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The paper presents the results of comparison between the experimental decay coefficients of the dense plasma
produced by pulsed discharges in water with theoretical coefficients calculated using all the known formulas for the
three-particle recombination with the plasma ionization taken into account. The best agreement was obtained in the
calculations of the ternary recombination with taking into account only the levels realized in the dense plasma and
with taking into account the ionization using the experimental decay coefficients of the dense plasma.
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INTRODUCTION

Processes of the dense plasma decay are studied not
satisfactory. In recent years a series of theoretical works
were published presenting the results of numerical
simulation on recombination processes in the dense
plasma [1 -4]. There the corrections were introduced
into the classical Gurevich-Pitaevsky formula for calcula-
tion of a three-particle recombination in the rarefied
plasma [5, 6]. The corrections leaded to the slight de-
crease in the values of dense plasma recombination coef-
ficients. But the calculated corrections enclose different
models of the electron-ion interaction. The authors of [1 -
3] have made an assumption that there are existing cou-
pled states of atoms; an energy region adjacent to the
ionization limit where pairing states, practically, are ab-
sent (a ’gap” between the pairing coupled and free elec-
tron states); free electron states. In [1 - 3] the effect of
atomic level unrealization in the high electric microfields
was taken into account. In [4] the corrections to the
Gurevich-Pitaevsky formula for the ultracold nonideal
plasma were calculated. Here it has been supposed the
following: “The previously existing viewpoint, asserting
that in the course of the degree of nonideality increasing
in the distribution function a gap arises because of the
pairing state absence, is not quite right” (gap absence).

The authors of [7, 8] proposed a model for the bi-
nary recombination in the dense plasma and derived a
corresponding formula for the strongly nonideal plasma
recombination coefficient. An interaction between the
electron and the nearest ion in the nonideal plasma was
described in the nearest neighbor approximation and by
the cellular model.

In the theoretical work [9] the corrections to the
Gurevich-Pitaevsky formula [5, 6] were derived too.
The corrections to the coefficient of the three-particle
recombination depending on the temperature (T) and
electron concentration (N.) were calculated. Independ-
ently on the charged particle concentration in the
plasma, there obtained were three variants of corrections
to the formula showing the recombination coefficient
decreasing versus N.. According to [9] the three-particle
electron recombination rate decreases by a factor of é
(2.718) occurs, when I ..>0.55 ([ is the degree of
plasma nonideality). This is the condition for almost full
closing of the three-particle electron recombination
channel (by Pitaevsky) [9]. It should be also noted, that
the magnetic field influence on the dense (nonideal)
plasma recombination rate is insignificant [9].
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In [10] the decrease of the nonideal plasma recom-
bination coefficient as a result of upper level unrealiza-
tion in the high microfields was estimated. There it has
been assumed that the levels, onto which the recombina-
tion can occur, are not broadened.

Before, the decay and recombination coefficients
were determined experimentally for the electron con-
centrations to N.<2:10'" cm™ at 64-10° K [11]. Dis-
crepancies between the predicted and experimental val-
ues were insignificant. However, a slight decrease of
experimental values in comparison with theoretical cal-
culations by the formula for three-particle recombina-
tion has been already observed [5, 6]. The subsequent
investigations on the hydrogen-oxygen plasma produced
the high-voltage pulse discharges in water [12 - 16]
have revealed a significant disagreement between ex-
perimental and theoretical results at high values of N..
For the electron concentration N.<2-10'" cm™ the ex-
perimental values of the decay coefficient are practi-
cally coinciding with the theory, as in [11]. For higher
N, the values of the decay coefficient obtained experi-
mentally were lower than the calculated values by 6
orders of magnitude and more. And the difference was
increasing with electron concentration increasing, the
calculations being carried out with the use of the three-
particle recombination model. The purpose of the pre-
sent work is to compare the experimental results with
calculation results obtained by different theoretical
models and to determine dependences of the decay coef-
ficient on plasma temperature, electron concentration,
degree of plasma nonideality within the ranges of elec-
tron concentration of 10" em®<N,<10%cm” and
temperature of 5-10° K < T < 5-10* K.

