinary
delayed differential equations).

3. MODEL AND BASIC EQUATIONS

We consider a medium that is homogeneous in the
plane perpendicular to the z-axis; i.e., we assume that
the charge and current densities (p(z t) and j(z t))
depend only on the coordinate zand timet. Let usfirst
represent the charge and current densities as p(z, t) =
00[z— Z(t)] and j(z, 1) = ov(1)d[z— Z(1)], where g is
the surface charge density. Physically, these representa-
tions describe a thin plane charged sheet that is infinite
in the x and y directions and is composed of electrons
that al move in the same manner (the longitudinal
coordinate and velocity of the electrons are Z(t) and
v(t), respectively). In this case, formal solutions to
Maxwell’'s equations can be obtained using a Green's
function approach [18-20]:

E,(z,t) = 2rtosgn[z—Z(t")],
2mop(t')
1-B,(t")sgn[z—-Z(t")]"

2mof(t) x &
1-B,(t") sgn(z—-Z(t))

ey

Ene(z 1) =

2

He(z 1) =

sgn[z—Z(t)],
3)

where E = Eice, + Ece,, Vo= Ve, + Viey, B=v/c,and
the delay time t' is determined from the equation c(t —
t') =lz-Z(t").

Expressions (1)—(3) are one-dimensional (or, more
precisely, 3+1-dimensional) analogues of the classical
Lienard-Wiechert solutions [17] and describe the field
of aninfinite charged (electron) sheet, in which casethe
field components E,, and E, can be interpreted as the
near field and radiation field of the sheet, respectively.
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Now, we consider a medium whose initial charge
density is arbitrarily distributed along the z-axis, on
which the medium is assumed to occupy region Q. We
divide this region into thin electron sheets of width dz,
by the planes perpendicular to the z-axis and describe
the state of each sheet by Lagrangian variables. Specif-
ically, let Z(z, t) be the longitudinal coordinate of the
sheet with theinitia coordinatez, 0 Q, and let Bz, t) =
0Z(z,, t)/cot and B = By(Z, t) be the dimensionless
longitudinal and transverse velocities of the sheet. In
other words, we number the sheets by their initial coor-
dinates z,. In accordance with expressions (1)—3), the
total radiation field of the charged medium is the sum
of the radiation fields of the elementary sheets:

Es(zt) = 2TTJ'D(Zo) sgn[z-Z(z, t)]dzo, (4

Ens(z 1)

BolZo (2. 20, 1) dzf )
1-sgn[z—2Z(zy, Y]B A2, t'(2, 20, 1))

= —ZHI (o)

H(zt) = 21
(6)
Bz t'(z 25, 1)) x €,50n(2 - Z(2,, 1)) iz,
1-s9n(z—-2Z(2p, 1)) B2, t'(Z 20, 1))

x _[ P(2o)
Q

where the delay time t'(z, z,, t) for each sheet is deter-
mined from expressions (1)—3).

The interaction of electrons with the self-consistent
radiation field givesrise to the effective “viscous” force
F, = eE + ef x H,, which acts on each electron in the
sheet [17, 18]:

dt

where p is the relativistic electron momentum and E
and H are the strengths of the external electromagnetic
field (thefield strengths E and H are assumed to be con-
sistent with the modedl of a medium that is homoge-
neous in the x and y directions; i.e., the medium is
assumed to remain homogeneous throughout the evolu-
tion of the system). Note that the radiation-reaction
force F; has both transverse and longitudinal compo-
nents, the latter component being highly nonlinear.
Thus, for aninfinitely thin electron sheet, the transverse
and longitudinal force components are equal to [see
expressions (1)—(3) and Eg. (7)]

90 - of +epxH +F, %)

Fo, = —2noeP,, Fg, = —2moelB|’B/(1-B.).(8)

First, we consider the nonrelativistic limit, in which
v, < v, < c. We estimate the average force exerted by
a normally incident, monochromatic, electromagnetic
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wave with frequency w and amplitude E, on an infi-
nitely thin electron shest.

That the average pressure force exerted by the wave
on the electron sheet does exist is clear from the follow-
ing physical considerations. Without allowance for the
intrinsic radiation of the sheet and the related radiative
loss, the charges move along closed tragjectories (in the
frame of referencein which the chargesare, on average,
at rest). Such motion of the charges is a superposition
of transverse oscillations at the frequency of the inci-
dent wave and longitudinal oscillations at the doubled
frequency [17], in which case the period-averaged pres-
sure force exerted by the wave on the electron sheet
vanishes. If we now take into account the intrinsic radi-
ation of the electron sheet, we can see that the charge
trajectories do not close upon themselves, which indi-
cates that the incident wave is scattered (the reflection
coefficient of the sheet for the wave is nonzero) and,
hence, loses its momentum. It is this momentum loss
that gives rise to the average pressure force with which
the wave acts on the electron sheet [18]. In turn, this
force is governed by the collective effects and becomes
stronger as the electron density increases. The pressure
force exerted by a wave on an individual electron was
investigated in [7-9].

Mathematically, the average pressure force is asso-
ciated with the Lorentz force acting on the electronsin
an external wave. Infact, let us simplify matters by set-
ting v, = 0. In this case, expressions (7) and (8) for the
complex velocity amplitude v, = V,exp(int) yield

Vo = —ieé/[rm)(l — ia)], where the dimensionless

parameter a = 21oe/mcw characterizes the relative
influence of the collective (radiation) effects on the

motion of an electron bunch and E is the complex
amplitude of the electric field of the wave. Conse-
quently, in Eq. (7) for the transverse electron momen-
tum [see also expressions (8)], the reaction force F; of
the intrinsic radiation of the electrons gives rise to an
additional change in the phase of the momentum p
with respect to the wave phase. As aresult, in the equa-
tion for p,, the Lorentz force not only has the purely
oscillatory component, which describes electron oscil-
lations in the prescribed field of the external wave,
but also has the nonzero, slowly varying component,
which governs the average pressure force. For v, = 0,
the averaged (over the period T = 217/w) Lorentz force

F = ef x H acting on an individua e ectron in the lon-
gitudinal direction has the form
2 2
_ _a €lE
= 1+ g22mMcw ©)

Force (9) ismaximum at a = 1. Physically, the existence
of the maximum stems from the fact that, asa — 0,
the average pressure force acting on an individual elec-
tron vanishes (the collective effects play an unimpor-
tant role), whereas, as a —» oo, the effective viscous
2001
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forceincreases, so that the electrons become practically
immobile and, accordingly, the Lorentz force vanishes.

The pressure force per unit area of the electron sheet
isrelated to the pressure force (9) acting on an individua
electron by F = [IF [n, wheren= o/eisthe surface e ectron

density. As a result, we have F = [02/(1 + a?)][E¢ /4.
Consequently, the pressure force per unit area is maxi-
mum for a — oo and is described by the conventiona
expression following from the familiar expression for the
Maxwell stresstensor [17] (inthelimit o —» oo, theelec-
tron sheet is completely reflecting [18]).

Figure 1 showsthe time evolution of thisforcein the
case of acceleration of a plane electron sheet in a pre-
scribed field (a = 0, Fig. 1a) and with alowance for
radiative losses (a = 0.1, Fig. 1b). For clarity, the field
amplitude is chosen to be moderate, o, = 2, and the
Coulomb interaction between the electronsin the sheet
is neglected. From Fig. 1b, one can seethat the average
pressure force is nonzero: the amount by which the plot
of theinstantaneous pressure force deviates from azero
value upward is larger than downward. In addition, the
fact that the period of theforceincreaseswith timeindi-
cates an increase in the longitudinal velocity of the
electron sheet, in which case, during each next half-
period of the external field, the effective time of the
interaction of the electron sheet with the external field
is longer and, because of the Doppler transformation,
the pressure force amplitude is smaller. In a prescribed
field (Fig. 14), the period and amplitude of the pressure
force both remain constant, so that the electron sheet is
not accel erated.

Now, we proceed to an analysis of the relativistic
equations of motion that follow from expression (7).

4. INTERACTION OF AN INFINITELY THIN
ELECTRON SHEET WITH A PLANE WAVE

We begin by considering the interaction between an
external wave and an idealized system consisting of a
single, infinitely thin electron sheet with a constant sur-
face charge density o. Let the electromagnetic field of
the wave have the components E, = —H, = Esin(wt —
kz + ¢,), where ¢, istheinitial wave phase and k = wy/c
is the wave vector along the z-axis. For the electron
sheet, weintroduce the normalized timet = wt, normal-
ized longitudinal coordinate Z = kz, and normalized rel-

ativistic momentum P = p/mc = B//1-B°. We aso
denote by 6 the wave phase with respect to the electron
sheet, 6 =1 - Z + ¢,. Then, from expression (7), we
obtain the relativistic equations of motion

dPy _ . (XBy
e aosne——l_BZ, (10)
P, a, . . ap,B;
e sind — Y . 11
@B~ I-B, (1-B)*(1+By) :
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Fig. 1. Time evolutions of the longitudinal force acting on a
plane electron sheet accelerated (@) in a prescribed field
(a =0) and (b) with allowance for radiative losses (o = 0.1)
for thecase 0 = 2.

Let us investigate the asymptotic behavior of the
solution to Egs. (10) and (11) on sufficiently long time
scales on which the longitudina electron velocity f3,
becomes close to unity. In this case, the inertial term
dP,/d8 in Eq. (10) can be neglected and we arrive at the
following equation for the longitudinal momentum:

2
P,= %%—%dnzd&

Onlong time scales, P, isasmall quantity proportional

(12)

to P;l. As aresult, the relativistic factor becomesy =

(1+ Pf + P?)12 = P,. In accordance with Eq. (12), this
factor, on average, increases linearly with the phase 6
and essentially coincides with the so-called longitudi-
nal relativistic factor y = (1 — B2 Y2, In this case, the
longitudinal velocity obeys the asymptotic expression

p 2
z___~1_gl%Tg2

N1+ P5+ PZ2 q}éﬂ

The asymptotic behavior of the relativistic factor L)
which is averaged over oscillations of the phase 6 and
is expressed in terms of the normalized time T, can be
obtained from Eq. (12) and expression (13):

B, = (13)

(14)
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Fig. 2. Longitudinal relativistic factor v calculated as a
function of the phase 6 for a, = 100 and different values of
o (solid curves): a = (/) 1, (2) 0.5, and (3) 0.1. The dashed
curve shows the relativistic factor y calculated for a = 0.

Figure 2 showsthe longitudinal relativistic factor y; cal-
culated asafunction of the phase 8 for a, = 100 and dif-
ferent values of a (solid curves). Profiles 1-3 are
obtained by numerically solving Egs. (10) and (11)
with zeroinitial values of the coordinate and vel ocity of
the sheet. The larger the parameter a, the earlier the
results obtained start to agree well with the asymptotic
solution to Eq. (12). Thus, for a = 1 (curve /), good
agreement is achieved already at 6/211= 0.2. For lower
surface charge densities, the time required for the
regime of efficient acceleration of the sheet to be estab-
lished islonger (see curve 2 for a = 0.5 and curve 3 for
o =0.1). For comparison, we a'so plot the total relativ-
istic factor y (dashed curve) calculated for a =0 (i.e,,
without allowance for the collective radiation effects).
It should be noted that, in contrast to the casea = 0, in
which the velocity vector continuously oscillates, the
character of electron motion at a > Qisradicaly differ-
ent: after the asymptotic acceleration regime corre-
sponding to expression (12) is achieved, the transverse
electron velocity becomes negligible and the tota
energy of the electronsis mainly governed by their lon-
gitudinal motion.

Aswas expected, when the intrinsic radiation of the
electron sheet is systematically taken into account, the
energy of the electrons that are accelerated even by a
plane wave, on average, increases without bound in
proportion to the phase 6. The dependence of the elec-
tron energy on time is much weaker: the electron
energy increases in proportion to the cube root of time.
Also, an important point here isthat the radiation-reac-
tion force aways accelerates the sheet, unlike the gra-
dient ponderomotive force f,, which can both acceler-
ate and decelerate the electrons.

IL’IN et al.

5. INTERACTION OF A GAUSSIAN LASER
BEAM WITH A THIN ELECTRON SHEET

Above, we have considered acceleration by plane
waves. However, it is of great interest to investigate the
acceleration of electron bunches by realistic laser fields
that can be generated in present-day experiments. The
laser field is usually well-described by the lowest Gaus-
sian mode; i.e., it decreases with distance from the axis
and from the focal plane of the beam [1, 4]. Conse-
guently, there is an effective interaction region: the
electrons that escape from this region essentially cease
to be accelerated. Let the transverse dimensions of an
electron sheet be much smaller than the radius wy, (in
units of A/21) of a Gaussian beam at the waist. In this
case, we can neglect the dependence of the beam ampli-
tude and phase on transverse coordinates and assume
that they are unchanged over the el ectron sheet. In addi-
tion, let the initial longitudinal momentum of the sheet
be sufficiently high (such that y,, > 1). Under these
assumptions, the dimensionless amplitude o, and the
wave phase both depend on the coordinate Z of the
sheet. Then, Egs. (10) and (11) yield the following
expression for the relativistic factor:

+00

Vi-Vio = 35 [al@sin’[8+ 0]z, (15)

where ay2) = oyl + QZWP) ™ and §2) =

arctan((.of, /2Z). In this case, for y, > 1 and moderate
values of w,, the phase 6(2) is essentially constant over
the interaction region (6(Z) = 6(0) = ¢,), so that we can
take the integral in expression (15) approximately and
obtain

2 2
3 3 _ 3M0Wy
Yii=Yio= 1gq -

(16)

Note that the main contribution to the integral in
expression (15) comes from distances Z,,, from the

focal planethat are about several w¢ /2. Thus, at the dis-

tanceZ,, =5 oof) /2 from the focal plane, the relativistic

factor is smaller than its maximum value by only 20%.
The changeintherelativistic factor depends only onthe

laser beam power | O agoog and, at afixed laser power,

is independent of the beam radius at the waist. The
sharper the focusing of the laser beam, the shorter isthe
region of efficient acceleration. In this sense, we may
say that the electron sheet is accelerated asif the Gaus-
sian beam hits the sheet, thereby increasing its transla-
tional energy over avery short time.
PLASMA PHYSICS REPORTS  Vol. 27
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After a sequence of Q hits by high-power laser
pulses, the longitudinal relativistic factor of the sheet
becomes

3w
3 3

Vie=Vio = ~gq Q- (17)
We can see that, for a large number Q of laser pulses,
the longitudinal relativistic factor can be fairly high.

Hence, because of the collective radiation effects, it
is, in principle, possible to accelerate an €l ectron sheet
to arbitrarily high energies not only by a plane electro-
magnetic wave but also by a sequence of high-power
laser pulses. Of course, this conclusion is valid only
under the assumptions of the above idealized model,
which was developed to describe the interaction of an
electromagnetic wave with an infinitely thin electron
sheet without allowance for Coulomb repulsive forces
between the accelerated electrons. However, in asense,
this idealized model gives an upper estimate for the
possible values of the relativistic factor y that can be
achieved in the acceleration of finite-thickness electron
bunches by a high-power electromagnetic wave. This
acceleration process is the subject of the next section.

6. INTERACTION OF A PLANE WAVE
WITH A FINITE-THICKNESS
ELECTRON BUNCH

We consider a plane electron bunch with the initial
coordinate z,, the normal to the bunch being aligned
with the z-axis. Let alinearly polarized plane electro-
magnetic wave with the wave vector k be incident on
the bunch along the z-axis. We assume that the bunch
thickness | isfinite and is much smaller than the wave-
length A = 217k Of the electromagnetic wave (an elec-
tron bunch with a thickness equal to severa A is com-
pressed by theincident waveto athickness| < A [21]).
As was shown above, the reaction force of theintrinsic
radiation of the bunch gives rise to a nonzero average
pressure force exerted by the external field on the elec-
tron bunch. The fundamenta difference between the
case of afinite-thickness el ectron bunch and the case of
acceleration in a prescribed field is in the presence of
forces that compress the bunch along the z-axis.

First, we estimate the forces acting in the external
field E on the left and right boundaries of the electron
bunch without allowance for Coulomb interaction
between the e ectrons in the bunch. In this case, all of
the éectrons in the wave field move along essentialy
the same trgjectories and the field of the own radiation
of the bunch is described by expressions (1)—3).
According to these expressions and Eq. (7), the left and
right boundaries of the bunch experience the forces

Fa = 2moe(1 +B,)"' By and Fp = —2moe(1 — B,) ' By,
respectively. The mean of these forces is the effective
radiative friction force Fg, which acts on the entire
bunch in the z direction [see expression (8)]. Conse-
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guently, different electron sheets inside a finite-thick-
ness bunch experience different radiative friction forces
because, inside the bunch, the field of theintrinsic radi-
ation changes along the z-axis [18]. Note that the radi-
ative friction forces acting on the left and right bound-
aries of an electron bunch have opposite signs, thereby
indicating the compression of the bunch; moreover, the
higher the longitudinal velocity B, of the bunch, the
larger the extent to which the bunch is compressed.
These forces can partially prevent the spreading of the
bunch (an increase in the bunch thickness) due to Cou-
lomb repulsive forces between the electrons and thus
are, in a sense, analogous to magnetic attractive forces
between the parallel currents of moving charges.

