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A pumerical investigation of recombining process in a high temper-
ature plasma in a quasi-steady state is made in a gas contact cooling,
in which the initial temperature effect of contact gas heated up by the
hot plasma is considered as well as the gas cooling due to the surround-
ing neutral particles freely coming into the plasma. The calculation has
shown that the electron temperature relaxes in accord with experimental
results and that the occurrence of recombining region and the inverted

populations almost agree with the experimental ones.

KEYWORDS: population inversion, laser oscillation,

recombining hydrogen plasma




§1. Introduction

It has been shown that cooling plasma by contact with cold gas has a
high potentiality to produce a strong nonequilibrium recombining plasma
as a medium for short-wavelength laser.!™® One of the remarkable as-
pects of this scheme is that steady-state VUV laser is possible. Several
experiments have been so far performed of steady-state population inver-
sion in a plasma column (TPD- machine).! ™ Numerical analyses using
a collisional-radiative (CR) model have also been made to clarify the
atomic processes in the creation of the population inversion.*®

There has been found, however, one discrepancy between the numern-
cal analysis and experimental results that the population inversions shown
in the numerical analysis take place much more rapidly than that in the
experiments. One of the expected reasons is that the gas temperature
al an orifice (where the steadily flowing plasma starts to contact with
the introduced gas) is assumed to be as low as that of the gas surround-
ing the plasma column (0.05 ¢V). In the TPD-I machine the arc plasma
produced between the cathode and anode steadily flows out through the
orifice with diameter of 2 cm into a long chamber where the hydrogen
molecular gas is filled for the plasma cooling and an axial magnetic field
(several kG) is applied to mainiain the plasma column. Then the gas
temperature at the orifice is inferred to be as high as the ion temperature

in the plasma because the neutral-gas density in the plasma columm is

lower than that of the plasma and the gas at the orifice is steadily heated



up by the collision with the ions in the steady-state plasma.

In the gas cooling experiment of the plasma in the TPD-I machine,
the collisional mean free path-s of the hydrogen gas particles as the cooling
gas are large in comparison with diameter of the plasma column, but the
particles collide each other in a distance between the orifice and the po-
sition where the population inversions are realized in the plasma column.
The hot neutral gas may mainly be cooled down by the cold neutral par-
ticles coming freely from the surround gas into the plasma column as the
plasma flows down along the magnetic lines of force. However, the high
temperature of the neutral gas at the orifice and the cooling down of the
temperature due to the cold neutral particles have not been considered
although it plays an important role for the plasma cooling.*®

The purpose of this paper is to numerically clarify the processes which
cool the initial high temperature of the gas slowly due to the cold neutral
particles. An appropriate phenomenological terms are introduced in the
energy balance equation of the neutral particle for including the thermal
energy reduction by the cold neutral particles, which will be estimated
by using a particle kinetic model. And it is shown numerically that the
cooling down of the high temperature plasma is delayed in some down
stream of the plasma column, which is consistent with the experimental

results.



§2. Basic Equation

The helium plasma in the TPD-I machine flows towards the down
stream end of the plasma column with a constant drift velocity (~10%cm/s)
and is confined by a constant magnetic field {(B=0.4T) along the drift ve-
locity. Under the nomal operation with hydrogen molecular gas as the
contact gas, the gas with the lower density than the plasma is used as the
contact gas for cooling the high-temperature helium plasma. The contact
gas at the orifice is steadily heated up by the steady-state plasma flow
with the flow velocity (~ 10%m/s). Then, the gas temperature at the
orifice is inferred to be as high as the ion temperature in the plasma and
may be cooled down by the cold neutral particles freely coming from the
surrounding as the plasma flows down along the magnetic lines of force.