EXPERIMENTAL RESULTS
AND DISCUSSION

Experimental investigations of dense plasma decay
coefficients at electron concentrations of
10"7em> <N, < 10* ¢cm™ were carried out under condi-
tions of relaxation of the plasma produced by pulsed
discharges in water. To obtain a good reproducibility
and high electron densities, the discharges in water were
initiated by the thin exploding wires. The diameter of
tungsten conductors initiating discharges was varying
from 20 to 500 um. The storage battery capacity
C = 14.6 pF, discharge circuit inductance was 0.43 pH.
The discharge period under short-circuit conditions was
15.5 ps. The initial voltage on the battery was varying
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from 3 to 37 kV, and the maximum accumulated energy
did not exceed 10 kJ. The discharge gap length was
changing from 10 to 100 mm. The discharges in water
were initiated by conductors of iron, molybdenum, cop-
per, brass, constantan, carbon, nickel and other materi-
als. The most interesting were discharges initiated by
the tungsten conductor. A peculiarity of such discharges
consisted in that the tungsten conductors might be
heated before the metal vapor breakdown to the tem-
perature of 13-10° K [17] at tungsten melting tempera-
ture of 3689 K and boiling temperature of 5930 K. The
metal heating to such high temperatures permits to ob-
tain, rather easily, free electrons in vapors and to gener-
ate discharges without a current pause with a very high
degree of ionization and concentrations to the densities
electrons of 10* cm™. Besides, the first ionization po-
tential W is 8 eV, the second is 14 eV and the third is
24 ¢V [18]. For hydrogen the ionization potential
E,=13.6 eV; for oxygen the first potential is 13.6 eV
and the second is 35.1 eV. Also, for the water molecule
dissociation it is necessary to use 9.5 eV. Therefore,
when the discharge occurs in the tungsten vapors, the
second tungsten ion ionization is possible and the
plasma with a high temperature and electron concentra-
tion can be obtained. If for the discharge initiation in
water the conductors of other metals are used it is im-
possible to obtain the plasma with such a high concen-
tration. When the discharge initiation in water is per-
formed with the conductors of carbon, constantan,
nickel, these materials are heated up to moderate tem-
peratures. Therefore, the vapor breakdowns are delayed
for long times and, consequently, the low values of the
plasma channel temperature and comparatively low
electron concentrations are observed. In addition, for
investigations of decay coefficients the discharges cho-
sen have contributed a maximum energy into the chan-
nel in the first half-period, practically, without energy
supplements into the plasma in the second and subse-
quent half-periods [13, 14]. Thus, it was possible to ob-
tain minimum errors when determining the decay coef-
ficients. The most interesting were discharges with a
discharge gap length of 100 mm initiated by tungsten
exploding conductors with wire diameter of 20 pum,
voltage U, =30 kV, as well as, a tungsten exploding
wire of 320 pm in diameter, conductor length of 40 mm
and voltage of 20 kV.

The experimental plasma decay coefficient is deter-

mined from the relation K, = AN,
At-N?

the electron concentration decrease for the time interval
At, and N_-— the electron concentration. The theoreti-

, where AN, is

cal calculation of the decay coefficient is determined

from the principle of detailed balancing
dNez _ N b-o-N,, where N, is the atomic concen-
dt-N: N,

tration in plasma, b — the ionization coefficient, o - N; —

the recombination coefficient. In this case the decay
coefficient is determined with taking into account the
plasma ionization that can be rather high at a tempera-
ture of (7...45)-10° K. Just such temperatures are ob-
served in the case of pulsed discharges in water.

As is shown in [15, 16] the unambiguous depend-
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ence of the decay coefficient on the plasma temperature
is not observed. This contradicts to the classical formula
for three-particle plasma recombination by the electron-
electron-ion collision model. The temperature depend-
ence in this model is very strong ~T? [5, 6]. When the
temperature changes from 7000 to 64000 K the experi-
mental value of K at equal values of concentration N,
has practically the same value [15, 16]. According to [5,
6] the recombination coefficient should be different by a
factor of ~ 2.1-10* (twenty one thousands times).

Comparison of experimental results on K with val-
ues calculated by the recombination model [7, 8] shows
a satisfactory coincidence only at the electron concen-
tration N.< 10" cm™[16].