Figure 3 shows the time evolutions (in the labora-
tory frame) of the longitudinal momenta of several
electron sheetsin a bunch accelerated by a high-power
electromagnetic pulse in vacuum. The time evolutions
were calculated for | = A/100 with allowance for Cou-
lomb interaction between the sheets. In Fig. 3a, the evo-
lutions of p, were calculated without allowance for the
compressing reaction force of the intrinsic radiation of
a bunch, in which case Coulomb forces repulse the
sheets. In Fig. 3b, the evolutions were calculated with
allowance for both Coulomb forces and the forces com-
pressing the bunch in thelongitudinal direction. A com-
parison between Figs. 3a and 3b shows that, during the
first half-period of a high-power electromagnetic pulse,
Coulomb forces are in large measure counterbalanced.
As aresult, in the initial acceleration phase, all of the
bunch electrons can, in principle, move along identical
trajectories and emit radiation coherently. We can thus
conclude that collective effects play an important role
in the accel eration dynamics of a dense electron bunch.

In the 1D3V model, the interaction of an electro-
magnetic pulse with a dense plasma slab can be
described correctly only with allowance for both Cou-
lomb interaction among the electron sheets and Cou-
lomb interaction between the electron sheets and the
ion background of the target. In fact, this model is
applicable if the distance between the electron and ion
bunches is much smaller than the transverse dimen-
sions of the bunches (this makes it possible to consider
the bunches to be plane rather than point charges). In
addition, the possibility of neutralizing the ion back-
ground on short time scales of about several tens of
field periods seems to be problematic because of an
extremely large charge of the background. As a resuilt,
in numerical modeling, the ion background is regarded
as being immobile and the interaction between the ion
background and the electron bunch is assumed to be
purely Coulombic. Note that the condition for the inci-
dent wave front to remain planar, r?/(bA) > 1 (wherer
istheradius of the laser beam and b isthe distance from
the focal plane), turns out to be far less stringent than
the assumptions of the model; consequently, in what
follows, we restrict ourselves to considering a plane
wave.
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Fig. 3. Time evolutions of the longitudinal momentum p, calculated for several electron sheets accelerated at the front of a high-
power (0 = 100, a = 1) electromagnetic wave (a) without and (b) with allowance for radiation forces.

The results of numerical simulations of the acceler-
ation of an electron bunch with the thickness | = A/100
are illustrated in Fig. 4, which shows the time evolu-
tions of the transverse and longitudinal momenta, p,
and p,, calculated for a, = 100 and different values of
the parameter a. Thisvalue of the dimensionless ampli-
tude a,, corresponds to an ultrarelativistic electromag-
netic pulse, in which the electrons are already acceler-
ated to relativistic energies over a time interval much
shorter than the period of the external wave. As soon as
an electron is accelerated to a relativistic velocity, the
amplitude of the Lorentz force decreases significantly
in accordance with the Doppler transformation, so that
the accelerating forces subsequently have essentialy
no impact on the motion of the electron, which thus
experiences only Coulomb forces and the forces that
compress the electron bunch. The Coulomb attractive
forces exerted by the target ions on the electrons act to

reduce the longitudinal electron momentum p,. Then,
the external field reverses polarity and the process
repeats itself. Note that, during the next half-periods of
the external field, the compressing forces become
weaker, so that the Coulomb forces break the bunch up
into parts: the Coulomb repulsive forces between the
electron sheets reverse the direction of motion of the
sheets closest to the ion background and continue to
accelerate the farthest sheets; as a result, the bunch is
actually destroyed. Such electron motion is characteris-
tic of all situationsin which plane electron bunches are
accelerated by external waves to ultrarelativistic ener-
gies. On the other hand, for small values of a (Fig. 4b),
the el ectron sheets move synchronously on longer time
scales (up to several periods of the external wave; in the
laboratory frame, this corresponds to fractions of a
picosecond) as compared with the case in which the
valuesof a arelarge (Fig. 4a). In addition, for large val-
PLASMA PHYSICS REPORTS  Vol. 27
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Fig. 4. Time evolutions of the transverse and longitudinal momenta, p, and p,, calculated for several electron sheets accelerated at
thefront of ahigh-power (o, = 100) electromagnetic wavein vacuum for a = (a) 1 and (b) 0.001. In both cases, the bunch thickness
in the z direction during accel eration remains much smaller than A.

ues of a, the maximum longitudina momentum p,
acquired by the electron sheetsis smaller because of the
greater strength of the viscous force resulting from the
reaction force of the intrinsic radiation of a bunch [see
expression (8)]. Note, however, that the larger the
parameter a, the higher isthe charge of the accelerated
bunch; this effect may play a governing role in some
practical applications.

Hence, depending on the values of the parametersa,,
and a, the stage of the synchronous acceleration of all
the sheets comprising an electron bunch in a moving
frame of reference associated with the electron bunch
may last from one-half of the period of an external wave
to severa periods; in the laboratory frame, this corre-
sponds to time intervals of thousands of femtoseconds.
We emphasize that, even with the acceleration parame-
ters that are achievable at the present time (a, = 30),
dense electron bunches can be accelerated to ultrarela-
tivistic energies, moreover, during acceleration, the
time evolutions of the transverse and longitudinal
momenta, p, and p,, correspond to those in Fig. 4, but
the stage of synchronous acceleration is shorter and the
amplitudes of the momenta p, and p, are smaller.
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The momentum acquired by the electrons during

acceleration may be on the order of cxg , which corre-

sponds to the maximum longitudinal momentum of an
electron in a prescribed field. Note that, under these
acceleration conditions, the average pressure force of
the external wave does not have enough time to mani-
fest itself in full measure because of the short duration
of the phase of synchronous acceleration: area bunch
is destroyed before the accel eration process reaches the
asymptotic regime described by Eq. (12).

7. DISCUSSION OF THE RESULTS

Let us estimate the values of the parameters a and
0, that can be achieved at the present time. The surface
charge density o is determined by the volume electron
density N, within the bunch and the bunch thickness|.
For | =\ and for awavelength of about ~10~* cm, thefirst
of these parameters is approximately equa to a = 25
at N, = 10?2 cm. For a thinner bunch or a lower elec-
tron density N,, the parameter a is smaller. Thus, for
| =10 nm, we obtain a = 0.25.
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For an incident wave with an intensity of 1.38 x
10" W/cm? and with the wavelength A = 10 cm, we
have a, = 1. For present-day devices capable of gener-
ating pulses with a power of about 100 TW [13], the
parameter o, isapproximately equal to 30. On the other
hand, there are projects aimed at producing petawatt
laser pulses, which will ensure larger values of a,,, up to
100-200. We stress that, since the electron bunch is
actually accelerated by the first half-wave of the exter-
nal field, the pulse envelope should be as close as pos-
sible to a rectangular shape (optimally, the duration of
the pulse should be from one to two periods of oscilla-
tions).

The above process of acceleration of a dense elec-
tron bunch by an external electromagnetic wavein vac-
uum differs significantly from the traditional process of
electron acceleration. In fact, the accelerated bunch
turns out to be inside the region occupied by the wave
(rather than outside thisregion, asisthe casein conven-
tional accelerators). Moreover, such dense electron
bunches exist only for a short time (fractions of a pico-
second for the values of the dimensionless amplitude o,
that are achievable at the present time); then, the
bunches are destroyed by Coulomb repulsive forces.
The destruction of the bunch restricts the maximum
possible values of the relativistic factor y. On the other
hand, when the space charge in the electron bunch is
partially neutralized (e.g., by positive ions or
positrons), the bunch can be stabilized over a longer
time so that the acceleration process may reach the
asymptotic regime described by Eq. (12).

Note that essentialy al of the energy of the acceler-
ated electron bunch is governed by its longitudina
motion, because the transverse velocity of the bunchis
much lower than unity. The size of the corresponding
experimental deviceisdetermined primarily by thesize
of the system generating ultrashort laser pulses,
because, in redlity, the plasma bunches are accel erated
over distances of about fractions of a millimeter at a
rate of about tens of TeV/m. The acceleration method
that we have considered here may find applications in
studying the interaction of relativistic electrons with
matter, the generation of ultrashort X-ray and y-ray
pulses, etc.

In conclusion, note that the above acceleration
model can also be useful for investigating the interac-
tion of high-power subpicosecond laser pulses with
thick (semi-infinite) targets.

IL’IN et al.

10.

11

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

PLASMA PHYSICS REPORTS  Vol. 27

REFERENCES
F. V. Hartemann, S. N. Fochs, G. P. Le Sage, et al., Phys.
Rev. E 51, 4833 (1995).

E. Esarey, P. Sprangle, and J. Krall, Phys. Rev. E 52,
5443 (1995).

G. Malka, E. Lefebvre, and J. L. Miquel, Phys. Rev. Lett.
78, 3314 (1997).

B. Quesnel and P. Mora, Phys. Rev. E 58, 3719 (1998).

L.J. Zhuy,Y. K. Ho, J. X. Wang, et al., Phys. Lett. A 248,
319 (1998).

J. X. Wang, Y. K. Ho, Q. Kong, et al., Phys. Rev. E 58,
6575 (1998).

A.L.Troha J. R. van Meter, E. C. Landahl, et al., Phys.
Rev. E 60, 926 (1999).

F. V. Hartemann and A. K. Kerman, Phys. Rev. Lett. 76,
624 (1996).

J. E. Moore, Phys. Rev. E 59, 2281 (1999).

WeiYu, M.Y.Yu,J. X. Ma, etal., Phys. Rev. E 61, R2220
(2000).

J. X. Wang, W. Scheid, M. Hoelss, and Y. K. Ho, Phys.
Lett. A 275, 323 (2000).

S. V. Bulanov, V. A. Vshivkov, G. |I. Dudnikova, et al.,
Fiz. Plazmy 23, 284 (1997) [Plasma Phys. Rep. 23, 259
(2997)].

G. A. Mourou, C. P. J. Barty, and M. D. Perry, Phys.
Today 51 (1), 22 (1998).

R. V. Volkov, V. M. Gordienko, M. S. Dzhidzhoev, et al.,
Kvantovaya Elektron. (Moscow) 24, 1114 (1997).

V. A. Vshivkov, N. M. Naumova, F. Pegoraro, and
S. V. Bulanov, Phys. Plasmas 5, 2727 (1998).

V. |. Veksler, At. Energ. 2, 427 (1957).

L. D. Landau and E. M. Lifshitz, The Classical Theory
of Fields (Nauka, Moscow, 1988; Pergamon, Oxford,
1975).

A. S II'in, V. V. Kulagin, and V. A. Cherepenin,
Radiotekh. Elektron. (Moscow) 44, 389 (1999) [J. Com-
municat. Techn. Electron. 44, 385 (1999)].

V. L. Bratman and C. V. Samsonov, Phys. Lett. A 206,
377 (1995).

S.L.Ziglin,A. S, II'in, V. V. Kulagin, and V. A. Cherepe-
nin, Radiotekh. Elektron. (Moscow) 45, 1253 (2000) [J.
Communicat. Techn. Electron. 45, 1247 (2000)].

B. Rau, T. Tajima, and H. Hojo, Phys. Rev. Lett. 78, 3310
(1997).

Trandated by G. V. Shepekina

No. 12 2001



Plasma Physics Reports, Vol. 27, No. 12, 2001, pp. 1057-1078. Translated from Fizika Plazmy, Vol. 27, No. 12, 2001, pp. 1121-1142.

Original Russian Text Copyright © 2001 by Aleksandrov, Bazelyan.

LOW-TEMPERATURE

PLASMA

Streamer Breakdown of Long Gas Gaps

N. L. Aleksandrov* and E. M. Bazelyan**
*Moscow I nstitute of Physics and Technology, Institutskii proezd 9, Dolgoprudnyi, Moscow oblast, 141700 Russia
** Krzhizhanovskii Power Engineering Institute, Leninskii pr. 19, Moscow, 117927 Russia
Received July 19, 2001

Abstr act—Results obtained from numerical smulations of the streamer breakdown of long (longer than 10 cm)
gas gaps at atmospheric pressure are reviewed. Most attention is focused on air under normal conditions and at
elevated temperatures characteristic of the rebreakdown in the postspark channel that is cooled after the primary
spark discharge has come to an end. The main stages of the evolution of a streamer discharge into an arc are
considered, and the features of this phenomenon are analyzed as functions of the initial conditions. The main
macroscopic processes that govern the composition and dynamics of the streamer plasmain different discharge
stages are revealed. The experimental data and the results of computer simulations provide evidence for a non-
thermal mechanism for streamer breakdown in noble gases. © 2001 MAIK “ Nauka/l nterperiodica” .

1. INTRODUCTION

In gas-discharge physics, the term “electric break-
down” usually means the process of plasma production
in an externa electric field. In contrast, by “break-
down” here we mean the creation of a highly conduct-
ing plasma channel with a descending current—voltage
(I-V) characteristic, in which case the electric circuit is
short-circuited, the voltage across the gap drops, and
the discharge current is mainly determined by the inter-
nal resistance of the high-voltage source. It is precisely
this phenomenon—a compl ete distortion of the insula-
tion properties of the gas medium—that is regarded as
breakdown in high-voltage engineering. If the genera-
tor continues to power the electric circuit, then, in the
gap, an arc channel appears that can be maintained by a
very weak electric field (with a strength of about 10—
100 V/cm). The transformation of a spark channel into
an arc can be regarded as the final stage of pulsed
breakdown.

The refinement of the term “breakdown” should not
be regarded as merely aterminology problem. Thisisa
matter of great concern in solving humerous applied
problems. As an example, let us imagine that a short
nanosecond overvoltage pulseisimposed on afar lower
long-term operating voltage in an electric circuit. We
assume that the overvoltage pulse is strong enough to
give rise to a streamer that develops across the entire
insulation gap so rapidly that the streamer plasma’'s
conductivity remains essentially unchanged and
ensures a high current in the discharge circuit (below,
we will show that this process is possible). If the time
scale on which the process occurs is insufficiently long
for the gas to be heated, then, after the overvoltage
pulse is completely damped, the discharge cannot be
maintained by the low operating voltage and comes to
an end. A rapid recovery of the breakdown strength
makes it possible to avoid emergency situations.

Although the current ishigh, we cannot speak of acom-
plete breakdown of theinsulation gap if the |-V charac-
teristic of the created discharge channel is nondescend-
ing.

The best-studied spark breakdown is the breakdown
in air, which is an insulating medium that is widely
used in present-day high-voltage engineering. In order
to achieve a descending |-V characteristic of a spark
channel in air, it is necessary to heat the air to tempera-
tures higher than 5000 K (which areintrinsicto arc dis-
charges). The lowest voltages for breakdown of long
gapswith ahighly nonuniform electric field are ensured
by the leader mechanism. The leader channel is heated
aready in the development stage. The energy required
for thisheating is provided by the accompanying simul-
taneous growth of numerous streamers that continu-
ously originate from the head of the leader channel.
Although each of the streamersremains cold, their total
energy ishigh enough to heat the leader channel to tem-
peratures of 50006000 K [1-3].

Because of itstwo-stage nature, the leader processis
fairly inertial. Under laboratory conditions, the leaders
propagate with velocities on the order of 10° cm/s on
micro- and millisecond time scal es, while the propaga:
tion velocity of the leader in lightning on the kilometer
scaleis higher by afactor of 10-100.

It was shown theoretically and confirmed experi-
mentally that a solitary streamer cannot be heated as it
propagates in the interel ectrode gap [3]. The reason for
thisisthat the energy deposited in the streamer channel
is severely limited: W ~ U2, where U is the voltage
across the gap. The specific energy deposition W, into
the streamer plasma cannot be increased by raising the
voltage, because, due to the ionization expansion, the
radius of the channel increases in proportion to ~U and
its cross-sectiona area, in proportion to U2, so that we
have W, = const [4]. In redlity, the gasis heated after the
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streamer bridges the discharge gap. Nevertheless, in
many situations, the streamer discharge is the most
rapid process in the breakdown of long gaps with a
highly nonuniform electric field and is thus attractive
for use in many technical applications (such as high-
speed spark switches, protecting dischargers, and spark
connectors for power equipment). Among the draw-
backs of the streamer breakdown phenomenon, we can
mention the destruction of gas insulation by ultrashort
voltage pulses.

In most of the experimental [5-8] and theoretical
[9-14] papers on streamer breakdown, a study was
made of streamer discharges on centimeter scales. It
was established that streamer breakdown proceeds
through three stages: in the first stage, the streamer
bridges the gap; in the second stage, the ionization
waves propagate through the channel formed in thefirst
stage; and, in the third stage, the gas in the channel is
heated uniformly, giving riseto an arc. Thetransition to
an arc is thought to occur by two alternative mecha-
nisms. One mechanism is associated with the thermal
expansion of the channel: during such expansion, the
density N of neutral particles in the channel decreases
isobarically and the reduced electric field E/N
increases, thereby intensifying the electron impact ion-
ization of gas molecules [9-11]. The second mecha-
nism is associated with the generation of active parti-
cles (atoms and excited molecules) in the gap, in which
case new ionization mechanisms involving these parti-
cles come into play [12-14]. Generally, both of these
mechanisms can operate simultaneously, so that which
one of them will dominate the transition to an arc
depends on particular circumstances.