In the mixing of the high temperature plasma and the hydrogen molec-
ular gas we consider the following six dissociation processes between elec-

tron and hydrogen molecule or molecular ion:

e + Ho—H+H+e (E; = 8.8eV) (a)
e + Hy—H+H Y +2 (E; = 28.0eV) (b)
e + Hy— HJ +2 (E3 = 15.42eV) (c)
e + Hf - H+H  +e (Eq = 7.5eV) (d)
e + Hf - HY+H Y +2 (E; = 18.4eV) (e)
e + Ht wH+H (Es = 0.33eV) (f)

where the dissociated hydrogen atoms are assumed to be in the ground



state and E;(7 = 1,---,6) expresses the threshold energies of each reaction.
The threshold energies E; and the reaction rates of the each dissociation
processes S; are given by Kaplan and Bengtson.”

in the present calculation, the transport terms of the plasma fluid have
been neglected compared with the collisional terms, and the evolution of
the temperature and density of the plasma and the neutral gas have been
calculated in only CR model. We consider only the region near the axis
of the column and work in a coordinate system moving with the helium
plasma drift velocity (~ 10°cm/s) along the plasma column.

We assume the hydrogen molecular density n(H,) to be constant:*)

dn(H,)

dt s —ne(S] + 52 + Ss)n(Hz) + 7/)0 = O: (1)

where 1 is the influx rate of the hydrogen molecular particle, which is
balanced with the total rate of reactions (a), (b) and (c). To simplify
the present calculation, it is assumed that the cooling gas flows almost
together with the plasma because the plasma particles collide frequently
with the gas particles. For the hydrogen molecular ion density n(H7),
the excited states densities of the hydrogen atom n;(H) (:=2,..,20) and

the hydrogen ion density n(H*), the corresponding equations are given

by:*
d”gj; ) o nSan(Ts) — (s + Ss + Se)n(HD), 2)
dl:‘i(f—) = i:):a,j(H)nj(H) + 6(H), (i=2,...,20) (3)
S S, () + 500
+  ne[Sen(Hz) + (Se + 2Ss)n(HF )], (4)
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where the coefficients a;; and 6, are given by the radiative transition prob-
ability A;, with the optical escape factor A;;, and by the rate coeflicients
for the electron-impact ionization C,; and recombination K,, electron-
impact excitation (C,,, i < j) and deexcitation (Cj:,i < j), and for the
radiative recombination f3;.#) The optical escape factors Ay, (j > 2) for
the lines {assuming Doppler profiles for the Lyman series) are calculated
simultaneously with the corresponding rate equations in the manner de-
scribed in a previous paper.®’

The corresponding equations for the helium atom densities n,(He)
(i=1,..49) and He™ ion demsities n,{He") (¢=1,..20) are given in a similar

way for the hydrogen atom.

dn,—ﬁie) — iaq(ﬂe)nj(ﬂe) + 6,(He), (1=1,...,49) (5)
d?’l,‘(d}je_'-) - i_g:aij(He-P)nJ(He-i_) + 5,(He+). (i =1, .. 20) (6)

Since the sum of the helium ion and atom density is assumed constant

ng and the charge neutrality is assumed®

dn(He**) _dn(He"') _ dn(He) )
a dt at

dn, _, dn(Be’)  dn(He)  dn(HY) dn(HY)

@ e e T dt (®)

where n(He), n(He") and n(He®*) show the densities of the He atorn, the
He jon and the He®' ion, respectively.

The initial values of the population densities of the helium and hydro-
gen atoms and He™ ion have been determined by solving the correspond-
ing rate equations with the time derivatives set to be zero for the given

values of the initial electron density and temperature (n. and Tip).
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On the axis of the TPD-I plasma column, the energy density, 3/2-n,, -
T, of the atom o change with time due to the elastic and inelastic colli-
sions with the other pa.rticleé and the freely coming cold neutral particles

from the surrounding of the column.

Wre T) _psguta,
where T, is the temperature of the atom @, R, and Q. denote the rate of
increase of the thermal energy of the atom « due to the elastic collisions
with the other particles and the inelastic collisions by the electron. To
include the thermal energy reduction due to the freely coming cold neutral
atoms o, the phenomenological term ¢, is introduced.

Above equation is rewritten as follows:

3 dn,

3 d

"2“"1’1&'ET‘I——RQ-{—QQ—i—Ta-?ﬁ-EQ. (9)
The corresponding equation for the hydrogen molecule is given by

3 d

5 ’ n’(HQ) : a?Tm = Ry +em, (10)

where R,, and ¢, in the same meaning as R,, and ¢, for the atom a, the
rate of increase of the thermal energy due to the inelastic collisions by
the electron and that based on the six molecular dissociation processes
are disregarded.