Fig. 1 presents the decay coefficient values K, versus
time determined experimentally in comparison with
theoretical values calculated by the classical formula for
the three particle recombination. Here also given are the

calculated values of —2

-b, being less by an order of
€

magnitude and more than the recombination coefficient.
Therefore, in such a discharge regime practically there
is no ionization influence on the calculation results and
the decay coefficient coincides with the recombination
coefficient (an overestimation error < 10 %). The ap-
proach of results goes with concentration decreasing
and sequential appearance of H, (656.3 nm), Hg
(486.1 nm) andH, (434.06 nm) lines in the radiation.
Then the plasma in the continuous spectrum becomes
transparent.
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Fig. 1. The dependence on time the decay coefficient

Comparison of experimental values K, with these
calculated by the Gurevich-Pitaevsky formula [5, 6],
calculations by Johnson and Hinnov [20], as well as,
Lankin-Norman [1 - 3] is given in Fig. 2. In [20] the
hydrogen plasma opacity in the Layman series radiation
lines and the ionization was taken into account. Thus the
approach of experimental and experimental results was
slightly improved (Fig. 2). The calculation results by the
formulas of [1 - 3] practically coincide with the calcula-
tion results for the nonideal plasma formulas at electron
concentrations N, less than 10" cm™ or .. < 0.6...7, as
it follows from the formulas given in the present paper.
But they are significantly higher than the experimental
values of K, According to [19] the decay coefficient K,
can be determined by the time dependence of the ratio

between the maximum electron concentration NJ'** and
the current concentration N..
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Fig. 3 presents the ratio Ng** / N, as a function of

time. One can see that to 70 ps the curve slope was neg-
ligibly small. Beginning from 70 ps the curve depend-
ence increases and after 80 ps it increases once again.
This can evidence on the recombination type change
with electron concentration decreasing in the dense
plasma.
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The results on the time dependence of experimental
values of K, and calculated values obtained by different

models for the nonideal plasma are presented in Fig. 4.
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Fig. 4. The dependence on time the decay coefficient

The calculation results do not show significant ap-
proach of theoretical and experimental values of K, . If
the ionization is taken into account, the approach of
experimental and theoretical results also is not improved

because the ionization values are < 10% in comparison
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with the recombination values, and the calculation re-
sults are practically coinciding. It should be noted that
the used ionization calculation was taken from [20]. But
there one does not take into account the effects of line
level unrealization in the high electrical dense plasma
microfields.

The value of K, is slowly changing with time.

Fig. 5,a presents the results of comparison between the
experimental values of K, and the calculation data with

corrections taking into account the influence of the de-
gree of plasma nonideality on the Gurevich-Pitaevsky
formula.
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Fig. 5,a. The dependence of the decay of the degree
of nonideality

Depending on the degree of plasma nonideality in
the case of I'e. < 1 the corrections do not lead to the sig-
nificant decrease of calculated values of decay coeffi-
cients in all the three theoretical models [1 - 4, 9]. To
50 ps the value of K, is practically unchangeable. The

electron concentration changing with time in this case
was calculated by the Sakha formula. The total electron
concentration in the plasma was determined from the
pressure. The pressure dependence on time was calcu-
lated by the hydrodynamic characteristics of the plasma
channel. The pressure was calculated by the quasi-
incompressible liquid [21]. The radiance temperature
was taken from the plasma channel radiation measure-
ments by comparison with a standard source EV-45
[22]. In calculations of the partition function only the
levels observed experimentally were taken into account.
The ionization potential decrease was not taken into
account [1 - 3]. The plasma channel has radiated a con-
tinuous spectrum but its radiation strongly differs from
the radiation of an absolutely black body [23]. In the
present case the temperature was measured on the wave-
length of 400 nm. As the plasma is decaying and the
intensity of the continuous spectrum is decreasing, from
this spectrum an emission linear spectrum begins to
appear. At 50 um a strongly broadened H, (656.3 nm)
line appears and at 63 um it is the H, (434.06 nm) line.
Therefore, beginning from 65 um it has been succeeded
to measure the electron concentration change in time by
the Stark broadening of H, line [24]. With appearance
of H,, Hp and H, lines the plasma decay rate quickly
increases (see Fig. 2). The value of K; increases and the
approach between the theoretical calculation results for
the triple recombination and experimental values of K;
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takes place. It is explained by the fact that in the hydro-
gen atom new levels arise onto which the electron re-
combination is observed leading to the K, increase. Be-
sides, when the electron concentration N, decreases, the
line broadening and electron orbits in atoms become
more stable that leads to K, increasing. When plotting