The data on the streamer breakdown of gas gaps
with lengths of several tens of centimetersis much less
extensive, although this phenomenon is of interest not
only from the physical point of view but also from the
standpoint of practical applications. There have been
practically no experimentsin this field, and theoretical
investigations (primarily, by computer simulations)
began only in recent years. It may be expected that all
the stages of the development of streamer breakdown in
along gap will differ significantly from thosein a short
gap. Since a long streamer develops on a long time
scale, the decay of the plasmain the streamer channel
plays an important role and thus affects the plasma
parameters at the time when the streamer bridges the
gap. For centimeter-scale gaps, the ionization wavesin
the second stage play an insignificant role. However, it
was asserted [15] that they may become more impor-
tant for long discharges. We may even draw an explicit
analogy with the main stage of lightning, during which
the return stroke increases the current in the channel
and its conductivity by severa orders of magnitude.
The return wave mechanismsin the streamer and in the
leader channel of lightning are in fact very similar, but
the characteristic scales of the phenomenon (in particu-
lar, the energy scales) are radically different. For long
gaps, the relative importance of different mechanisms
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for the transition to an arc in the third stage should also
differ strongly from that for short gaps. In order for a
long streamer to develop, it is necessary to apply a
higher voltage; as a result, the electric potential of the
growing channel rises and, accordingly, the channel
radius increases substantially because of theradial ion-
ization expansion. As the channel radius increases, the
time of the hydrodynamic expansion of the channel
becomes longer; consequently, the intensification of
impact ionization as the reduced electric field E/N
grows plays alesser role.

Our purpose here is to review the papers aimed at
the numerical simulations of the streamer breakdown of
long gaps. Main attention isfocused on the microscopic
analysis of the mechanisms for maintaining a gas-dis-
charge plasma. We start with a brief description of the
computer model that was used to obtain the main
results on breakdown in cold and heated air. In Section
3, we consider a streamer breakdown in air under nor-
mal conditions and determine the conditions under
which this process comes to an end. We aso present
new results concerning both the choice of the radius of
the streamer channel under streamer breakdown condi-
tions and the breakdown of a gap under the combined
action of a short-term overvoltage pulse and a small-
amplitude long-term voltage pulse. Section 4 is devoted
to hot air that was either preheated in a special way or
kept its high temperature in the channel that remains
after the primary breakdown during a short-term
switching-off of the voltage. The conditions for break-
down of heated air are far less restrictive. Finaly, in
Section 5, we consider the breakdown in noble gases
and demonstrate that a spark channel with a descending
|-V characteristic forms by a nonthermal mechanism.

2. COMPUTATIONAL MODEL

The streamer breakdown is simulated by using a
one-and-a-half-dimensional (1.5D) model that identi-
fies the channel with a cylinder of constant radius.
Here, this model, which was described in detail in [16—
18], is described only briefly. The set of equations for
the processesin air includes Poisson’s equation and the
balance equations for electrons, positive and negative
ions, excited molecules, atoms, and new chemical com-
pounds produced in the course of breakdown. The elec-
tric field is determined under the assumption that only
the side surface of the channel is charged. If, in the
course of breakdown, the electron density, electric
field, and discharge current evolve to essentially uni-
form distributions, then the further evolution of the sys-
tem is traced by using a zero-dimensional model.

In order to calculate the energy parameters, the set
of equations also includes the balance equations for the
tranglational energy of neutral particles and the vibra-
tiona energy ¢, of nitrogen molecules. Although nitro-
gen molecules are not of crucia importance in describ-
ing the development of the streamer, they play a key
role in the final breakdown stage, when the streamer
PLASMA PHYSICS REPORTS  Vol. 27
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evolvesinto an arc. The energy balance equations have
the form

oT : .
CVNE = (A +Ag+OAL) JE+ jignE+ Qur,
(D
I .
3t = ANVIE=-Qur,
e, —¢(T) .
where Q,r = ——=——_. The rest of the notation is as
Tyr(T)

follows: ¢, isthe heat capacity (per particle) of the gas
at a constant volume; T is the temperature of neutral
particles; j and j,,, are the densities of the electric cur-
rent carried by the electrons and ions, respectively; A+,
Ars Ay, @nd A are the fractions of the electron energy
that are transferred to the trandational, rotational,
vibrational, and electronic degrees of freedom of neu-
tral particles, respectively; and ty; is the vibrational—
trandational (V-T) relaxation time of N, molecules. In
Egs. (1), it is assumed that the entire rotational energy
of molecules and a fraction of the energy of electronic
degrees of freedom transform instantaneously into
heat. In most of the calculations, the fraction of energy
transformed from electronic states of molecules into
heat was set to be d = 0.3.

In the model, the hydrodynamic expansion of the
streamer channel is not considered, because streamer
breakdown develops on a short time scale. In most
cases, the heating of a gas in the channel, which is
accompanied by an increase in the pressure, lasts for
1077 sor less. The characteristic time of hydrodynamic
expansion is markedly longer. Hydrodynamic effects
may be important to include only when estimating the
breakdown voltages under the action of voltage pulses
having relatively long rise times (longer than 100-
200 ns), in which case the breakdown process is
extended over time. However, hydrodynamic effects
can be neglected when estimating the threshold for
streamer breakdown of cold air, in which case the rise
time of the voltage pulses should be much shorter. If
necessary, the upper estimate of the role of hydrody-
namic effects was obtained by comparing the results of
numerical simulations carried out without allowance
for the channel expansion (at increasing pressure) with
the results from the simulations of the isobaric expan-
sion, when the initial pressure remains unchanged
throughout the entire expansion process because of the
increase in the channel radius.

After the streamer bridges the gap, the current
through the cathode surface is governed by electrode
effects. In our model, the cathode sheath and emission
processes at the cathode surface are ignored, because,
in calculations, the cathode voltage drop was negligible
in comparison with the voltage across along gap (under
normal conditionsin air, thisvoltage was usually higher
than 100 kV).
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The kinetic scheme of our model takes into account
the main processes of the production of electrons and
their losses in air with a gas temperature from 300 to
7000 K in an externa electric field E/N up to 1000 Td
(1Td =10V cm?). For weak reduced €electric fields
E/N and high temperatures, the model gives a thermo-
dynamically equilibrium plasma composition. For T =
300 K, the model reduces to a traditional model
describing discharges in air under normal conditions
[19]. The rate constants for electron processes and the
electron energy balance in an eectric field are deter-
mined by numerically solving the Boltzmann equation
for electrons in the familiar two-term approximation.
Under the assumptions of our model, the electron
parameters are functions of the reduced electric field
E/N; the gas temperature T, the gas composition; and
the vibrational temperature T, of N, molecules, which
can be substantially higher than T.

3. AIR BREAKDOWN UNDER NORMAL
CONDITIONS

In [20], the model described above was used to
numerically investigate the streamer breakdown of long
air gaps under normal conditions. Let us discuss the
results obtained in [20] in more detail.

3.1. Streamer Propagation in the Discharge Gap

The initial breakdown stage (the propagation of a
streamer until it bridges the gap) was modeled numeri-
cally using, as an example, a cathode-directed (posi-
tive) streamer in the gap between the sphere and the
planefor different degrees of nonuniformity of the elec-
tric field and different rise times of the voltage pulse.

3.1.1. Highly nonuniform field. Starting from the
anode, the streamer accelerates. The larger the anode
radiusr ,, thelonger the path of acceleration. If the volt-
age is fixed, the maximum streamer veloCity V..
decreaseswith increasing r,. Asthe voltage drop across
the extending channel and the electric charge on the
channel surface increase, the field near the streamer
head gradually decreases and the streamer propagation
slows down. Together with the streamer velocity v, the
electron density n, in the produced streamer plasma
varies in the same proportion, because, to sufficient
accuracy, n, o v, [3, 16, 17]. At the instant when the
streamer bridges the gap, the electron density profile
ng(X) along the channel is determined, on the one hand,
by a decreasein theionization rate at the wave front of
the extending streamer and, on the other hand, by a
fairly fast loss of electrons in “old” segments of the
channel.

The electron loss is dominated by the dissociative
recombination of cluster ions with electrons, whose
rate may be higher than 10** cm= s! because of the
fairly highinitial electron density. Therate of the disso-
ciative attachment of electrons to molecules is several
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Fig. 1. Profiles of the conduction current, electron density,
eectric field, and gas temperature along a streamer channel
of radius 0.05 cm at the instant a which the streamer
bridges a 20-cm-long air gap between the sphere and the
plane. The calculations were carried out for a 500-kV rect-
angular voltage pulse and the anode radiusr, = 2 cm.
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Fig. 2. Variation in the streamer radius and profile of the gas
temperature along the gap with allowance for theionization
expansion of the channel. Theinitial streamer radiusand the
remaining parameters are the same asin Fig. 1.

times smaller, and the three-body attachment rate is
tens of times smaller. The destruction of negative ions
is of minor importance, because, even in the oldest seg-
ments of the channel, their density issmall compared to
the electron density.

The higher the voltage across the gap, the more pro-
nounced is the change in the plasma velocity and den-
sity aong the streamer. This effect is quite natural,
because, as the voltage increases, the time required for
the streamer to bridge the gap decreases, so that the
effect of the plasma decay in the old segments of the
channel becomes progressively lessimportant. Figure 1
shows the electron density profile along the streamer
channel of radius 0.05 cm at the instant when the
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streamer bridges a gap of length 20 cm. The streamer
formed in a discharge driven by a 500-kV rectangular
voltage pulse, which is intense enough for streamer
breakdown. We can see that the electron density varia-
tions along the channel are not too large: theratio of the
maximum value of n, to its minimum value is close to
two. The longitudinal electric field E«(x) in the channel
behaves in essentially the same manner: it increases
fairly gradually from the anode toward the cathode,
except in the immediate vicinity of the streamer head,
where the field E; increases sharply from tens to hun-
dreds of kilovolts per centimeter at a distance compara-
ble to the channel radius (Fig. 1). The conduction cur-
rent along the channdl, i ~ P (E)E(X)NL(X) (Where . is
the electron mobility), variesto an even lesser extent: it
decreases from the anode to the cathode by an amount
of 35% or less. By the time when the streamer comes
into contact with the cathode surface, the gas tempera-
ture in the old segments of the streamer (near the
anode) isthe highest (it can become as high as 1000 K),
while the gas near the cathode remains practicaly
unheated (Fig. 1).

Recall that, in the 1.5D model, the streamer radius
serves as an input parameter and many results are very
sensitive to its value. Consequently, to obtain more or
less realistic numerical results requires a “correct”
choice of the streamer radius. In order to make the
model free of this obvious drawback, it is expedient to
take into account the ionization expansion of the chan-
nel. In our earlier papers [18, 21], we showed that the
final results are weakly sensitive to the a priori speci-
fied initia radius, because the channel that has already
been formed experiences avery rapid ionization expan-
sion (over atime scale of fractions of a nanosecond) in
the radial electric field of the surface charge of the
streamer. The higher the voltage across the gap, the
more important are the consequences of such expan-
sion. Figure 2 shows how the streamer radius changes
along the streamer axis at the time when the streamer
bridges a 20-cm-long air gap at an applied voltage of
500 kV. Except in the short anode and cathode regions
wherethereisnoradial electricfield, the channel radius
has enough time to increase by approximately one
order of magnitude—up to 0.5-0.8 cm. It isthisradius
that should be incorporated into the 1.5D mode in
order to analyze the conditions for streamer break-
down. The channel with such a large radius does not
have enough time to be heated. By thetime at which the
streamer bridges the gap, the gas is heated to severa
tens of degrees above its initial temperature (Fig. 2).
The only exception is a very short region near the
anode, where the channel experiences no expansion
and the gas is heated to a temperature higher than
1000 K. The calculated current in the channel increases
appreciably with radius. From Fig. 3, one can see that,
at r = 0.5 cm, the current over most of the channel
volume varies between 500 and 800 A, in which case,
however, the calculated mean current density does
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not increase but instead decreases markedly (from
8-10kA/cm? at r = 0.05 cm to 0.65-1 kA/cm? at r =
0.5 cm) as the radius increases; i.e., the mean current
density isroughly inversely proportional to the channel
radius. This predictable result stems from the fact that
the calculated electron density in a streamer plasmais
inversely proportional to theradiusr. In achannel with
alarge radius, the electron density also varies insignif-
icantly along the streamer (Fig. 3).

3.1.2. Characteristic features of the development
of astreamer in a gap with auniform field. A gap of
length d with auniform distribution of the electric field
can be regarded as alimiting case of a system in which
the anode radiusis large. However, it should be kept in
mind that, if the electric field is below the threshold E;
(which is about 30 kV/cm under normal conditions in
air), then, in order to drive the streamer, it is necessary
to enhance the field in a certain small region. In a gap
shorter than d < 50 cm, the streamer is continuously
accelerated until it bridges the gap [18]. For the same
voltage and length d, the velocity of a streamer in auni-
form field becomes equal to that of a streamer in anon-
uniform field only just before the streamer reaches the
cathode. Such “equalization” of velocitiesisensured by
the continuous accel eration of the streamer inauniform
field and its slowing down in a nonuniform field. As a
result, the average streamer velocity in a uniform field
turnsout to be lower and, accordingly, thetimerequired
for it to cross the gap increases.

The characteristic behavior of the velocity variation
isqualitatively reflected in the el ectron density distribu-
tion along the streamer channel. In a uniform electric
field, the electron density n, increases from the anode
toward the cathode; moreover, for the same voltage, the
density values ny(x) over the entire channel in auniform
field are markedly lower than those in a highly nonuni-
form field, except in the immediate vicinity of the cath-
ode (Figs. 1, 4). A lower streamer velocity resultsin a
lower current in the discharge gap. The current profile
along the channel is seen to be highly nonuniform
(Fig. 4). The energy is scattered in the channel and is
thus lower than that in a highly nonuniform field, and
the gas is heated to a substantially lower temperature.
The calculated resultsillustrated in Fig. 4 show that the
gas temperature in the hottest channel region near the
anodeislower than 450 K, while the gas temperature at
the same radius (0.05 cm) and voltage (500 kV) in a
streamer in ahighly nonuniformfield ishigher by afac-
tor of two.

3.1.3. Effect of the rise time of the voltage pulse.
Astherisetime of the voltage pulse increases, the el ec-
tric field in the anode region, where the streamer accel-
erates, weakens. As a result, the maximum streamer
velocity, the electron density in the streamer plasma,
the current in the channel, and the highest possible gas
temperature all become lower [20]. A delayed growth
of the voltage to its peak value (i.e., alonger rise time
of the pulse voltage) does not remedy the situation
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Fig. 3. Profiles of the conduction current, electron density,
and electric field along a streamer channel of radius 0.5 cm.
The remaining parameters are the same asin Fig. 1.
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Fig. 4. Profiles of the conduction current, electron density,
electric field, and gas temperature along a streamer channel
with auniform electric field. The remaining parameters are
thesameasin Fig. 1.

completely, because nanosecond times are insufficient
to charge the channel segments (with finite capaci-
tance) far from the anode due to the relatively low con-
ductivity of the channel, which has aready been
formed. Thissituationisespecialy truefor the streamer
head; therefore, its charge and the field ahead of the
ionization wave forming the streamer do not strictly
follow the growth of the voltage to its maximum value.
The longer the streamer, the larger the time delay.

The numerical resultsillustrated in Fig. 5 character-
ize a streamer that develops in the gap between the
sphere and the plane under the action of avoltage pulse
such that the voltage increases to its peak vaue
(500 kV) according to alinear law U(t) = A t. When the
rate at which the voltage increases is A; = 2 X
10* kV/us, the rise time of the voltage pulseis equal to
25 ns, which is long enough for the streamer to bridge
the gap. For calculations, the radius of the streamer
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Fig. 5. Profiles of the conduction current, electron density,
and electric field along a streamer channel of radius 0.5 cm
in the case of a voltage pulse growing according to alinear
law U(t) = Ayt to a peak amplitude of 500 kV at the rate

Ay=2x% 10* kV/us. Theremaining parameters are the same
asinFig. 1.
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Fig. 6. Time evolution of the electron density in a streamer
channel in the middle of the gap in the case when the over-
voltage applied to the gap is instantaneously switched off
and the mean electric field in the gap falls from 25 to
12.5 kV/cm at the time when the streamer bridges the gap.
The zero-dimensional calculations were carried out under
conditions analogous to those of Fig. 3.

channel was set equal tor = 0.5 cm, which madeit pos-
sible to compare the results obtained with the results
that are presented in Fig. 3 and refer to a rectangular
pulse with the same maximum voltage. Although the
voltage increases to approximately its maximum value
(U =450KkV) by thetime when the streamer bridgesthe
gap, the current and mean electron density in the
streamer are both lower by a factor of approximately
five than those calculated for a rectangular voltage
pulse. We can see that, near the anode, thereisaregion
in which the electric field is elevated up to 30 kV/cm.
This region should be regarded as a secondary ioniza-
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tion wave that has just originated and is characteristic
of streamer processes at arapidly growing voltage[22].
The time interval over which the voltage is applied is
too short for this wave to manifest itself more or less
clearly. Since the energy release is small, the gasin the
hottest part of the channel is heated at most by 10°.