To simplify the calculation, The temperatures of the He and H atoms
are assumed to be equal to that of the hydrogen molecule 77, as made for
the ion temperatures of the previous paper,® that is, the temperatures of
the He?* and He ions are assumed in the same 7%;, and the temperatures

Ty+ and TH; in T,,.%



The following assumptions are made in the ionization and recombin-
ing processes of eq.(9)%), that is, in the ionization processes the kinetic
energy of the excited atom is transformed to that of the ion without any
loss and the ionization energy is supplied by the electron, while in the
recombining processes all of the corresponding energy reactions are re-
garded as the inverse reactions in the ionization processes. The terms
Qn and —3/2- T, - (dn,/dt) of eq.(9) for the ionizing and recombining
processes are given as following. In the ionizing process such as in the
reaction He(j) + e — He™(1) + 2e, since the decreasing rate of the helium

atom density is n. 3 C,,(He)n,(He),
Qe = —3/2Tan. )~ C;; (He)n, (He),
and
~3/2Tpdn(He)/dt = 3/2Tn. > C,,(He)n,(He).

Then, the terms Qu. and —3/2T,,dn(He)/d of eq.(9) in the ionizing
process are compensated each other. Whereas, in the recombining process
such as He(j) +e < Het(1) + 2e, since the increasing rate of the helium

atom density is nn, (He™) D[K, (He) + B,(He)/n.],
Qn. = 3/2Tniny (He*) YIK, (He) + 6, (He)/nc],
and
32T, dn(He)/dt = —3/2Tunlny(He*) YK, (He) + B;(He)/n.).

Then, in the recombination process, sum of Qg. and —3/2T,,dn(He)/dt

of eq.(9) is given by
3/2(T91 - m)nznl(He-!-\ E[Kj(He) + IBJ (He}l/ne]'
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In the reactions H(j) + ¢ — H* + 2e and H(j) + e «— H* + 2e. For the
lonizing process the termes Qp and —3/27,dn(H)/dt are compensated
each other, for the recombining process the sum of these terms is ex-

pressed as follows in the same manner with the He(j) + e «— He* (1) + 2e
Qr — 3/2Tdn(H)/dt = 3/2(T,; — Tp)n2n, (HY) Y [K;(H) + B;(H) /n.)-

Thus, the summation of egs. (9} and (10) for the all species of the

neutral particles result as follows:

% =Y ;IZ(TQ —Ta)+ Z ;]_':(Tal ~T.)+ Y %(Taz ~T,)
ne -[n(HY A(H), -
w(He) + () + (i) " )(2]; Ey(H) + = =) (T = T)

+ n(He*)(O K,(He) + %Hel) ATo1 — Ti)] + & (11)
] .
Here K, and 3, are the rate coefficients for the electron-impact three
body recombination and the radiative recombination, respectively. .
(k=1,2,3) represent the collision times for (electron - He atom), {electron
- H atom) and (electron - H; molecule), 7, {i=1,- - -,6) for (He** ion - He
atom), - - - and (He* ion - H, molecule) and 7, (j=1,- - -,6) for (H* ion
- He atom) - - - and (HF ion - H, molecule). The collision times for the
above (electron - atom and molecule) are shown in the previous paper.®
Those for on - atom and molecule are approximately estimated based on

the collisional cross section of ~ 10~%cm™2 and the collisional velocity of

~ 10%m/s. The last term ¢ is expressed by using ¢, and ¢,,:

2 Yeaten,

=5 et )
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The term ¢ is estimated by using a simple particle kinetic model. The
thermal speed of the surrounding neutral particles and the column ra-
dius are about ~ 10%3cm/s and ~Ilcm, respectively. The temperature
of the neutral particle in the column will be slowly cooled from the high
temperature 2.5¢V to the low temperature 0.05eV at ~ 10~s after the
plasma pass through the orifice since the surrounding neutral particles
pass over the column at a time interval ~ 107%s. Then, ¢ is estimated
~ —2.4 x 10%V [s.

The equations for the electron temperature T, T,; and Tjp result
from the energy balance equations of the electron and the ions on the CR
model as shown in Appendix.*®

The ground state density n;(H) of the hydrogen atom in the plasma

region is estimated in the same way as in Ref 4,
ny (H) = 2 x 107 - A, - n(Hy), (12)

where 7, is the mean eleciron density over the time step which T, cooled
down until to the dissociation energy 4.48eV, and the sticking probability
and the vessel volume are estimated to be 1.0 and 1.5 x 10*cm® which
differs from Ref.4.