K, against the degree of nonideality a peculiarity is ob-

served. As the degree of nonideality decreases from 0.6
(at the plasma decay beginning) to 0.3 then the region of
experimental values of K, arises, where I'. is not

changing and the decay coefficient increases from
107 10 107" em’/s. It is due to the appearance of H,, Hp
and H, line levels and to the beginning of the sharp re-
combination rate increase. The nonideality parameter
I includes the temperature-electron concentration rela-
tion. Therefore different values of N, and T can corre-
spond to the same value of I'... At the same time in the
calculation curves a kind of a “hysteresis loop” is ob-
served for the dependence of K; on ..

The unambiguous temperature dependence of K; in
the dense plasma was not revealed. Only the unambigu-
ous dependence on the electron concentration was ob-
served [15]. Evidently, the nonideality parameter is not
a main and unique parameter on which the dense plasma
decay coefficient depends. Indeed, at high degrees of
nonideality there is a correlation between the K, de-

crease and I increase (Fig. 5,b).
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Comparison between the experimental results ob-
tained for K, versus I' and the theoretical data shows

that all the calculated values are significantly higher in
the case of I' < 5. The most close values were obtained
in [1-3], particularly, if it is assumed that the ion
charge Z = 2. Nevertheless, it is necessary to estimate
additionally the theoretical corrections to the formula
for the three-particle recombination. As is noted in [9] at
high N, the “three-particle recombination channel is
closed”. In [9] the values of N, are lower as compared
to these given in our paper. Also, the results are not im-
proved even if the ionization is taken into account when
the real recombination coefficients are determined. The
ionization coefficient is changing approximately from
10% at N, concentrations of 10°° cm™ and T of 45-10° K
t00.1% at N, =10"...10"* cm™ and T < 7-10° K.
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So, at plasma temperatures lower than <20-10° K for
the pulsed discharges in water the decay coefficients are
almost coinciding with the recombination coefficients.
And the error does not exceed 10% towards the recom-
bination coefficient overestimation. Taking into account
that none of the corrections to the three-particle recom-
bination formula [1 -4, 9] leads to a good agreement
with the experimental data on the dense plasma decay
coefficient at the electron concentration N, > 10" cm?, it
is necessary to consider other possible recombination
mechanisms. Besides, it should be kept in mind that the
calculated values are by several orders of magnitude
higher than the experimental values. To be exact, the
triple shock-radiation recombination is by 4-5 orders is
higher than the coefficient corresponding to the electron
capture as a result of triple collisions into the ground
atomic state [19]. The calculation results for the triple
recombination onto the ground hydrogen atomic state
and their comparison with the experimental data are
presented in Fig. 6.
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Fig. 6. The dependence on time the decay coefficient

One can see from the figure that the values calcu-
lated by this formula really are less by three orders than
these calculated by the Gurevich-Pitaevsky formula, but
still exceed by several orders the experimental values at
electron densities of > 3-10" cm™ and coincides with the
experimental values obtained at N, = 2:10"7 cm™. If the
ionization coefficient is plotted, it is by an order higher
than the coefficient of recombination onto the ground
state. From the plasma radiation spectra is known that
the second excitation level is not observed (there is no
H, line in the radiation spectrum) to 50 ps. Therefore
we decided to calculate the recombination coefficient
onto the first level with the excitation energy of
10.2 eV. The results of calculations on the ionization
coefficient and the recombination coefficient practically
are coinciding. The summation of recombination coeffi-
cient values by two levels increases its total value by
10% (see Fig. 6). And the difference between the ioni-
zation values and recombination values is so negligible
that, apparently, in this connection the experimental
values of the decay coefficients are lower by several
orders of magnitude.