The reveadled tendencies in the behavior of the
parameter of astreamer plasmaare retained for voltage
pulses with longer rise times. It is natural to presume
that streamer breakdown is more likely to occur under
the action of pulses having short risetimesto peak volt-
ages (a few nanoseconds or less). The longer the gap,
the more restrictive are the requirements for the rise
time of the voltage pulse.

It isimportant to note that the plasma parametersin
the streamer channel that has already bridged the gap
should differ strongly between the particular experi-
ments carried out for the same parameters of the volt-
age pulse. Thereason for thisliesin the statistical time
delay of the discharge: the streamer may start from the
anode at different times and, accordingly, may develop
at different instantaneous values of the voltages and dif-
ferent instantaneous rates at which the voltage
increases. This circumstance should be kept in mind in
trying to reconstruct particular experimental data by
computer simulations.

Nevertheless, even when the conditions for break-
down are most favorable, the plasma in the channel
remains practically unheated at the instant when the
streamer bridgesthe gap. Although the streamer plasma
can be fairly dense and can carry currents up to hun-
dreds of amperes, the channel still does not possess a
descending |-V characteristic. Even if the electric field
is reduced at least by one-half after the gap is bridged
by the streamer, the streamer plasma will decay very
rapidly and the current across the gap will terminate. In
Fig. 6, the results of simulations demonstrate the
dynamics of this process in the case of a streamer
plasmawith the initial density ng, =9 % 10! cm™ (this
value was used to calculate the results shown in Fig. 3);
it was assumed that, after the applied voltage was
instantaneously switched off, the mean electric field in
thegap fell from 25to 12.5 kV/cm. Over atimeinterval
of 200 ns after the switching-off of the voltage pulse,
the electron density decreases by two orders of magni-
tude, and, over atimeinterval of about 1 ps, the current
across the gap decreases from the maximum value
(780 A) to only 0.3 A. As the plasma decays, the gas
temperaturein the channel remains essentially the same
as (or only dightly higher than) the temperature of the
surrounding gas. This process does not resemble short-
circuiting of the insulation gap.

3.2. Dynamics of the Streamer Channel
after Bridging the Gap

3.2.1. Waves of the elevated electric field. As the
streamer crosses the discharge gap, the electric field in
PLASMA PHYSICS REPORTS  Vol. 27
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the streamer channel is determined by the current,
which charges the newly produced segments of the
channel to the potential ¢, of the streamer head and cor-
rectsfor the charge of the already produced segmentsin
accordance with the varying voltage across the gap, in
which case the streamer conductivity does not directly
affect the current magnitude. The electric field E¢(X) in
the channel cross section with the coordinate x (the ori-
gin of the coordinates is chosen to lie at the anode sur-
face) is established so as to ensure the electric current
i (X) required for the propagation of the streamer.

As the streamer comes into contact with the cath-
ode, the streamer head acquires a zero potential and the
voltage U, totally drops acrossthe channel. The electric
potential profile aong the channel changes, thereby
changing the charge of the side surface of the channel.
The process manifests itself as the propagation of the
waves of the current and electric field from the cathode
toward the anode along the channel (the so-called
return waves). In short gaps (about a fraction of a cen-
timeter), the ionization process at the return wave front
is considered to be of crucial importance. It isthisfac-
tor that is thought to be responsible for a substantial
increase in the streamer plasma density and, accord-
ingly, for the subsequent evolution of the streamer
channel into an arc [23]. That iswhy, before proceeding
with a numerical analysis of secondary waves in long
streamers, it is expedient to consider a short streamer
that bridges the gap with a length of about 1 cm. In
Fig. 7, theresults of numerical simulationsillustrate the
evolution of a streamer channel after the streamer
bridges a 1-cm-long gap between the sphere and the
plane. The diameter of the spherical anode is set equal
to 0.2 cm, and the streamer diameter is 0.03 cm. The
streamer isdriven by a28-kV rectangular voltage pulse,
which is intense enough for the gap breakdown. Start-
ing from the cathode, the return wave of the strong field
is damped very rapidly (Fig. 7a). The peak electric
field, which is close to 200 kV/cm, falls off below
30 kV/cm over atime interval as short as 0.3 ns. As a
result, the electron density increases extremely slowly,
if at al. One nanosecond after bridging the gap (when
the return wave is damped amost completely and the
electric field has become uniform over most of the gap),
the plasma density in the main part of the channel
remains practically unchanged (Fig. 7b). The streamer
plasma density n, is seen to vary (by afactor of two to
three) only in the anode and cathode regions. By the
time when the return wave is damped completely, the
gas temperature changes by an even smaller amount: in
the most heated cross section of the channel, it
increases by less than 50°. As for the difference in the
currents measured at the cathode and anode, it is also
captured well by the numerical model. In the situation
at hand, the maximum current through the cathode sur-
face during the return wave stage amounts to 50 A,
while the maximum current at the anode is as low as
1.2 A (Fig. 7c). We stress that, in real experiments, the
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for a500-kV rectangular voltage pulse and the anode radius
ra=2cm.

current driven by the return wave was difficult to mea-
sure exactly, because its calculated full width at half-
maximum was shorter than 109 s,

Analyzing the results of a numerical simulation of
short streamers naturally yields the conclusion that the
return ionization wave plays a negligible role in the
evolution of the channel after the streamer bridges the
gap (the same conclusion was drawn as early as 1984
by Sigmond [15]). The only effect of the return waveis
that the electric field becomes uniform over the main
part of the streamer channel. This effect is particularly
favorable for the numerical modeling of streamer
breakdown, even though it does not profoundly influ-
ence the breakdown mechanism.

Having convinced ourselves that the role of the
return wave in short gaps is grossly exaggerated, we
can hardly expect that it will have amore or less signif-
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icant effect on the evolution of long streamers. In fact,
in long gaps, the consequences of the propagation of
the return ionization wave along the streamer channel
are even less important. In cold air, the wave is most
pronounced only at high overvoltage ratios, when the
plasma conductivity in the channel remains relatively
high after the streamer has bridged the gap.

The parameters of the propagating return wave can
beinferred from the numerical resultsthat are shownin
Fig. 8 and were computed for a 500-kV rectangular
voltage pulse applied to a 20-cm-long gap between the
sphere and the plane. Aswill be shown below, thisvolt-
age issufficiently high for breakdown. The return wave
is seen to be rapidly slowed down and damped. Likein
the short channel, the peak electric field at the wave
front also fallsto about 30 kV/cm over thetime interval
equal to 0.3 ns; during this time, the wave propagates
only one-fourth of the gap (starting from the cathode)
(Fig. 8a). The electric field and electron density equal-
ize aong the channel not only because of theionization
process but also (and to an even greater extent) because
of the more rapid electron loss in electron-ion recom-
bination reactions in the parts of the channel where the
streamer plasma was originally denser (Fig. 8b). Asa
result, over atime interval shorter than 10 ns, the elec-
tron density in the main part of the channel is nearly
equalized. The same is true of the electric field, which
approaches its value averaged over the gap, E. = U/d.
By the end of thistime interval, the electric field in the
channel is established at a much higher level, causing
the current to increase by afactor of approximately 1.5
at a decreased electron density n,. As the return wave
propagatesin the streamer channel and the electric field
is redistributed, the gas temperature of the streamer
plasma changes insignificantly (by at most 100°).

Asisexpected, the parameters of thereturn wave are
sensitive to the streamer radius, which serves as an
input parameter for the numerical model. However, the
final results obtained for different values of the
streamer radius differ only quantitatively (and by no
means fundamentally). This was confirmed by a series
of test calculations carried out in [20] for a streamer
channel of radius 0.05 cm (Fig. 9). Such athin solitary
streamer at a voltage of 500 kV is nothing more than a
model abstraction, because, inreality, theradial electric
field at its side surface would be greater than 1000—
1500 kV/cm and would excite an extremely strong
radial ionization wave, which, in turn, would force the
channel to expand to the “relevant” radius. Nonethe-
less, these numerica estimates are of interest, because
they provide insight into the most extreme case of this

type.

Theresults of these simulations confirm the features
of breakdown described above: the ionization waveis,
as before, damped over a time scale of fractions of a
nanosecond and, over a time interval of about 10 ns
after the streamer bridges the gap, the electric field in
the channel becomes essentially uniform (Fig. 9a);
PLASMA PHYSICS REPORTS  Vol. 27
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moreover, its equalization is again governed by the loss
of a number of electrons in regions where the electron
density is excessive (Fig. 9b). The test simulations also
demonstrate al of the effects of the return wave propa-
gating in along streamer: the strong field region propa-
gates toward the anode, the current through the cathode
surface is much higher (at most, by one order of magni-
tude) than that through the anode surface, and, as the
return wave is damped, the cathode current rapidly (for
about 0.04 ns) decreases by one-half and gradually
approaches the anode current. Although athin streamer
channel is heated to a somewhat higher temperature,
the heating again remainsinsignificant: the gas temper-
ature increases by 400 K near the cathode and by at
most 200 K near the anode. The process of streamer
breakdown in a gap with a uniform electric field also
differs from that analyzed above only in afew details,
which are associated with the fact that the plasma con-
ductivity in the streamer channel islower; this, in turn,
leads to aslower propagation of the return wave and its
stronger damping [20].

Hence, the mechanisms governing the evolution of
a streamer into an arc channel come into play after the
return wave is completely damped, i.e., when the elec-
tron density, electric field, and current are equalized
along the channel.

3.2.2. Evolution of a quasi-uniform streamer
channel. After the equalization of the plasma parame-
ters along the streamer channel, the evolution of the
channel can be modeled by applying a zero-dimen-
sional model. The related calculations show that the
channel radius determines the initial electron density
and, to some extent, theinitial gastemperature, thereby
determining the time of heating (Fig. 10) but not its
consequences, which aimost completely depend on the
electric field in the channel. A series of test calculations
carried out for r = 0.5 cm yielded the following timest,,
of heating the gas in the channel to a temperature of
6000 K, at which the streamer plasma acquires essen-
tialy al of the properties of an arc plasma (see table).

E, kV/cm 20.0
t, NS 1600

22.5
430

250 275
130 55

30.0
29.5

Since the leader processin aweaker external field may
develop on atime scale of about 1 ps, we should actu-
ally speak of the streamer breakdown when the electric
field E is close to 25 kV/cm and the heating time
becomes as short as several tenths of a microsecond.

By the time at which the process of the transforma-
tion of the streamer channel has come to an end, the
current density js increases to tens of kiloamperes per
square centimeter. 1t should be noted that this value of
the current density is not too sensitive to the channel
radius adopted for smulations (Fig. 10). The changein
the heating time, Aty, is also not very significant: asthe
channel radius r increases from 0.05 to 0.5 cm, the
guantity At, changes by no more than a factor of two.
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tron density along a streamer channel of radius 0.05 cm
after the gap is bridged by the streamer. The voltage pulse
and gap parameters are the same asin Fig. 8.

This justifies the use of a 1.5D model with a constant
channel radius. During heating, the electron density in
the channel increases by two orders of magnitude and,
finally, becomes higher than 10'® cm (Fig. 11).

We emphasize that, after the streamer bridges the
gap, the energy deposited in the channel is high. In the
case a hand (r = 0.5 cm), the caculated current
increases to |, ~ 1015 kKA. Over atime interva of
about At;, ~ 100 ns, the charge carried away from ahigh-
voltage pulse generator (HPG) isequal toQ ~ 1 mC. In
thiscase, in order for the output voltage of the generator
not to drop too markedly, its internal resistance R <
U,/ max Should be on the order of 10-1 Q. There are
few traditional nanosecond generators that satisfy such
requirements, the more so because the output capaci-
tance of the generator, C > Q/U,,.., should be suffi-
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Fig. 10. Time evolutions of the current density and gastem-
peraturein channels of radii 0.03, 0.05, 0.1, and 0.5 cm after
a 20-cm-long gap between the sphere and the plane is
bridged by the streamer. The evolutions were calculated at
adistance of 10 cm from the anode for a500-kV rectangular
voltage pulse and the anode radiusr, = 2 cm.

ciently high (about 10 nF) in order for the generator to
be capabl e of maintaining the output voltage during the
discharging of this capacitance as the streamer channel
is heated. Accordingly, an attempt to experimentally
investigate the evol ution of along streamer channel into
an arc will encounter significant difficulties.

Under real conditions, a nanosecond voltage pulse
may turn out to beinsufficiently long for the breakdown
process to come to an end. The pulse may be damped

Electron density, cm 3
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i 25.0
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Fig. 11. Time evolutions of the electron density in achannel
of radius 0.5 cm after the electric field in the channel relaxes
to two different uniform levels. The calculations were car-
ried out for a 20-cm-long gap between the sphere and the
plane.
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when the instantaneous gas temperature T is still far
below the temperature characteristic of an arc. Never-
theless, even such a pulse changes the state of the gas
medium, so that a weaker electric field is required in
order for the breakdown processto cometo an end. The
problem formulated with allowance for the above con-
siderations is oriented toward practical applications,
because it allows one to reconstruct how the air insula-
tion is affected by the combined action of ananosecond
overvoltage and along-term applied operating voltage,
which ensures the residual electric field E,, in the dis-
charge channel. The character of the process when the
overvoltage applied to the gap is switched off is recon-
structed in Fig. 12. In a channel of radius 0.5 cm, the
electric field that was established after the gap was
bridged by the streamer is equal to 25 kV/cm. At
94.5 ns, by which time the gas was heated to 3500 K,
the field very rapidly falls off to E,,, = 6.45 kV/cm.
Then, the electric field remains unchanged. A jumplike
decrease in the field is accompanied by a decrease in
the current (by afactor of 2.8, i.e,, in proportion to the
electron drift velocity v, ~ E®*7? in the energy range
under consideration). A further decrease in the current
over atimeinterva of about 60 nsis a consequence of
the decay of a streamer plasmain a depressed electric
field. Over this time interval, the electron density
decreases by nearly one order of magnitude (Fig. 13).
The channel conductivity starts growing when the gas
isheated to atemperature of about 4000 K, at which the
associative ionization reaction

N+O-—~ e+NO" )
becomes important.
8 - 7000
=" 16000
6 T
< 15000
g i 9]
o 4000 3
3 4 g
qg'j’ 13000 £
< =
3 42000
a 2
I 1000
/ 1 1 1 1 1
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Fig. 12. Time evolutions of the discharge current and gas
temperature in a channel of radius 0.5 cm in the case when
the mean electric field decreases instantaneously from 25 to
6.45 kV/cm at thetimet = 100 ns, when the gasis heated to
atemperature of 3500 K.
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Taking into account the fact that the streamer break-
down may compete with the leader breakdown (pro-
vided that the streamer develops on a time scale of a
few tenths of a microsecond), we determined the resid-
ual electric field E,,, ensuring that the channel is
heated to atemperature of 6000 K over atimeof 0.5 ps.
This temperature value was conditionally accepted to
be the critical temperature characteristic of an arc:
before the overvoltage applied to the gap is switched
off, the electric field in a channel of radius 0.5 cm was
equal to 25 kV/cm. In Fig. 14, the results of computer
simulations show that the residua field E,,, Starts
decreasing rapidly after the channel is heated to
2000 K. However, only at atemperature of 3600 K, the
field just at the end of breakdown falls below the level
5 kV/cm, which characterizes the breakdown strength
of air under the action of along-term operating voltage.
In other words, under normal conditions, an air gap
cannot be affected by ahighly nonuniform electric field
with a peak strength of more than 5 kV/cm because of
the inevitable leader breakdown. For the same reason,
the breakdown strength of the gap bridged by a
streamer actually decreases only when the applied
nanosecond voltage pulse is strong enough to heat the
gasin the channel to atemperature of about 4000 K.

The calculated nonmonotonic evolution of the cur-
rent in the streamer after the return wave was damped
and the electric field was equalized (Fig. 10) provides
evidence for afairly complicated kinetic scheme of the
breakdown process: as the breakdown develops, differ-
ent reactions of the production of electrons and their
losses vary in importance. Not all of these reactions
have been exhaustively investigated, and the rate con-
stants of many reactions are known only approximately.
Based on the rel evant existing database, we can assume
that, in the initial breakdown stage, the electrons are
produced mainly in the reactions of step electron-
impact ionization and associative ionization of elec-
tronically excited nitrogen molecules [20], among

which N,(A*S) molecules have the highest density.