The population densities of atoms and ions, the electron density, the
molecular ion density and the temperatures (7., 7,1, Tuz and T5,) are
obtained by simultaneous integration with the rate equations (1)~(6) by
using equation {12) and with the differential equation (7} and (8) derived
from the conservation Jows and with the energy balance equations (11),

(A1), (A2) and (A3} (98 equations). Integration of the equations was

11



performed using the high-speed Runge-Kutta method.!®)

§3. Numerical Results and Discussion

The equations mentioned above have been integrated numerically for
the initial conditions at the entrance of the plasma region in the TPD-I
machine. These initial conditions are chosen as similar to the experi-
ment performed in the machine. That is, the stationary state helium
plasma whose electron density n.o and temperatures T,y and T, are
3.53x10™cm ™ and 10eV and 5eV penetrates into a hydrogen molecular
gas of 0.01 Torr. And also, the temperatures of the hydrogen ion and the
neutral gases at the orifice, 7,29 and T, are assumed 5¢V as same as T,
as previously stated. Which is in contrast to the previous calculation in
which the cold constant T,{0.05¢V) was assumed.®’ The results are shown
in Figs. 1-3.

Figure 1 shows evolutions of the temperatures T., T,;, Ty and 7,
in the plasma column in which the peutral particles are almost free for
incoming and outgoing to the magnetic field. As shown in the figure,
the relaxation times of T, and T,; are almost the same as 7w, which is
about ~ 4 x 107%. A{ ~ 4 x 10755 all the temperatures are relaxed
to the order of 0.1 eV. The relaxation and relaxed time lags of 7. are
about one order greater than that obtained from the previous neumerical
calculation® in which the neutral particles temperature is kept constant

at 0.05 eV. As a result, the recombining region shown in the present
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calculation appears at abont 25cm downstream from the orifice and in
accord with the experiment, which is noticeable in comparison with the
previous analysis. And it is another important aspect shown in figure 1
that the ions and the neutral particles are cooled down with the nearly
equal temperature.

The detailed description of the elastic and inelastic collisional eflects
on the variation of T., Ty, T,2 and T,, are given in Figs. 2(a), 2(b),
2(c) and 2(d). In all Figs.2, the solid and dashed lines show the absolute
values of the incoming and outgoing emergy fluxes, respectively. The
figures show the total energy transfer rate (Te, Tal, Taz and Tm) and the
rates of the individua) processes contributed to the energy transfer. The
following aspects (A), (B) and (C) shown in figures are remarkable in
comparison with the previous analysis:*~®

(A) The heavy particle temperatures, T, To and 7,,, do not change
strongly in the early stage (¢t < 2 x 1077s) owing to the same high initial
temperature. While the electron temperature is rapidly cooled due to the
molecular dissociation processes shown by the following terms in eq.{A1)
(shown by ‘Mol’ in Fig.2a):

9 3 6
—§[§ S:Ein(Ha) + ; S.En(H3)]

and

—Te[Z; S,n(Hy) + Y _(—1)7' S;n(HS )]

=5

Then, at the time of 5 x 10~ "s the electron temperature are much more
cooled down than the heavy particle ones. In the {ime interval from

2% 107" to 5 x 1079, the effect of the electron elastic collisions with the
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heavy particle, that is, 2/33" 1/, - (T}, — T.) (shown by E in Fig.2a) are
the incoming processes of the energy flux to the electrons (mainly with
the ions), and the electron temperature increase to that of the heavy
particle. Therefore, at the time of ~ 5 x 107%s the elastic collision and
dissociation processes make the electrons cool in the same rate together
with the heavy particles. Att > 5 x 107%, as shown in Fig.2(a), the
cooling rate by the inelastic collision is small and the heating rate by the
deexcitation processes increase, The heating is more or less overcomed by
the cooling due to the elastic collision with the neutral particles which is
mainly cooled by the particles freely coming from the surrounding region.
Therefore, in t > 5 x 107%s the electron are slowly cooled and 7. decrease
to ~0.1eV at ~ 1 x 107%s,