For comparison the results of calculations on the
time dependence of photorecombination coefficients for
one of the discharge regime are given in Fig. 7.
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They are sufficiently close to the decay coefficient
values at the initial discharge stage. However, the calcu-
lated ionization coefficients are by three-four orders
higher than the photorecombination coefficients and at
N, = 2:10" cm™ they are meeting. But in experiments
the decay coefficient values were higher than the ioniza-
tion coefficient values. Once more contradiction to the
experimental fact takes place. It is shown in [15] that
there is a dependence of K, on the electron concentra-

tion during the decay of the plasma produced by the
pulsed discharge in water. And in the case of the photo-
recombination the recombination coefficient does not
depend on N.. Consequently, in the dense plasma the
ternary combination occurs, but the recombination coef-
ficients should be calculated only with taking into ac-
count the experimentally observed atomic levels, as well
as, the calculation results for ionization in the dense
plasma.

CONCLUSIONS

The degree of nonideality is not an unambiguous pa-
rameter describing the corrections for recombination
coefficient calculations by the Gurevich-Pitaevsky for-
mula. None of formulas with plasma nonideality correc-
tions to the Gurevich-Pitaevsky formula gives a good
agreement between the calculated values and experi-
mental values of the decay coefficients even if the ioni-
zation is taken into account. The corrections on the elec-
tron density are necessary. The best coincidence with
the experimental values of decay coefficients has been
obtained in the calculations of the coefficients of ternary
electron recombination only onto the experimentally
observed atomic levels and when the ionization was
taken into account.
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O PACHAJIE IVIOTHOM IIJIA3MbI
B IMATIA30OHE KOHIIEHTPAIIMI SJIEKTPOHOB 10" em> < N, < 107 em™

0.A. @eooposuu, JI.M. Boiimenko

[IpuBeneHs! pe3ynbTaThl CPaBHEHUS SKCIIEPUMEHTANBHBIX K03((PHUIIMEHTOB pacnana IIOTHOH IIa3Mbl MMITYJIbC-
HBIX pa3psIioB B BOJE C TEOPETHUECKIMH, PACCUUTAHHBIMU IO BCEM HM3BECTHBIM (OpMyJaM KO3 GUIMESHTAMH IS
TPEX4aCTHYHON PEKOMOWHAIMH C Y4€TOM HMOHM3AlUH IUTa3Mbl. Hawmmydmiee coryiacue moirydeHo IpH pacueTe Ko-
3G PULIHUEHTOB TPOHHON PEKOMOMHAIIMK C YYETOM TOJBKO PEAIM30BABIINXCS B IUIOTHOW TUIa3Me YPOBHEH U y4eTOM
HMOHM3ALUH C HKCIEPUMEHTATFHBIMU K03 (UIIEHTaMH paciiaa INIOTHOM TTa3MEI.

PO PO3MIA/JI T'YCTOI ILJTAZMHA
B IIAITA30HI KOHLEHTPALII EJEKTPOHIB 10" em? < N, < 10 em?
0.A. Deooposuu, JI.M. Boiimenko

HaBeneno pe3ynbraTu MOpPiBHSAHHS €KCIIEPUMEHTAIBHUX KOE(DILIEHTIB po3naay rycTol IJIa3MHu IMITyJIbCHUX PO3-
PAAiB Y BOJI 3 TEOPETHYHUMH KoedilieHTaMH, pO3paxOBaHUMHM 32 BCiMa BiIoMUMH (OpPMYJIaMu Uil TPUIACTKOBOI
pexomOiHanii 3 ypaxyBaHHIM i0oHi3awil masmu. Halikpalty 3romy 3 eKcriepuMeHTaIbHUMH KoedilieHTaMu po3nary
rycToi IUTa3MH OTPHMAHO IPH PO3paxyHKy KoeilieHTiB MOTpiiHOI pekoMOiHamii 3 ypaxyBaHHSIM TUIBKH THX DiB-
HIB, SIKi peai3yBalucs B IIUTBbHIN ITa3Mi i3 ypaxyBaHHSIM 10Hi3alii.
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