The reactionsinvolving these mol ecul es dominate elec-
tron production and ensure an increase in the electron
density in an as yet cold channel at a relatively weak
electric field of 25 kV/cm (Fig. 15). A temporary
decreasein the current j is attributed to the reduction in
the density of the electronically excited N, molecules
because of the production of active particlesthat collide
with the excited molecules and rapidly quench them. As
the gasis heated to temperatures T > 4000 K, the elec-
tron density n, and current j again start increasing in a
stable fashion because the electrons are now produced
inreaction (2), which is essentially completely insensi-
tive to the electric field. In such a hot gas, the electric
field also has no impact on the generation of N and O
atoms, because they are produced viathermal dissocia-
tion. In this situation, the rate of reaction (2) decreases
only slightly even in a zero electric field. As for the
electrons, they are lost only in dissociative recombina-
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Fig. 13. Time evolution of the electron density in the chan-
nel. The conditions are the same asin Fig. 12.
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Fig. 14. Dependence of the “operating” breakdown electric
field on the gas temperature at which the field decreases
sharply. The remaining parameters are the same as in
Fig. 12.

tion with simple molecular ions (mainly NO*), while
electron attachment to neutral particlesis of negligible
importance.

It should be kept in mind that the numerical model
developed here is evaluative in character not only from
the standpoint of incorporating the kinetic reaction but
also for describing the energy balance in the channel.
This primarily concerns fast heating processes, whose
rates are governed by the fraction of energy that is
transferred from the electronically excited states of
molecules. Calculations carried out with allowance for
the essential variations in the parameters of the related
processes [20] showed that they markedly affect the
time scale on which a breakdown develops and rela-
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Fig. 15. Time evolutions of the rate constants for ionization
in the channel at an applied electron field of 25 kV/cm. The
calculationswere carried out for the processesinvolving the
electronically excited N, molecules, electron impact ioniza-

tion of O, moleculesand O ions, electron impact ionization

of NO molecules, and associative ionization in collisions
between N and O atoms.

tively weakly (to within 10%) influence the breakdown
threshold. The same is true of the degree to which the
initial electric field is nonuniform, as well as of the
streamer channel radius, which serves as an input
parameter for simulating the streamer propagation.

4. REBREAKDOWN OF LONG GAPS

For the breakdown of along air gap to occur under
normal conditions, it is necessary to apply extremely
strong and short voltage pulses. However, the condi-
tions for breakdown in gaps in which the gas is pre-
heated are not so restrictive. Such conditions are typical
of, eg., spark rebreakdown. The rebreakdown of a
slowly cooled gas channel that remains after an electric
arc has come to an end plays an important role in the
operation of current switches and is even more impor-
tant for exploiting high-voltage electric power trans-
mission lines (in the case of automatic reclosing of the
line immediately after short-circuiting). It is well
known that the parameters of the rebreakdown differ
appreciably from those of a primary breakdown in an
unperturbed gas. In air, the threshold for rebreakdown
can be much lower than that for primary breakdown
[24, 25]; the same istrue of SF, [26].

The rebreakdown of the channel that is cooled after
an arc discharge has come to an end was numerically
modeled in our paper [27] for a long air-filled gap
between the sphere and the plane. In that study, we used
a 1.5D model with uniform radial profiles of al of the
air parameters. We neglected the hydrodynamic expan-
sion of the channel and assumed that the ionization
wave coversthe entire cross section of the heated chan-
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nel. (The cooling of the channel was not modeled,;
instead, the initial temperature and initial composition
of the air in the channel at the time when high voltage
was applied for a second time were used as the input
parameters.) These fairly rough, approximate assump-
tions allowed us to study the main characteristic fea-
tures of the development of the rebreakdown, which
had not been clarified previously even at a quaitative
level. In particular, we showed that, in contrast to the
primary breakdown, which usually proceeds through
the leader process [1-3], the rebreakdown is, in
essence, a version of the streamer breakdown. Let us
analyze the results obtained for the rebreakdown in
more detail.

4.1. Sate of the Gas Mediumin the Cooling Channel

When the current is not too high, the air temperature
in an arc channel ranges from 6000 to 10000 K. After
the current is switched off, the heated channel cools at
a slow rate. Consequently, we can assume that the air
composition inthe channel isin alocal thermodynamic
equilibrium and correspondingly changes as the air
temperature T decreases. The auxiliary numerical cal-
culations carried out in [27] in order to simulate the
relaxation of the composition of the heated air as its
temperature T decreases very rapidly showed that the
assumption of the equilibrium character of the compo-
sition is valid for electrons and O and N atoms but it
may fail to hold for NO molecules. The equilibrium
density of NO molecules is maximum at T, = 3000—
3500 K at atmospheric pressure. As the air cools, the
NO density rapidly relaxesfor T > T,,,,; in contrast, for
T< T, the NO molecules are decomposed at a far
lower rate, so that the NO density does not have enough
time to follow the decrease in the temperature. In fact,
in this case, NO molecules are lost in the reactions

NO+N - O+N,, 3)

C))

whose rateisfast at high temperatures T and decreases
exponentialy at T< T,,,,, becausethedensity of N atoms
is too low and the energy threshold for reaction (4) is
high (about 1.7 V). In the cooling channel, the density
Nyo of NO molecules decreases mainly because of the
diffusion on the same time scales on which the channel
cools by heat conduction. For this reason, the relation-
ship between Ny and T in the cooling channel at low
temperatures can be written in an approximate form:

(&)

In computations carried out in [27], the initia air
composition was assumed to be thermodynamically
equilibrium everywhere, except for NO molecules,
which were described by relationship (5) if the initial
temperaturewasintherange T < T,

NO+0O = N+0,,

Nno(T) = Nuo(Tmad) T/ T ax-
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4.2. lonization Wave in the Cooling Channel

After the primary breakdown, the dielectric proper-
ties of the air start reconstructing as the channel cools
in the temperature range T < 3000 K. In this situation,
the rebreakdown in a gap with a nonuniform electric
field begins from the formation of an ionization wave
near the electrode having a small radius (in the case at
hand, thisisan anode) and its further propagation along
the channel. Qualitatively, this wave is analogous to a
streamer propagating in unperturbed air. However, its
guantitative parameters are highly sensitive to the ini-
tial air temperature T and the residual conductivity of
the channel.

In order to investigate the effect of the residual elec-
tron density ng, on the propagation of the ionization
wave, the initial stage of the rebreakdown in the gap
between the sphere and the plane was modeled in [27]
for the gap length d = 30 cm and for different densities
Ne- Theradii of the anode and the plasma channel were
chosen to be 2 and 0.5 cm, respectively. Figure 16
shows the time evolutions of the longitudinal electric
field in the channel at atmospheric pressure and at
T(t=0)=3000K and ng = 10° and 10'' cm3. (Thelat-
ter density value corresponds to the thermodynamically
equilibrium density at T = 3000 K.) The figure also
shows the axial profiles of the electron density at the
time by which the ionization wave propagates a dis-
tance of 25.5 cm. Calculations show that the higher the
residual electron density ny, the more hampered is the
wave propagation in the channel that remains after the
primary breakdown has come to an end. This conclu-
sion stemsfrom the fact that theresidual electronsdrift-
ing in the external electric field induce a space charge
along the entire primary channel (in particular, in the
region ahead of the ionization front), thereby smooth-
ing out the longitudinal field nonuniformity and caus-
ing theionization wave to damp. Consequently, at asuf-
ficiently high residual density ng, the electron density
profile along the channel that remains behind the ion-
ization front is highly nonuniform.

That the electron density in the channel behind the
ionization wave is lower than that in a streamer plasma
in air under normal conditions is also attributed to the
lower air density N. In fact, according to [3, 17], the
electron density behind the ionization wave is about
N. ~ V; /e, Where v; and 4, are the ionization rate and
the electron mobility at the ionization front. For afixed
ratio E/N, we have v; ~ N and |, = NI, which yield
ne~ N2, indicating that the electron density decreases
significantly asthe air is heated at a constant pressure.

Asisthe case with astreamer in cold air, the ioniza-
tion wave in the cooling channel drives the return wave
of the elevated electric field when it reaches the oppo-
site electrode. The results of simulation of this return
waveareillustrated in Fig. 17. At alow applied voltage,
the electric field at the return wave front is weak, the
ionization rate is dow, and the ionization process
2001
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Fig. 16. Time evolutions of the electric field in the channel
and longitudinal profiles of the electron density at the time
by which the ionization wave propagates a distance of

25.5cm for T(t = 0) = 3000 K and ng, = () 10° and
(b) 10! cm™3, the applied voltage being U = 30 kV.

affects the propagation of the field along the channel
only dightly. The electric field is primarily, if at all,
redistributed viathe el ectron—ion recombination, which
acts to enhance electron losses in the regions in which
the electron density n. is elevated and to hinder themin
the regions of depressed electron density. As a result,
the axial profiles of n, and E are equalized. The calcu-
lations carried out in [27] show that the el ectron density
relaxes to a longitudinally uniform profile at the level

ns , which usually lies between 10'°and 10*2cm3, on a

time scale of about 1-10 ps. Since the current at such a
low electron density is weak, the channel temperature
on thistime scale increases only dightly. Asaresult, as
is the case with the primary streamer breakdown, the
channel will evolve into a highly conducting hot arc
only in the next stage, in which it will be heated uni-
formly over its entire length.
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4.3. Evolution of a Quasi-Uniform Plasma Channel

The evolution of a quasi-uniform plasma channel,
which is the key stage of the development of the
rebreakdown in the cooling channel, is characterized by
uniform longitudinal profiles of the electric field and
the plasma parameters and, therefore, can be studied by
means of a zero-dimensional modeling. In order to
illustrate the mechanism by which the electron density
increases in the external electric field applied for a sec-
ond time, Fig. 18 showsthetime evolutions of the mean
rate constant k; of the electron impact ionization, the
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rate constant k. of the electron—ion recombination, the
gastemperature T, and the vibrational temperature T,, of
N, molecules. The corresponding calculations were
carried out for T(t = 0) = 2000 K. The calculated results
show that the initial increase in n, (for t > 1.5 ms) is
associated with an increase in Ty, which increases the
number of high-energy electrons and enhances theion-
ization by superelastic collisions of electrons with the
vibrationally excited N, molecules. Parenthetically, the
observed peak in the time evolution T(t) reflects the
production of O atoms, which efficiently quench the
excited molecules, thereby lowering the vibrational
temperature T, over thetimeinterval 0.7 <t < 1.5 ms,
over which the electron density islow. The evolution of
therate constant k, isweakly sensitiveto theair heating
to atemperature of 3000 K.

Figure 19 shows the electric field strength E and the
reduced electric field E/N, both corresponding to the
threshold for the rebreakdown and calculated in [27] as

functions of T(t = 0) at ny = 10'2 cm>. In the range

600-3000 K, the field E decreases from 7.5 to
0.2 kV/cm. Itisimportant to note that, in thisrange, the
reduced eectric field E/N is not constant, but decreases
from 60to 8 Td. Thiscircumstance contradicts standard
approaches for determining the threshold for the
rebreakdown under an explicit or implicit assumption
that the reduced field is constant [24, 28].

At T(t = 0) = 3000 K, the calculated threshold elec-
tric field for the rebreakdown is of the same order of
magnitude astheintrinsic fieldsin arc channels. Conse-
guently, we can conclude that, for T(t=0) > 3000 K, the
air in the cooling channel has not yet started to recon-
struct its dielectric properties.

Astheair coolsto temperatures of T(t=0) < 3000 K,
the associative ionization reaction (2) terminates,
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Fig. 19. Threshold values of E and E/N calculated as func-
tionsof theinitial gastemperaturein the cases of (1) cooling
and (2) heating of the air in the channel.
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resulting in a rapid enhancement of the threshold
reduced field E/N and, accordingly, in a high rate of
electron impact ionization of neutral particles. Recall
that, at T(t=0) > 1000 K, thisionization process prima-
rily involves NO molecules, whose ionization energy
(9.27 eV) isrelatively low.

From Fig. 19, we can seethat, intherange T(t=0) <
1000 K, the reduced electric field E/N experiences
another sharp increase, which is attributed to the
appearance of negative ions. At such low temperatures,
electron attachment to O, moleculesis no longer coun-
terbalanced by the reverse processes; as a result, the
electron losses are substantially enhanced and the
threshold for the rebreakdown increases. In turn, in
such strong electric fields, the ionization process is
dominated by collisions of electrons with O, mole-
cules, while the role of NO molecules becomes insig-
nificant.

Figure 20 displaysthe time evol utions of the rates of
different ionization processes under the conditions pre-
vailing in the rebreakdown in the cooling channel. One
can seethat, asthe air cools, electron impact ionization
gives way to associative ionization, whose rate is deter-
mined by the air temperature and is independent of the
electric field. Consequently, arapid decreaseinthefield
will not cause arapid decrease in the plasma conductiv-
ity, and we may say that the process of the rebreakdown
has come to an end.

There is reason to believe that the threshold for the
rebreakdown depends weakly on the channel radiusr..
In fact, the main processes that govern the threshold
develop in auniform eectric field E= U/d (where U is
the applied voltage and d istheinterel ectrode distance),
which is independent of r.. Analogously, the specific
energy release during the rebreakdown is also indepen-
dent of r.. These considerations justify the use of a
zero-dimensional model.

The electric field E shown in Fig. 19 has the mean-
ing of the threshold field for the rebreakdown only
when it is below the threshold for breakdown of cold
air. In long air channels with a nonuniform electric
field, the breakdown of cold air usually occurs via the
leader mechanism. The mean threshold fieldsfor |eader
breakdown in air-filled gaps of lengths 1-5 m were
measured to be 4-5 kV/cm [29]. Consequently, accord-
ing to Fig. 19, the air in the cooling channel stops
reconstructing its dielectric properties when it cools to
temperatures 700-800 K. At lower temperatures T, the
breakdown can develop along a channel other than the
cooling channel.

Above, we analyzed the breakdown of air in a cool-
ing channel in which the density of NO molecules no
longer changesintherange T < T,,,,, because it isthis
range in which the reactions involving NO molecules
slow down very rapidly. It isalso of interest to consider
the breakdown of slowly heated air, in which case the
density of NO molecules is thermodynamically uni-
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stage of the rebreakdown. The conditions arethe same asin
Fig. 18.

form and, in therange T < T,,,., iS appreciably lower
than the density typical of the cooling channel. This sit-
uation was investigated numerically in our paper [30].
Therelated numerical results are also shownin Fig. 19.
We can seethat, inthe range T(t = 0) = 800-2000 K, the
threshold for breakdown of heated air is far above that
of cooled air because of the lower density of NO mole-
cules. The difference in the thresholds is maximum
(35%) at T = 1200 K. The pronounced hysteresis effect
manifests itself in the fact that the threshold for break-
down of air at afixed temperature depends on the way
in which this state of air was achieved (heating or
cooling).

5. NONTHERMAL MECHANISM
FOR BREAKDOWN IN NOBLE GASES

There is reason to believe that the streamer break-
down is much easier to initiate in noble gases. In this
case, the conductivity of the streamer channel is signif-
icantly higher and decreases more slowly with time
(because electrons are not attached to neutral particles),
and the eectron-on recombination rate is sower.
Additionally, a large fraction of the deposited energy
can be immediately converted into heat because of the
absence of the vibrational degrees of freedom, which
accumulate significant energy during the development
of aspark in air, thereby hindering the onset of break-
down. That this was in fact true was confirmed by the
experiments carried out in [31, 32]. It was found that a
streamer breakdown in gapswith lengths of tens of cen-
timeters develops over time intervals of several micro-
seconds and that the mean electric field during the
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Fig. 21. Evolution of the streamer channel into an arcin Ar
in a25-cm-long gap: (a) streak photograph of the discharge
and waveforms of the voltage and the charge carried along
the channel after bridging the gap; and (b) visualization of
the return wave with the help of a plane cathode equipped
with a 3-cm-long needle. The primary streamer (/) evolves
into an arc (2).

breakdown in Ar is about 650 V/cm, which is weaker
than that for air by afactor of 30 to 40. It is surprising
that, in contrast to the breakdown in air, the energy
deposited in the discharge turns out to be too low to
attribute the observed increase in the electric current
during the breakdown in Ar to the gas heating. Hence,
it was clear that the streamer breakdown in noble gases
is nonthermal in nature. The nonthermal breakdown
mechanism was explained in [32].

ALEKSANDROV, BAZELYAN

5.1. Experimental Results

The measurements were carried out in atransparent
cylindrical chamber filled with Ar at the temperature
T =293 K at atmospheric pressure. A study was made
of rod—plane gaps, the length of the gap being up to
40 cm. In most of the experiments, the length of the gap
was 25 cm. A positive voltage from 10 to 60 kV was
applied to the rod electrode. The experiments were
aimed at measuring both the electric current through
the streamer channel after bridging the gap and the volt-
age drop across the gap; the streak photographs of dis-
charges were taken by an image converter.

The experiments showed that the streamers in Ar
and air differ in their properties. Thus, the mean electric
field required to initiate the breakdown of Ar in along
gap was measured to be 400 V/cm, which islower than
that for air by a factor of 12. Above, we have shown
that, under normal conditions, a streamer that slowly
(over atimeinterval of several microseconds) bridgesa
long gap cannot drive the breakdown because the
streamer channel has aready decayed when the
streamer propagates across the gap. Breakdowns in Ar
are free of this drawback, so that the phenomenon of
streamer breakdown driven by a slowly propagating
streamer is easy to observe in noble gases.