(B) In the early stage(2 x 107"s< ¢ < 5 x 1077s), the ions are cooled
mainly by the collision with the electron (shown by ‘£ -1 + E” in Figs.2b
and 2c). Therefore, in the time interval from 5 x 10~"s to 5 x 10~
the effect of the elastic collisions between the neutral particle and the
lons, that is, 1/Tusom,te,,, - (To — To1) in eq.(A2) (shown by ‘E - 4’ in
Fig.2b} and 1/7utm, i+ - (To — Tuz) in eq.{A3) (shown by ‘E - A’ in Fig.2c)
[Tatom,Heson AN Taom g+ are the collision times for (atoms-He ions) and
{atoms-hydrogen ions)] are the incoming processes of the energy flux to
the ions because the ion temperatures are lower than that of the neutra}
particles due to the strong collision between the ions and electron in the
early stage (2 x 107"s< < 5 x 107%). Then, at the time of ~ 5 x 10~53,
the cooling of the jons is caused in the same rate together with the other

particle. At ¢ > 5 x 10™%, as shown in Figs.2(b)and 2(c), the ions are
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cooled with the small rate given by the difference between the cooling rate
by the ionization processes and the heating rate by the elastic collision
with the electron which is cooled down to ~0.1eV at 5 x 107°s.

(C) As shown in Eq.(11), the inelastic energy transfer of the neu-
tral particle is attributed to the recombining processes {(shown by ‘R’ in

Fig.2d) shown by term

n{He) + n?]ef[) + n(H;) ' [n(H"')(Z K,(H) + &SI_)) Tz —Tn)
+ny(He?) - (O] K,(He)+ %Ifel) (Taz = To)]

and the energy transfer rate by the processes are incoming for the higher
jon temperature than the atom temperature, and are outgoing for the
lower ion temperature than the atom temperature. At 5 x 10~7%s and
5 x 1075, the sign of these temperature difference change consistently
with the direction of the energy transfer by the recombining processes
as shown in Figs.2(d). At ¢ > 5 x 107%, as shown Fig.2(d), the neuntral
particles are cooled with the small rate (< 2 x 10°eV/s) given by the
difference between the phenomenological thermal energy reduction ¢ and
the energy incoming rate accompanied by the recombining processes.

Figure 3 shows the evolution of the over-population density Angz(H).
The simulation results of n., n(He**), n(H*), n,(H)/w, (:=1,2,---) (,
is statistical weight of level ]) are almost same that of previous paper®)
with the exception of a delay of the recombining time and a little reduc-
tion of the population density due to this delay.

The x symbols in Figs. 1 and 3 express observed values in the TPD-1

machinel). These observed values should be obtained at the time 3x 1075
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at which Ang;(H) shows the maximum value. The calculated values at
that time are shown in each figure by the symbol e, which is consistent
with the experimental results. Then, the calculated results based on the
present CR. model which assume the hot gas temperature at the orifice can
be used in the estimation of the inverted population of the recombining
hydrogen plasma in the TPD-I machine because each calculated and ob-
served value is not only in the same order range but also the recombining
region is in accord with the experimental result.

The phenomenological thermal energy reduction term ¢, which is the
cooling rate of the neutral particle in the plasma column due to the freely
coming in and out the plasma, is estimated ~-2.4x10%V /s as previously
stated. The rate is smaller than the electron temperature cooling rate
based on the inelastic collision with the atomes and ions. Particularly, at
t > 5x 107%, the cooling of the neutral particle make to retard as shown
in Fig.2(d) owing to heating up by the recombining processes. Then, the
higher femperature of the neutral particle in the column continues until
~ 3 x 107%s unlike the surrounding neutral particle.

On the other hand, at ¢ > 5 x 107®s the cooling of the electron tem-
perature {down to ~0.1eV) is due to the elastic collision with the neutral
particle as shown in Fig.2(a). Since the neutral particle temperature in
the column is kept more than 0.1eV until ~ 3 x 10~%s the electron is
slowly cooled down to 0.1eV ai ~ 10~*s. It is attributed to the high tem-
perature of the ions and the neutral particle at the orifice that the slowly
cooling of the electron temperature are obtaind in the present calculation.