Figure 21a shows the streak photograph of the
developing breakdown and the corresponding wave-
forms of the voltage across the gap and the charge car-
ried along the channdl of the streamer that has bridged
the gap. The discharge was recorded by opening the
electronic shutter at the instant when the voltage was
applied to the gap and the scanning of the discharge
began after a time delay, at the instant when the
streamer closely approached the cathode. As a result,
both the static image of the discharge and the streak
photograph of its final phase were displayed. We can
see that the state of the plasma channel did not change
radically after the streamer bridged the gap. Only 2 us
after the bridging, the current in one of the streamer
channels between the electrodes started growing with-
out any evident cause (this channel can be readily dis-
tinguished by its peculiar bending) and the channel
itself became very bright. Figure 21b shows the streak
photograph of the breakdown processin the experiment
in which the cathode was equipped with a 3-cm-long
needle. With such a cathode, it was possible to clearly
visualize the return ionization wave. Starting from the
tip of the needle when the streamer bridged the gap, the
return wave approached the anode over a time interval
of 2.5-4.5 us (under the breakdown voltage), without
causing any significant change in the conduction cur-
rent. The current was observed to increase very rapidly
only after the return wave had reached the anode.
Simultaneously, the voltage drop across the gap was
observed to decrease sharply, indicating that the chan-
nel had acquired a descending |-V characteristic and,
consequently, that the gap is bridged.
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Thetota energy deposition W was determined from
the measured charge Q carried along the streamer chan-
nel and the measured voltage across the gap. At the
breakdown voltage U,,, the total energy deposited
before the rapid avalanche-type growth of the current
was equal to W= QU,, = (6-8) x 10~ J. In a25-cm-long
channel with a radius of 0.1 cm, the gas temperature
increased (at the expense of this energy deposition) by
no morethan 2 K. It isprecisely theinsignificant role of
the thermal effects that makes the streamer breakdown
in Ar different from the spark breakdown in air, which
isawaysthermal in nature[1, 3].

5.2. Results of Numerical Modeling

In[32], the streamer breakdown in Ar was simul ated
under the experimental conditions described in the pre-
vious section. The simulations were carried out based
on the above 1.5D model, in which the kinetic scheme
was adjusted for Ar. Specifically, the electron energy
distribution function and the ionization mechanismsin
Ar were calculated with allowance for Coulomb colli-
sions, elastic electron—atom collisions, the dissociation
of argon dimers, the excitation and ionization of atoms
in the ground and electronically excited states, and the
corresponding reverse processes. The rate constants of
the electron processes were calculated as functions of
the reduced electric field E/N, the degree to which Ar
atomsare excited, and the degree of ionization a = ny/N.

The computationswere carried out for a 25-cm-long
Ar-filled gap between the sphere and the plane under
normal conditions. The radius of the spherica anode
was set equal to 0.5 cm, and the streamer radius was
varied from 0.1 to 0.25 cm.

Because of the absence of electron attachment to
argon atoms and the lower rate of dissociative recombi-
nation of positive ions with electrons (the dominant

ions being Arj ions), the plasma in the streamer chan-

nel in Ar decays at a much slower rate in comparison
with that in air. As aresult, al of the streamer parame-
ters in argon and air are correspondingly different. In
particular, in argon, the electron density and electric
field evolve to nearly uniform profiles along the chan-
nel, except for aregion near the streamer head (Fig. 22).

According to calculations, the gap is bridged at a
mean electric field of 500 V/cm, which agrees qualita-
tively with the measured result (400 V/cm). Calcula
tions show that, as is the case in air, the streamer
reaches the cathode and excites the return wave of a
strong electric field (Fig. 23). In this case, the drift
motion of the electrons produced by the streamer sub-
stantially reduces the electric field amplitude in the
return wave aready at distances of several centimeters
from the cathode. That is why, in experiments, the
return wave was usually observed only in asmall cath-
ode region, and it was observed over the entire gap vol-
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Fig. 23. Time evolutions of the electric field in the channel
during the propagation of the return wave. The conditions
arethesameasin Fig. 22.

ume only when the cathode was equipped with aneedle
(Fig. 21b).

The propagating return wave smoothes the axial
profile of the electric field in the channel. The rate of
this process becomes markedly higher when the
applied voltage is sufficiently high to ensure additional
ionization of the gas at the front of the return wave over
the entire length of the channel. The numerica model
used in simulationsis capable of capturing not only the
return wave, which propagates from the cathode toward
the anode, but aso the reflected return wave, which
propagates from the anode toward the cathode. The lon-
gitudinal profile of the electric field in this reflected
wave at the time 300 nsis shown in Fig. 23. Note that
the return wave may experience many reflections. From
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the calculated results illustrated in Fig. 24a (which
shows the time evolutions of the electric field at differ-
ent cross sections of the channel), we can seethat, at the
voltage U = 22 kV, the streamer breakdown evolvesinto
astable regime over atime shorter than 0.5 us, after the
return wave has aready crossed the gap twice. As the
voltage is decreased to the breakdown threshold
(17 kV), the electric field is equalized over a longer
time interval (about several microseconds) and the
return wave crosses the gap many times before the
breakdown evolves into a stable regime (in Fig. 24b,
this effect is manifested by peculiar oscillations of the
calculated time evolution E(t)). The current in the chan-
nel oscillates to a lesser extent (Fig. 25), because the
electron drift velocity in Ar is weakly sensitive to the
electric field variations in the range under consider-
ation. Figure 25 also impliesthat theintegral of the cur-
rent (or, equivalently, the charge carried a ong the chan-
nel) is already a monotonic function of time. This con-
clusion agrees with the results of the experiment that is
illustrated in Fig. 21a and in which the charge carried
along the channel increased over atimeinterval of sev-
eral microseconds after bridging the gap.

By the time when the current starts growing in an
avalanche fashion (for t > 3 psin Fig. 25), the electric
field and electron density are equalized almost com-
pletely along the entire channel (Fig. 26), so that the
further evolution of the streamer plasmais strictly syn-
chronous. This is confirmed by the accompanying
increase in the channel brightness in the streak photo-
graphs shown in Fig. 21. The calculated breakdown
voltage (17 kV) also agrees with that measured experi-
mentally (16 kV). The energy deposited in this preb-
reakdown stage is extremely low. Calculations show
that, at the breakdown threshold, the deposited energy
is lower than 2-3 mJ (the measured energy deposition
was found to be approximately the same). In this case,
the gastemperature in the channel actually increases by
no morethan several degrees, so that thermal effectsare
insignificant. On the other hand, the calculation and
experiment both provide evidence for the very rapid
increasein the current, which may berestricted only by
the internal resistance of the high-voltage source.

An analysis of the numerical results shows that the
observed increase in the current is associated not with
the gas heating, which could enhance the reduced el ec-
tric field E/N or give rise to thermal ionization, but
rather with the intensification of stepwise ionization
through the excitation of electronic states of Ar atoms,

e+ Ar — e+ Ar¥*;, e+ Ar*¥ — 2e+ Ar',

in a nearly constant reduced electric field. When the
electric field is not too strong, the electron-impact exci-
tation rate in Ar is usually much higher than that in
molecular gases, because, in atomic gases, there are no
vibrational and rotational degrees of freedom of neutral
particles, so the mean electron energy is higher.

Figure 27 shows the time evolutions of the electric
field and stepwise ionization rate in the channel during
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the final breakdown stage. At alow electron density n,,
the stepwise ionization rate in the channel synchro-
nously follows the field evolution. However, 0.4 pm
later, when the density n, becomes higher than (3-4) x

1013 cm, the decrease in the electric field can no
longer counterbalance the continuing increase in the
stepwise ionization rate because the |l atter depends non-
linearity on n,. It is also important to note that, in the
final stage of breakdown in Ar, the rate constant of the
excitation of atoms al so increaseswith n, because of the
effect of electron—electron collisions, which leads to a
partial Maxwellianization of the electron energy distri-
bution. In turn, under the combined action of stepwise
ionization and Coulomb collisions, the I-V characteris-
tic of the plasma channel becomes descending, indicat-
ing the onset of breakdown.

In air, the above effects of stepwise processes and
Coulomb collisions on theionization rate are, asarule,
insignificant. In fact, stepwise ionization is usualy
almost insensitive to the metastable states of O, mole-
cules because the excitation energy of these states is
low (1-2 eV). The stepwiseionization through the exci-
tation of the el ectronic states of N, moleculesalso plays
a minor role, because these states are efficiently
quenched in collisions with O, molecules. In addition,
electron—electron collisions have a pronounced influ-
ence on the electron energy distribution only when the
electron—electron collision frequency is comparable
with the electron energy relaxation rate. Since the elec-
tron energy relaxation rate in air is much higher than
that in Ar, the effect of Coulomb collisionsin air isneg-
ligible during the development of breakdown and
becomes important only in the final phase, when the
local thermodynamic equilibrium isreached. Asfor the
breakdown threshold, it is governed by the processes
occurring in the earlier stage.

The calculated time delay of the breakdown (the
interval between the times at which the streamer
bridges the gap and the current starts growing rapidly)
increases from 107 to 10 s as the applied voltage is
decreased and becomes as long as several microsec-
onds at the threshold voltage. The experiments yielded
approximately the same results.

Model simulations show that, when the electron
density and current increase by afactor of 10°, the gas
temperature in the channel is lower than 350 K. This
indicates that the breakdown mechanism is nonthermal
in character. Of course, due to the Joule heating at a
high current, the gas temperature in the channel will
inevitably increase to typical arc temperatures. How-
ever, this temperature level will in fact be reached after
the initiation of the arc discharge.

5.3. Effect of Small O, Admixtures
In [31, 33], it was shown experimentally that, in
long gaps, even a small (1%) admixture of O, to Ar
results in the evolution of the streamer breakdown into
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Fig. 27. Time evolutions of the electric field, gas tempera-
ture, and stepwise ionization rate after bridging the gap. The
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aleader breakdown. It is natural to presume that such a
high sensitivity of the mechanism for arc breakdown in
Ar to small O, admixtures is associated with electron
attachment to oxygen molecules. However, elementary
estimates show that the time scales on which the break-
down developsin argon with asmall oxygen admixture
are short in comparison with those on which the elec-
trons are attached to O, molecules. This effect was
explained in [33] based on the results of numerical sim-
ulations of the streamer propertiesin Ar : O, mixtures.

Figure 28 presents the streak photograph of a spark
discharge in Ar with a 1% admixture of O,. The dis-
charge was photographed under the same conditions as
those in Fig. 21, which refers to pure Ar. The only
exception is the applied voltage, which was increased
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Fig. 28. Streak photograph of a streamer discharge in an
Ar:0,=99: 1 mixtureat U =24 kV.

Fig. 29. Streak photograph of the streamer and leader
phases of adischargeinan Ar: O, =99 : 1 mixtureat U =
30kV: (1) initial streamer phase, (2) leader head, (3) leader
channel, and (4) streamer zone of the leader.

to 24 kV in an Ar : O, mixture. Nevertheless, the
streamer breakdown was not observed, although the
threshold voltage for breakdown in pure Ar islower by
a factor of approximately 1.5. The waveforms of the
charge carried along the channel of a streamer after the
bridging of the gap showed that small O, admixtures
sharply decreased the lifetime of the streamer plasma:
the plasma lifetime in Ar : O, mixtures was as short as
1 psor less, while the plasma lifetime in pure Ar was
several tens of microseconds. Accordingly, the charge
carried along the channel islower: inanAr: 0,=99:1
mixture, it is Q = 1-2 nC, while, in pure argon, it is
Q = 10-15 nC. In addition, the larger the amount of O,,
the stronger the mean electric field E,, required to
bridge the gap. In mixtures containing from 0 to 5% of
0O,, the mean field E,, increases aimost linearly from
400 to 1800 V/cm.

ALEKSANDROV, BAZELYAN

InAr : O, mixtures, the decay of the streamer after
it bridges the gap is not accompanied by an increasein
the current, provided that the voltage U is not too high.
Anincrease in the applied voltage givesrise to aleader.
The streak photograph in Fig. 29 clearly demonstrates
all of the pronounced structural elements of the |eader,
in particular, the leader head, which is much brighter
than both the leader channel and the streamersthat start
from the head. Since the leader channel emits mainly
red and infrared lights, it is seen to be very dark,
because the sensitivity of the photocathode of the
image converter used in the experimentsis maximumin
the blue part of the visible spectrum. From Fig. 29, we
can distinctly see that the breakdown occurs just after
the leader comes into contact with the cathode. Quali-
tatively, this process is analogous to that in long air-
filled gaps[3]. Asthe streamer breakdown evolves into
the leader breakdown, the breakdown voltage Uy, dou-
bles. For the leader mechanisminanAr: 0,=99:1
mixture, we have U, = 30 kV, whereas the breakdown
voltage for the streamer mechanism in a 25-cm-long
gap filled with pure Ar is 16 kV.

Theinfluence of small O, admixtures on the param-
eters of along streamer in Ar was modeled in [33]. The
kinetic scheme applied in [33] was devel oped by prop-
erly adjusting the scheme used in [32] for Ar to incor-
porate the following processes involving O, molecules:
first, thereactionsthat are responsible for the formation
of the electron energy distribution; second, the reac-
tions of dissociation, excitation, and electron impact
ionization of O, molecules and electron attachment to
them; and, finally, the corresponding reverse reactions.

Numerical calculations with the model based on the
kinetic scheme adjusted in such away made it possible
to reconstruct the main experimentally observed fea-
tures of the evolution of the parameters of a long
streamer in Ar with small O, admixtures. Thus, the
mean electric field at the instant at which the streamer
bridges the gap was found to be stronger by afactor of
1.6 for a 1% admixture of O, and by afactor of 2.2 for
a 2% oxygen admixture, the corresponding experimen-
tal findings being 1.5 and 2.33, respectively. The same
agreement was achieved in reconstructing the effect of
O, admixtures on both the lifetime of the streamer
plasma and the charge carried along the streamer
channel.

A fairly high degree of confidence in the calculated
results made it possible to use the model to refine the
role of particular reactions associated with the produc-
tion and loss of electrons in the gas mixture with the
aim of establishing the primary cause of such signifi-
cant changes in the properties of streamers in Ar with
small O, admixtures. The results of the corresponding
computations showed that O, molecules manifest
themselves primarily in the efficient quenching of the
excited Ar atoms, thereby slowing down the stepwise
ionization processes in the streamer channel. Under the
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conditions in question, a small oxygen admixture
resulted in the decay of the channel and thus prevented
the streamer breakdown. As a result, the threshold for
the streamer breakdown became very high (higher than
the threshold for the leader breakdown).

6. CONCLUSION

Although streamer breakdown in long gas gapswith
a highly nonuniform electric field is very important for
practical applications, it has been studied very poorly
and still remains one of the most unclear phenomenain
the physics of spark discharges. Streamer breakdown
has been observed more or less systematically only in
experiments with noble gases (for air under normal
conditions, only some fragmentary results have been
obtained). Until recently, there has been essentially no
study of the mechanism for streamer breakdown. Here,
we have reviewed recent papers in which better insight
into the details of streamer breakdown was provided by
comparing the results of numerical modeling with the
exceedingly little experimental data. We have analyzed
the development of breakdown at the microscopic level
and described the main kinetic processes that are
responsible not only for the streamer propagation but
also for the evolution of the streamer channel into an
arc channel after the streamer bridges the gap.

We have shown that return ionization waves play an
insignificant rolein the streamer evolution. The conclu-
sion about the possible analogy between the return
stroke in the main stage of alightning discharge and the
return waves in the streamer channel has not been con-
firmed. Regardless of thelength of the gap, the streamer
acquires a descending |-V characteristic only after the
damping of the wave processes that equalize the elec-
tric field along the streamer channel. The gas heating to
the threshold temperatures for associative ionization
reactions (which are not affected directly by the electric
field) is not the only cause of the evolution of the
streamer channel into a state with a descending 1-V
characteristic. In noble gases, we have revealed the
phenomenon of nontherma streamer breakdown,
which is associated with the onset of the ionization
instability driven by electron—electron collisions and
stepwise ionization.

To drive streamer breakdown in cold air requires
strong (about 20-30 kV/cm) electric fields and voltage
pulses having nanosecond rise times. Such stringent
requirements become far less restrictive when the air is
heated to temperatures of about 1000 K or higher.
When analyzing the streamer breakdown in hot air, we
predicted a possible hysteresis effect. The results of
numerical modeling show that the threshold voltage for
the streamer breakdown is lower if the air temperature
T < 3000 K before applying the high-voltage pulse to
the gap is achieved by cooling (rather than heating) the
air. This effect is associated with different amounts of
NO moleculesin the cooling and heating air.

PLASMA PHYSICS REPORTS  Vol. 27

No. 12 2001

1077

We can also anticipate that processes analogous to
the streamer breakdown take place during the propaga-
tion of the so-called dart eader in multistroke lightning
flashes [4, 34]. The dart leader is an ionization wave
that isinitiated when a new charged center (convective
cell) in athundercloud comesinto play and propagates
along the cooling plasma channel formed by the pre-
ceding return stroke of the subsegquent components of
lightning. Although all of the scales characteristic of
lightning flashes and discharges under |aboratory con-
ditions are very different, the phenomenon of the dart
leader isthought to have propertiesin common with the
rebreakdown along the channel that remains after an
arc discharge. The question about this analogy is very
interesting not only from atheoretical point of view but
also from the standpoint of practical applicationsandis
worthy of further investigation.
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Abstract—The electron energy distribution function in an afterglow molecular nitrogen plasmais studied both
experimentally and theoretically under the conditions of weak el ectric fiel ds such that the electron gasis heated
by superelastic collisions of electrons with vibrationally excited molecules. Based on the mean electron energy
balance, it is established that, depending on the degree of plasmaionization and the vibrational temperature of
nitrogen molecules, an afterglow plasmamay evolveinto two states, differing in el ectron temperature. Thiskind
of bistability is found to stem from the difference in the main mechanismsfor electron energy lossesin the two
stable states. The prediction that the shape of the electron energy distribution function should changein ajum-
plike manner when a weak electric field is imposed has been confirmed experimentally. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

A distinctive feature of molecular plasma is the
close relation between the distribution of free plasma
electrons and the distribution over the vibrational levels
of molecules in the ground state [1]. This relation is
especially pronounced in the presence of weak (or zero)
electric fields in which the plasma electrons are heated
mainly by collisions with vibrationally excited mole-
cules in the ground or electronically excited states.
Such a plasmais produced by a charged particle beam
or occursin the afterglow of an electric discharge.

The electron energy distribution function (EEDF)
was calculated for the first time in [2—4] together with
the distribution over the vibrationa levels of nitrogen

molecules in the ground state xlzg and electronically

excited metastable state A’S . It was found that, in an

afterglow plasma, the EEDF is nonmonotonic in shape,
because the cross sections for the excitation of the
vibrational levels of the ground state of nitrogen mole-
cules have a series of maximain anarrow energy range
€ <e<g,, whereg, =1.6 eV ande, =3.7 €V. Thisres
onant dependence on energy is attributed to the fact that
the vibrational excitation proceeds through the forma-
tion of an unstable negativeion. It was shown that, over
awide range of conditions, the electron temperature T,
defined as T, = 2[8[J3 (where [g0is the mean electron
energy) iscloseto the vibrational temperature T, corre-
sponding to the distribution of nitrogen molecules over
vibrational levels.

However, the EEDF measured in the first experi-
ments on an afterglow discharge plasmain nitrogen [5]
wasfound to differ greatly in shape from the previously

calculated EEDFs. Thus, for € < g,, themajority of elec-
trons obeyed a Maxwellian distribution with T, =
1000 K. Thisvalue of T, wasthree times lower than the
expected temperature T, corresponding to the vibra-
tiona distribution of nitrogen molecules in the ground
state. It was established that the amount by which the
EEDF decreases can be characterized by the tempera-
ture T* = 3000 K, which corresponds to the vibrational
temperature T, only in the range €, < € < ¢, of the effi-
cient excitation and deexcitation of the vibrational lev-
elsof nitrogen molecules. The shape of the high-energy
part of the EEDF was found to be governed by super-
elastic collisions of thermal electrons with nitrogen

molecules in the electronically excited states A3ZJ ,
B, etc.

Additional measurements carried out at different
times after the discharge-current pulse ended (t <
500 ps) showed that, at the pressure P = 0.3 torr, the
shape of the EEDF remains essentially unchanged dur-
ing different phases of the discharge afterglow [6]. A
model proposed in [6] was intended to approximately
calculate the EEDF under the basic assumption that itis
bi-Maxwellian. The Maxwellian shape of the EEDFsin
the thermal energy range was explained as being due to
the dominant role of electron—electron collisions. The
electron temperature was specified as the parameter
extracted from the measurement results. It was
assumed that, in the energy range €, < € <¢,, adecrease
in the EEDF is determined by the vibrational tempera
ture T* = T,. The high-energy part of the EEDF was
calculated with allowance for superelastic collisions of
electrons with nitrogen molecules in the electronically
excited states, whose population served as a computa-
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tion parameter. The results obtained in [7, 8] in solving
the Boltzmann equation with allowance for electron—
electron collisions agree well with the experimental
results of [6].

Further experiments showed that, as the discharge
current grows and the pressurerisesto 0.5 torr, the elec-
tron temperature T, increases and reaches a value of
about T, ~ T, [9]. Aninteresting behavior of T,in nitro-
gen with a small (about 1%) argon admixture at the
pressure P = 1 torr was observed experimentally in [10,
11]. In the initial phase of the afterglow, the electron
temperature T, was close to T,. Then, the temperature
T, was observed to experience ajumplike decrease at a
practically constant T,. The time at which the electron
temperature T, started to deviate in a jumplike manner
from T, depended on the discharge-pulse current,
which governed the initial electron density and initial
vibrational temperature. Numerical integration of the
Boltzmann equation [11] showed that, when the elec-
tron density n, is high, the electron temperature T, is
closeto T,. This circumstance was explained as being
due to electron—electron collisions. For certain values
of n,and T, the Boltzmann equation has two different
solutions with two different el ectron temperatures T,. It
is this bistability that causes the experimentaly
observed jumplike changes of the electron temperature
T, in time. Calculations of the EEDF showed that, in
certain ranges of n, and T, values, such bistability can
also manifest itself in pure nitrogen [12].

Up to now, the effect of weak eectric fields on the
EEDF in electric discharges in nitrogen has been stud-
ied very little. Weak electric fields were taken into
account by Dyatko et al. [7], who calculated the EEDF
for discharges in nitrogen at T, = 3000 K. On the one
hand, the effect of reduced electric fields with the same
strengths as those used in [7] (about E/N ~ 1 Td) can be
estimated from the mean energy balance equation for a
purely Maxwellian electron distribution. In this way,
the electron temperature T, can be expected to change
by ~10%. On the other hand, the calculations of the
EEDF from the kinetic equation showed that the mean
electron energy changes by several times. However, in
[7], this circumstance was not discussed in detail.

Numerical solution of the Boltzmann equation
makes it possible to determine either T, for a nonequi-
librium EEDF in terms of the mean electron energy or
the characteristic amount by which the EEDF decreases
in acertain energy range. In thisway, however, it isdif-
ficult to examine the influence of various parameters on
thevalueof T,. In contrast, it iswell known that auseful
way of describing the afterglow plasmain atomic gases
is by theoretically analyzing the Maxwellian part of the
EEDF on the basis of the mean electron energy balance
equation [13-15]. This approach provides a simple
analysis of the processes that affect the temperature of
the thermal electrons over a wide range of parameters.
The electron temperature T, obtained in thisway agrees

GORBUNOV et al.

with the results of numerical calculations of the EEDF
to an accuracy with which the actual cross sections for
various elementary processes can be determined exper-
imentally.

Our purpose here is to develop a method that is
aimed at determining the electron temperature T, in an
afterglow plasma in a molecular gas and that is based
on an analysis of the electron energy balance eguation.
We use this method to qualitatively examine the condi-
tionsfor the formation of bistable states of the EEDF in
molecular nitrogen. We also analyze the effect of weak
electric fields on the discharge afterglow and compare
the theoretical results with the data of our experiments.

2. BOLTZMANN EQUATION

We study the formation of the EEDF in a nitrogen
plasmaon the basis of the time-independent Boltzmann
equation in the local approximation, which is valid
when the electron energy relaxation length is A, < A,
where A isthe characteristic diffusion length [16]. The
corresponding criterion for molecular gases was dis-
cussed in detail in [17]. The criterion for the formation
of the local EEDF in nitrogen plasma.is approximately
satisfied in the range PR = 0.1 torr cm, where P is the
neutral gas pressure and R is the radius of the gas-dis-
charge tube. The experiments described here were car-
ried out under the conditions of the formation of alocal
EEDF. Further analysis also refers to these conditions.

In the local approximation, the terms with spatial
gradients in the kinetic equation can be neglected. Asa
result, the kinetic equation for the isotropic part of the
EEDF has the form

df (g)

C%[D(S)W+V(s)f(s)} =C(e), ()

J’f(s)ﬁda = 1. )
0

Here, the diffusion coefficient D(€) = D + D, + D, +
D in energy space accounts for the effect of the elec-
tric field (D), eastic eectron—molecule collisions
(D), electron-impact excitation and deexcitation of the
rotational levels of nitrogen molecules (D,,), and elec-
tron—electron collisions (Dg.); the dynamic friction rate
V() =V, + V,, + Vg in energy space is governed by the
processes just mentioned; and C(¢) is the integral of
inglastic collisions. For a molecular nitrogen plasma,
the expressions for D(g), V(g), and C(€) are presented,
eg., in[6].

In our calculations, the cross sectionsfor elastic col-
lisions of electrons with nitrogen molecules and those
for the excitation of the rotationa levels were taken
from [18] and [19], respectively. The electron—€lectron
collisions were described by the analytic expressions
taken from [20]. These expressions approximate the
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el ectron—electron collision integral with an accuracy of
20%, which is comparable to the accuracy with which
the cross sections for electron—molecule collisions are
measured.

It iswell known [21] that, in a discharge plasmain
molecular nitrogen, the electron energy 10ss is associ-
ated mainly with the excitation of the vibrational levels

of molecules in the ground state xlzg . In self-sus-
tained discharges, the excitation of the higher-lying

electronic states A’S;, B, etc., may influence the

energy balance only when the reduced €electric field is
sufficiently strong, E/N >40Td [22, 23]. An analysis of
these conditions goes beyond the scope of our study,
because electron heating in such a strong electric field
is far more intense than in collisions with the excited
molecules[1].

The electron gas can be heated by collisions with

both the molecules X', (v), v = 1, which are vibra-
tionally excited from the ground state, and the mole-

cules in the electronically excited states A’S B,
etc. In an electric discharge, the most popul ated excited

state is the metastable state A’S.. The threshold
energy for exciting this state from the ground molecular
state X'Z4 (v = 0) is g, = 6.2 eV. The density of the
metastable molecules can be as high as about 10'' cm3
[24]. However, this density is much lower than the den-
sity of molecules vibrationally excited from the ground
state. Conseguently, when the temperature correspond-
ing to the vibrational distribution of the ground state
liesintherange T, = 1000 K, the heating of the major-
ity of electrons by collisions with molecules in the

A3zj state can be neglected in comparison with that
associated with the deexcitation of the vibrational lev-

els Xlzg(v) of the ground state. This temperature

range is characteristic of an electric discharge or an
afterglow plasma.

The above considerations show that, for a wide
range of conditions in a non-self-sustained discharge
and an afterglow plasma, the governing role in the for-
mation of the EEDF is played by such inelastic pro-
cesses as the excitation and deexcitation of the vibra-
tional levels of the ground state of nitrogen molecules.
The problem at hand can be further simplified by repre-
senting the integral for inelastic collisions of electrons
with molecules in the Fokker—Planck (divergence)
form. This approach was used by Lyagushchenko and
Tendler [25] to construct an analytic solution for the
EEDF in adischarge plasmain molecular nitrogen. The
form of the solution that they obtained corresponds
qualitatively to the results of previous calculations.
More recently, this approach was applied to analyze the
nonlocal properties of the EEDF in a nitrogen plasma
[17] and an afterglow plasma in nitrogen [6] and to
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examine the conditions under which the differential
conductivity in gas mixtures becomes negative [26].
The use of the divergent form of the inelastic collision
integral to describe the excitation of the vibrational lev-
elsisjustified by the fact that the most probable inelas-
tic processes are those in which the vibrational quan-
tum number v changes insignificantly. The cross sec-
tions g, (¢) for the excitation of the vibrational levels
from the ground state decrease sharply with v [27]. As
aresult, over therangee, < e < ¢, of the efficient excita
tion and deexcitation of the vibrationa levels, the
change in the electron energy E,;, due to inelastic colli-
sions is much smaller than the energy itself. An analo-
gous assertionisvalid for transitions between the vibra-
tiona levels of the excited molecules. An analysis of
the corresponding cross sections showed that they are
also resonant in character [28, 29]. The cross sections
are observed to be maximum for transitions in which
theamount E,, = E;, — E;, by which the energy changes
ison the order of the vibrational quantum energy E, =
0.29 eV of a nitrogen molecule. In terms of the small
parameter E,, /€ < 1, which characterizesthe processes

of vibrational excitation and deexcitation, xlz; (k) +

e~—-r Xlig(v) + ¢, the indlastic collision integral
Cir (€) Ccan be written as

Conle) = 55 Punl&) TG + Ve (@) 1()], 3)
where

8 v E
3/2 v
Viin(€) = € Z ZTkav(e)v
v=1k=0

Dinr(€) = T, Viine(€).

C))

Here, v, (€) = +/2e/m./e 0,,(€)n, is the excitation rate
of the vibrational level with the number v from the
lower lying level with the vibrational quantum number
k and density n,, and e and m are the charge and mass
of an electron. The matrix of the cross sections o, (€)
used in our calculations was taken from [29]. The
matrix elements g,(€), 0y,(€), and 0y;(€) in the near-
threshold energy range were determined from the
experimental dataof [30]. TheenergiesE,, of thevibra-
tional levels corresponded to the data from [31].

We substitute expressions (3) and (4) into Eq. (1)
and integrate the resulting equation twice to obtain the
following expression for the EEDF:

f(e) = C E:ig )
€) = C,ex :

PElTer
Here, the normalizing constant C, is determined by for-

mula (2) and the characteristic amount T(€), by which
the EEDF decreases, has the form
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26’E?
3mv(€)
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8 v
Ekv

+ Tg[éevel(s) + 6rotvrot(£)] + TeVee(s)AO + Tv Z Z ?Vkv(s)

v=1k=0

T(g) =

where E is the electric field strength, v, (€) is the fre-
guency of elastic collisions between electrons and
nitrogen molecules, &y = 2nYM is the energy transfer
coefficient in elastic collisions, M is the mass of an N,
molecule, T is the gas temperature, o,,, = 8B/¢ is the
energy exchange rate constant for the excitation of the
rotational levels, B is the rotational constant of an N,
molecule, v, (€) is the excitation rate of the rotational
levels, v(¢) is the electron—electron collision fre-
guency, A.(e/T.) = 0.385¢/T, for €/T, < 2.6, and
Ay(E/T,) = 1for g/T,=2.6.

Expression (6) implies that T(¢) differs strongly
between different energy ranges. In an afterglow plasma
(E = 0) with the degree of ionization & = ny/[N,] > 107,
the thermal energy range € < €, is dominated by elec-
tron—electron collisions, so that we have T(g) = T,. In
the energy range €, < € < g, of the efficient excitation of
vibrational levels, we have T(€) = T,, provided that & <
10-3. Consequently, in an afterglow plasmain nitrogen,
the EEDF in the range 10 < & < 103 can be bi-Max-
wellian in character. This conclusion is supported by
both the experimental data [5, 6, 9] and the numerical
results [7, 8]. In an afterglow plasma with a higher
degree of ionization (§ >10-3), the entire energy range
under consideration is dominated by electron—electron
collisions, so that the EEDF decreases exponentialy.
Thisisconfirmed by the corresponding numerical com-
putations[23]. In order to calculate the EEDF from for-
mulas (5) and (6), it is necessary to determine the elec-
tron temperature, because the EEDF at hand satisfies
kinetic equation (1) regardless of the value of T, [32].
In turn, the electron temperature should be found from
the mean electron energy balance equation.

3. MEAN ELECTRON ENERGY BALANCE
EQUATION

Under the assumptions of our model, the balance
equation for the mean el ectron energy [8(can bewritten
in the form

00

ot
where the change in the mean electron energy is gov-
erned by the effect of the electric field (He), eastic
electron—molecule collisions (H,;), quasi-elastic pro-

cesses of the excitation and deexcitation of the rota-
tional levels (H,,,), energy loss in the excitation of the

- +
= HeE + Hel + Hrot + Hvibr + Hvibrv

)

8 v
Evv
6el\)el(z':) + 6rotvrot(8) + Vee(s)AO + z Z '—sk—vkv(s)

: (6)

v=1k=0

vibrational levels of nitrogen molecules (H,;, ), and
energy gain in superelastic collisionswith vibrationally

excited molecules (H.;,, ).

We consider the case in which the EEDF formsin a
quasi steady fashion asthe electron density n,and vibra-
tional temperature T, change. This process starts sev-
eral microseconds after the electric discharge has come
to an end [3, 4, 23]. In the case at hand, the electron
temperature T, is determined under the assumption that
theright-hand side of Eq. (7), H(Te) = He + Hy + H o +
Hyy + Huip , isequal tozero; i.e., H(Te) = 0. Thesolu-
tion to the latter equation can have one or several roots.
By analyzing the behavior of the function H(T,) near

the resulting solutions Te, it is possible to examine

their stability properties in terms of the discharge
parameters[33]. Inour model, theseare Ty, T,,, N, and E.