The present calculation is based on the one dimentional treatment

16




in which the constant drift velocity is assumed. And we modelled the
cooling neutral gas as that it is heated by the hot plasma at the orifice
and is cooled by the neutral gas particle freely coming in and out the
plasma column from the surounding space. As a result, the reasonable

results are obtained in comparison with the experimental ones.

§4. Conclusions

The neutral gas temperature at the orifice is infered to be as high
as the ion one in the gas contact experiment with the TPD-I plasma.
The steady state flow plasma with the high initial gas temperature is
numerically analized by using the energy balance equation in which the
energy reduction due to the neutral particles freely coming in and out the
plasma, are taken into account by using the phenomenological term for the
neutral particles estimated on the basis of a particle-kinetic model. As
a result, the calculated recombining region is close to the experimental
ones as well as the calculated population densities are. Thereiore, the
calculated results based on the present treatment can be applied to the
estimation of the inverted population of the recombining plasma in the

TPD-I machine.
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Appendix

The following equations for the electron temperature 7. and the ion
temperatures 1;; and T, results from the energy balance equation of the

electron and the ions on the CR model.%%)

dTe 2 I -1
& = gz h_T)__ZZZ(E E) 3178y — t1n=)
h k =231
2 I
- gZZ (E, + T
k =1
2 ! 3
+ Znan XS, + ST, + 2)
3 k 5=1 2 Me
g
2 3
- §ZSEn(H2 ——ZSEH(H+)
=1 =4
3
- TezSn(Hz)Jrz( 1 Sin(HT)], (A1)
=5
dT,1 1 i 1 1
T Te“Ta @ a
di (T€’H3+ + o X 1)+ (TH+,H§+ + - W Tz — Tay)

1
+ (T —Ta)

Tatom,H eton

+ (He2+) + n He Z He)n}(He ( Tal): (A2)
dT,, 1 1 1 1
= Te - n Ta. - Ta.
& (Te?H+ + TE,H;)( 2) + (THz+,H+ + TH:,H+)( 1= Taa)
1
+ (Tm - Ta2)
Tato'm H+
n
—(W > Cpy(H)n, (H)(T,, — Too). (A3)

Where the collision times 7,; et al. are shown in refs.5 and 6. And, on

the occasion of the reading of eqs.(A2) and (A3), following assumption
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is used: in ionization processes, the kinetic energy of the excited atom is
transformed to that of the ion without any loss, and the ionization energy
is supplied by the electron, while in the recombining processes, all of the
corresponding energy reactions are regarded as the inverse reactions in

the ionization processes.>5)
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Fig. 1. Time histories of the electron temperature ‘T%’, the helium ion
temperature ‘T,;’, the hydrogen ion temperature “7},’ and the neutral
particle temperature “T,’. The marks x and e show the observed 7. and
the corresponding calculated value.

Fig. 2(a). Time histories of the total electron emergy transfer rate ‘T.’,
the electron energy transfer rate by all elastic collisions ‘E’, sum of the
rate by ionization and recombination for H atom ‘I + R’ and the rate
by excitation and deexcitation for H atom ‘E + D’, sum of the rates by
molecular disociation processes ‘Mol’.

Fig. 2(b). Time histories of the total helium ion energy transfer rate ‘7.’
the helium ions energy transfer rate by the elastic collision with the neu-
tral particles ‘E- A’) sum of the rate by the elastic collisions with the
electron and with the hydrogen ions ‘E-1+ F’, and the due to the ion-
ization by the electron ‘I".

Fig. 2(c). Time histories of the total hydrogen ion energy transfer rate ‘7.,
the hydrogen ions energy transfer rate by the elastic collision with the
neutral particles ‘E - A’, sum of the rate by the elastic collisions with the
electron and with the helium ions ‘E-1+ E’, and the rate due to the
lonization by the electron ‘T".

Fig. 2(d). Time histories of the neutral particle energy transfer rate “Ty’, the
neutral particle energy transfer rate by the elastic collision with the all
tons ‘K - T’, the rate by the elastic collisions with the electron ‘E - E’, and
the rate due to the recombination by the electron ‘R’ and ‘DIFF’ show
the phenomenological reduction rate.

Fig. 3. Time histories of the overpopulation densities Ana,(H) of H atom (a)
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in the constant low 7y = 0.05eV, (b) in present calculation. The marks
x and e show the observed Anz,(H) and the corresponding calculated

values.
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