For dH(T,)/0T,< 0, theroot in question is stable. Inthe
opposite case dH(T.)/0T, > O, the root is unstable.

A small perturbation AT, grows with time until the
system evolves into another stable state.

4. NUMERICAL RESULTS

The results of the calculation of H(T,) at E = 0 for
different vibrational temperatures and electron densi-
tiesareillustrated in Fig. 1. In calculations, the nitrogen
density was taken to be the same as in experiments,
[N,] = 10" cm™3. For T, = 0.23 eV (Fig. 1a) and low
electron densities (n, < 10'' cm™), the function H(T,)
hasasingleroot a Te; =0.075 eV. SincedH(Te1)/0T, <0,

thisroot is stable. The EEDF at Ty = Tey and n, =2 x

10'° cm3 isrepresented by curve 7 in Fig. 2. We can see
that the EEDF is characteristically bi-Maxwellian. The
magjority of electrons, which are in the thermal energy
range € < €,, obey a Maxwellian distribution with tem-
perature T,. The electronsthat areintherangee, <e<g,
obey a distribution characterized not only by the elec-
tron temperature but also by the vibrational temperature
T,. A comparison between the termsin the energy bal-
ance equation shows that the primary mechanism by
which the electrons are cooled is associated with the
energy lossin the excitation of therotational levels. The
electron heating is governed by the deexcitation of the
most populated lower vibrational levels with v = 1, 2
(Fig. 1d). The primary heating mechanism is governed
PLASMA PHYSICS REPORTS  Vol. 27
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by the nonresonant parts (at € < 1 eV) of the deexcita-
tion cross sections a,,(€) and 0,(€), because it is these
parts that are responsible for heating the majority of
electrons.

As the electron density increases, electron—electron
collisions become more frequent, leading to an increase
in the effective energy transferred from high-energy
(e > €,) electrons to thermal electrons[13]. The higher
the electron temperature T,, the more important is the
role of superelastic collisions with nitrogen molecules
that are vibrationaly excited to the levels v = 3-5
(Fig. 1d). This effect is associated with the large cross
sectionsfor the resonance deexcitation of theselevelsat
energies of about € =0.8-1.5 eV. The electron temper-
ature T, stops increasing when the electron energy
beginsto belost primarily in the excitation of the vibra-
tional levels.

The qualitative picture of the processes occurring in
an afterglow plasma is illustrated by the dependence
H(T,) at n,= 10'"' cm™ (Fig. 1a, curve 3). We can see
that, at a higher electron density n., the solution to the
energy balance equation has additional roots. The solu-
tion at hand has three roots. Thefirst root is amost the
same as that at lower densities. The second root at

Te2 =0.16 eV isunstable because it satisfies the condi-

tion 0H(Te; )/0T,> 0. Thethirdroot at Teg =0.19€eV is
again stable. For the second stable state, the EEDF is
represented by curve 2 in Fig. 2. The characteristic fea-
ture of this EEDF is that, over the energy range of the
efficient excitation and deexcitation of the vibrational
levels, the electron density increases sharply (by more
than three orders of magnitude).

At ahigher vibrational temperature (T, = 0.26 €V),
the states of an afterglow plasmacan also be bistable at
low electron densities (Fig. 1b). The value of the first
root in the range of low T, values depends only dightly

onn,and isequal to Te; = 0.085 eV. For this state, we

have H,,(Te1) > Hyi, (Te1). The second root is unsta-
ble. The value of the third root depends strongly on n,.
At high electron densities (n, = 10'! cm™3), the temper-
ature Tez = 0.255 eV practically coincideswith T,,. For

an EEDF with this value of T,, the dominant mecha-
nism for electron energy losses is the excitation of the

vibrational levels, so that we have Hyy, (Tez) >

H..(Tes). Asmay be seen, atransition to another stable
state indicates that a different mechanism for energy
losses has come into play.

Thelower the electron density n,, the stronger isthe
effect of the processes of the excitation of the rotational
levels on the shape of the EEDF in the thermal energy
range € < €,. These processes act to form an EEDF with
its own characteristic temperature T,. However, the
principle of energy balance, which is governed by the
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processes of the excitation and deexcitation of the
vibrational levels, implies that the EEDF should be
close to a Maxwellian function with the temperature
T(e) = T,. Consequently, as can be seen from curves 2
and 3 in Fig. 1b, adecrease in the electron density leads

to a displacement of the quantity Tes toward the high
energy range. Asaresult, anincreasein T, compensates
for the progressively smaller effect of the electron—
electron collision rate on the shape of the EEDF in the
thermal energy range € < €,. Hence, over the entire
energy range € < &, the EEDF is essentially an expo-
nential function with T(e) =T, (Fig. 2, curves 3, 4).

At higher vibrational temperatures (up to T, =

0.28 eV), there remains the only stable state in which
the EEDF in the electron density range under consider-

ation is characterized by the temperature Te = T,. In
this case, over the entire energy range, the EEDF is

GORBUNOV et al.

closeto Maxwellian in shapewith T(¢) =T, . Inthe low

energy range T. < 0.1 eV, there is no longer a root,
because, for T, = 0.27 €V, the energy loss in the excita:
tion of the rotational levels cannot compensate for elec-
tron heating by collisions with vibrationally excited
molecules.

Let us analyze how the electric field affects the
energy balanceat T, =0.23 €V and n,=2 x 10'° cm3.
Recall that, for E = 0, there exists a single stable solu-

tion corresponding to the root a Te; = 0.075 eV
(Fig. 33, curve 1), in which case the EEDF is bi-Max-
wellian in character (Fig. 2, curve I). The energy bal-
ance is dominated by the losses associated with the
excitation of the rotational levels (Fig. 3b). We can see
that even adlight additional electron heating could lead
to the appearance of the second stable solution in the
range of high electron temperatures T..

Imposing aweak electric field (E/N= 0.4 Td) is suf-
ficient for the solution to Eq. (7) to have aroot in the
range of high electron temperatures, specificaly, at

Ten =0.21 eV (Fig. 3a, curve 2). This solution is seen
to be unique. It is of interest to note that, in the energy

balance equation, the field term Hee(Tep) is smal in

comparison with theterm H;,, (Tes) and makesacon-
tribution of about 10% (Fig. 3b). Hence, the applied
weak electric field plays the role of a peculiar trigger
mechanism that gives rise to an avalanche-like electron
heating associated with the deexcitation of the vibra-
tionally excited molecules (Fig. 3b) and forces the
EEDF to evolve into another steady state with the tem-
perature T,=T,.

Astheéelectricfield isincreased up to E/N = 1.7 Td,
the electron temperature continues to grow and, in the
energy balance equation, the above two terms again sat-

isfy the condition Hy, (Tec) > Hee(Tec) (Fig. 3b). In

this case, however, the value Tec = 0.27 €V is larger
than T,. In the thermal energy range € < ¢, the field
term D(€) contributesinsignificantly to expression (6)
in comparison with the term D.(€). In this energy
range, a decrease in the EEDF is determined by the

electron temperature T(g) = Tec.

In our study, we compared the EEDFs calculated for
T,=0.26¢eV and n, =2 x 10'° cm from the analytic
model proposed here with the EEDFs obtained in [34]
by integrating the Boltzmann equation numerically.
When determining the EEDF, we calculated the cross
sections of the processes involving vibrationaly
excited molecules in the same way aswas done in [34]
for set |1 of the cross sections. The results of the com-
parison are illustrated in Fig. 4. In the absence of the
electric field, the two calculation methods give nearly
the samevalues of T, inthethermal energy ranges <¢,,
inwhich the mgjority of electronsare concentrated. The
2001
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EEDFs are seen to differ in shape only in the transi-
tiona energy range (€ = 1 €V), in which the electron—
electron collision rate is comparable to the rate of the
excitation of the vibrational levels of nitrogen mole-
cules. We attribute this discrepancy to the error intro-
duced into our model by the Fokker—Planck representa-
tion of the integral for inelastic collisions of electrons
with molecules. Because of the inelastic nature of elec-
tron—molecule collisions, the EEDF spreads out into
the lower energy range by an amount equal to thevibra-
tiona quantum energy. Of course, thiseffect is captured
by numerical simulations but it cannot be described by
the analytic model used here. The EEDFs calculated
numerically and anaytically for E/N = 1.7 Td are
almost the same. Imposing the electric field resultsin a
sharp increase in the electron temperature. In the
energy rangee, < € <¢,, thedecreaseinthe EEDF is, as
before, determined by the vibrational temperature T, .

Hence, even aweak electric field in which the elec-
tron temperature T, grows in avalanche fashion may be
responsible for a severalfold enhancement of the ambi-
polar diffusion in the plasma and a severalfold reduc-
tion of the recombination rate for charged particles. In
such afield, the number of electronsin the range €, <
€ <&, increases sharply, resulting in ajumplikeincrease
in the rate at which the electrons excite the vibrational
levels of nitrogen molecules. Since the shape of the
EEDF changes, the rate of the excitation of the elec-
tronic terms of nitrogen molecules from the higher
lying vibrational levels of the ground state can increase
by several orders of magnitude [35]. The factors just
mentioned may have a strong influence on the entire
sequence of plasmochemical reactions occurring in an
afterglow plasmain nitrogen.

5. EXPERIMENTAL OBSERVATIONS
OF THE EEDF

Our calculations revealed severa scenarios for the
relaxation of the EEDFs in the discharge afterglow.
Which of the scenarioswill occur depends on theinitial
conditions, which are governed by the values of n, and
T, at the end of the discharge current pulse.

For T, = 0.23 eV and a sufficiently high electron
density in the discharge plasma (n, > 10'! cm™), the
electron temperature T, in an afterglow plasma rapidly
relaxesto the value T, = T, and then remains unchanged
until the electron density decreasesto n,~ 5 x 10'° cm3
dueto diffusion and/or recombination processes. In this
case, the EEDF with this value of the electron temper-
ature T, becomes unstable. Asaresult, the electron tem-
perature T, decreases in a jumplike manner to T, =
0.08 eV and the shape of the EEDF changes. An analo-
gous behavior of T, was experimentally observed in
[10, 11].

If theinitia electron density in the discharge plasma
isn,<5 x10'° cm and the vibrational temperature is
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Fig. 3. (a) Mean electron energy balance and (b) distribu-
tion of the energy that is lost and gained by the electrons at

T, =0.23 eV and ng= 2 x 10! cm™ for different electric
field strengths E/N = (1) O, (2) 0.4, and (3) 1.7 Td. In
Fig. 3b, the lettersin the curve legends refer to the termsin
the mean electron energy balance equation: (a) |Hl,

(B) Hrorh (©) [Hyity| (@) IHeg ) and (&) [Hyi

about T, = 0.23 eV, then the electron temperature T,
rapidly relaxes to a small value (T, < 0.1 eV) after the
discharge current pulse has come to an end. Since the
value of thefirst stable root dependsonly slightly on n,
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the temperature T, remains unchanged throughout the
entire afterglow stage. This behavior of the electron
temperature in an afterglow plasmawas experimentally
observed in discharges in nitrogen at the pressure P =
0.3 torr [6]. In the experiments of [6], the electron tem-
perature was found to be unchanged (T, = 0.09 eV) over
atimeinterval of 100-500 ps.

At higher vibrational temperatures (T, = 0.26 €V),
the electron temperature rapidly relaxes to the value
T. =T, and then remains unchanged until T, decreases
to T, = 0.23 eV. If the électron density at thistimeis
Ne< 5 x 109 cm, the electron temperature T, will
decrease in ajumplike fashion.

Here, we describe the first experimental measure-
ment of the EEDF in a nitrogen plasmain the presence
of aweak electric field. The measurementswere carried
out during the discharge afterglow in pure nitrogen at
the pressure P = 0.3 torr in a discharge tube with the
radius R = 1.7 cm. The experimental device and the
technique for measuring the EEDF were described in
detail in[5, 6]. The current pulse duration wast = 7 s,

GORBUNOV et al.
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Fig. 5. EEDFs measured at different electric field strengths
E/N=(1) 0, (2) 0.4, and (3) 1.7 Td.

the repetition rate of the pulses was f = 1.25 kHz, and
the discharge current was |4 = 250 mA. The duration of
the additional current pulse that governed the electric
field strength in the afterglow was 30 us. The EEDF
was measured 80 s after the electric discharge cameto
an end, i.e., 20 ps after the beginning of the heating
pulse. Theelectric field strength was measured from the
potential difference between two probes.

The measured EEDFs (normalized to the electron
density) are shown in Fig. 5, in which curve 7 reflects
the EEDF measured in the absence of the field. The
majority of electrons are seen to obey a Maxwellian
distribution with the temperature T, = 0.09 + 0.01 eV.
In the energy range of the efficient excitation and deex-
citation of the vibrational levels, the decrease in the
EEDF is determined by the effective temperature T(€) =
0.25 + 0.05 eV. The high-energy part of the EEDF is
governed by the deexcitation of the electronically
excited states of nitrogen molecules by thermal elec-
trons. The electron density measured from the plasma
conductivity when an electric current flowed through
PLASMA PHYSICS REPORTS  Vol. 27
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the plasmawasn,=2 x 10'° cm~3. According to our cal-
culations of the EEDF, the experimentally measured
value of the electron temperature T, corresponds to the
range T, < 0.25 eV.

Imposing an electric field with the strength E/N =
0.4 Td radically changes the shape of the EEDF (curve 2
in Fig. 5). In this case, the results from the probe mea-
surements of the EEDF in the low-energy range € < €,
aredistorted by instrumental effects. Thedistortionsare
introduced by the smoothing influence of the electric
field along the praobe (in the case at hand, over a dis-
tance of 15 mm), and, in the energy range 0 < € < 3T,
they are caused by the drain of electrons to the probe.
Asaresult, we failed to determine the el ectron temper-
ature T, in the energy range € < €, by probe measure-
ments. However, in the energy range €, < € < &,, the
EEDF in the presence of the electric field is seen to
increase by more than two orders of magnitude over
that in the absence of thefield (E = 0).

Increasing the electric field upto E/N = 1.7 Td leads
to a further increase in the EEDF in the energy range
€, £ € £ &,. The amount by which the EEDF decreases
over this energy range remains the same as that in the
absence of the field and, accordingly, is again deter-
mined by the temperature T,,. On the whole, the results
of the calculation of the EEDF (Fig. 4) arein good qual-
itative agreement with the experimental data.

6. CONCLUSION

We have carried out experimental measurements
and theoretical analysis of the relaxation of the electron
temperature during the discharge afterglow in molecu-
lar nitrogen under the conditions of weak el ectric fields.
The EEDF is calculated with allowance for the electric
field, electron—electron collisions, elastic electron—
molecule collisions, and the processes of the excitation
and deexcitation of the rotational and vibrational levels
of the ground state of nitrogen molecules. The shape of
the EEDFsis calculated analytically by using the Fok-
ker—Planck representation of the integral for inelastic
collisions in which the vibrational levels are excited.
The electron temperature is determined from the mean
electron energy bal ance equation. This approach makes
it possible to qualitatively analyze the effect of both the
temperature corresponding to the vibrational distribu-
tion of nitrogen molecules and the degree of plasma
ionization on the electron temperature T,. We have
established that, depending on the values of n,and T,
an afterglow plasma may evolve into two states differ-
ing in the electron temperature T.. When the electron
temperatureislow, T, < 0.1 eV, the main cooling mech-
anism for electronsis associated with the energy lassin
the excitation of the rotational levels, whereas electron
heating is governed by the deexcitation of the most
populated lower vibrational levels with v = 1, 2. The
second stable solution, for which T,=T,, isestablished
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in the range T, = 0.25 eV. In this case, the electron
energy balanceisgoverned by the processes of the exci-
tation and deexcitation of the vibrational levels. Hence,
we have shown that the existence of bistable states
stems from the fact that the primary mechanism for
electron energy losses changeswith increasing the elec-
tron temperature. This change is associated with the
resonant nature of the cross sections for the excitation
of the vibrational levels of nitrogen molecules in the
ground state. A comparison between the results of our
analytic model for calculating the EEDF with the avail-
able numerical results shows that the model correctly
describes the evolution of the electron temperature T..

The transition from one stable state to another (with
a lower value of T,) can manifest itself as a jumplike
change in time of the electron temperature in a decay-
ing nitrogen plasma. This jump may be associated with
adecreasein n,and/or T, during the relaxation process.
As aresult, the rate at which the thermal electrons are
heated by collisions with vibrationally excited mole-
cules decreases.

Our analysis shows that weak electric fields can
change the electron temperature T, at the expense of a
jumplike transition from one stable state to another.
However, the electric field has a minor direct effect on
electron heating in comparison with the deexcitation of
the vibrationally excited molecules. Hence, the electric
field playstherole of apeculiar trigger mechanism that
forces the EEDF to evolve into another steady state.
Our experimental investigations confirmed the predic-
tion that the imposition of aweak electric field causes
the EEDF to change in ajumplike manner.
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