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Abstract

High potentiality leading to rapid cooling of a high
temperature plasma is investigated in a gas contact cooling
method in which the effect of finite time for mixing the
plasma and the contact gas i1s considered. The calculation
has shown that the cooling is much more rapid than the
radiative loss cooling and that the gain per unit length
of the HeIl 164 nm is ~2cm™ for the laser oscillation under
an optimum condition. Possibility of realizing a shorter
vavelength laser is also discussed in a plasma with higher

charge number Z.



1. Introduction

Recently a considerable interest has been aroused in
the amplification of XUV radiation in a rapidly cooling
plasma (1-13). Such a plasma is in a strong nonequilibrium
state which usually occurs in rapidly expanding plasmas
(1-8) and in decaying plasmas with strong radiation loss
(9-13). Expanding plasmas are accompanied with a decrease
of plasma density and it is said that the cooling by the
radiation loss is relatively slow. On the other hand, gas
contact cooling has a high potentiality for the amplifica-
tion of XUV radiation. This cooling is mainly caused by
the inelastic collisions between electrons and the intro-
duced gas atom, and has two advantages; it is more rapid
than the radiation loss cooling, and it does not decrease
the plasma density.

An example of mixing a plasma and a gas was presented
using a magnetically confined stationary plasma with the
TPD-I machine (14]. In a recombining helium plasma due to
the interaction with a neutral helium gas not expanding,
Sato and others observed a stationary population inversion
between the lower lying levels of He" ion, although the gain
constant was too small for lasing (15). This situation will
be much more improved if the initial electron density ne
and temperature Te are considerably increased and the
electron temperature T. is further lowered at a high cool-
ing speed.

In previous papers (16,17)] wvwe have theoretically
investigated the processes leading to the population

inversion in a recombining hydrogen plasma which is inter-



acting with neutral gases. Calculation has been made by
using the rate equations on tae basis of the
collisional-radiative(CR) model under an assumption that
the plasma and the gas are instantaneously mixed. In a
real experiment, hovever, the mixing time for the plasma
and the contact gas is more or less finite. Then it is very
important to consider the influence of the mixing time for
obtaining sufficiently strong population inversion.

The main purpose of this paper is to describe a numeri-
cal study of a rapid cooling rate and a relatively high
gain of the lasing action by gas contact cooling under the
consideration of the effect of the mixing time and to make
clear the mechanism of electron energy transfer due to
collisions between electrons and gas atoms. This will play
an important role for promoting the experimental studies
of the VUV laser oscillation in a recombining helium plasma
(such as TPD-I plasma) in which we can easily control the
plasma parameters. Numerical calculation is performed for
Hell 164nm line (n = 3—2 transition) as a representative
case, Also the effect of charge exchange process between

He? ion and H atom is briefly discussed.

2. Basic Equation

We consider a stationary helium plasma flow in low tem-
perature and high density gas of hydrogen atoms. The
plasma is confined by a magnetic field. 1In this case, the
particle confinement time is much longer than the electron

temperature decay time. Only the neighbourhood of the



center axis of the magnetically confined plasma column is
considered. Let the plasma flow velocity along the center
axis(z—axis) of the plasma column be constant uvp. We con-
sider in a coodinate system fixed to the flow,i.e., d/dt
= a/0t + wp 8/8z.

The recombining plasma considered here is composed of
hydrogen-like He' ions, fully stripped He? ions, He atoms,
H'ions, H atoms and electrons. The time derivative of the
population density rn(He)(cm%) of energy level i of He

atoms is written as

d (H ) 49
nldte = Daij(He) n;(He) + &;(He) 1sis49. (1)

i=l

Here we consider all of the sublevels to be individual
levels with different orbital angular momentum ! for the
principal quantum number ns6, except that levels with 123
are grouped together in a single level. For the levels
7an=20, all of the sublevels are grouped together. The
total number of levels involved in the rate equations is
49. And a;j(He) and 6;(He) are given by the radiative
transition probability (A;j(He), i<j) and the optical
escape factors Aij, and by the rate coefficients for the
electron collisional ionization Cii(He) and recombination
Ki(He), electron collisional excitation (C;j(He). i<j) and
deexcitation (C;i(He), i<j) and radiative recombination
Bi(He); i.e.,

aij(He) = n. C;i(He), i<i



49 i-]
a:.(Het = ~ne. Y.C.;(He) - Y.Ajid;i(He’.
J=1 =1
aij(He} = A,jA;j(He} + n, C;i(He}, j>i

8i = n. mi{He"} (n. Ki{He) + B,(He}],
where nj(He") is the population demnsity of the ground state
of He" ion. These coefficients have been given by Fujimoto
(18].
Similar equations are used for the population density

ni{He") of energy level i of He® ions:

dn; (He")

20
Tt = Yaii(He™) nj(He") + 6,(He) 1sis20, (2)

=1

wvhere a;;(He") and &;(He") except for ain(He*) and &;(He") are
expressed in the same way as those for He atom by using
the rate coefficients for the helium ions given by Johnson
(19]. Because the ionization of He atom to the ground
level of He' ion and the inverse process must be taken into
account, ai(He') and 8;(He") are complicated
20 49
ai(He™) = -ne ,Z. Cij(He) ~ ne ;Z] Ki(He) ne + B;(He)),

81(He") = ne n‘He®™) [n. Ki(He*) + Bi(He))
49

+one 2 C;i(He) n;(He),
B

where n(Heb) is the stripped helium ion density; the direct
ionization-excitation process from the levels of He atom
to the excited levels of He" ion and the inverse processes
are neglected.

The rate equation for the population density n;(H) of



energy level i(22) of hydrogen atoms is given by

dn; (H)
dt

20
= Yai;j(H) nj(H) + &;(H) 2<is20, (3)
i=1

where aij(H) and 8;(H) are expressed in the same way as that
of He atom by the rate coefficients for the hydrogen atoms
given by Johnson,

We express the effect of the influx of the hydrogen gas
by adding a source term to the right hand side of the
equation for dni(H)/dt. It is assumed that the source term
is a function of time as 2n:(1/Tmz-t/T%;:) for OstsTa: and
remains to be zero thereafter: ta: is the mixing time for
the plasma and hydrogen gas and the value n. is the density
of hydrogen gas at t=T,; which would be obtained without

the He plasma. We have, therefore,

20
9“—‘(1’l=_21a,,-<n>n,-<H>+al<H>+2.n,<_‘ -4,
<

dt cmiz aix

for O0StsTa:. The last term drops for t>Taiz.

The plasma flov velocity is nearly 10%~107cm sec™!., and
the mixing time ta: is assumed to be nearly 105sec.

We <consider the electron energy equation in the

following:

HEnT) = R + Q. (4

vhere the terms of spatial divergence are neglected as in



the rate equations: 3/2 n.T. denotes the total thermal
energy of electrons per unit volume; R. and Q. express the
rate éf increase of the total thermal energy of electrons
due to the elastic collisions and the inelastic collisions,
respectively. The energy transfer rate due to elastic

collisions, R., is expressed as
Re = Las (T - To),

vhere Te« Trepresents the «collision time for the
electron-k-species-particle encounters; k=1,2,3,4 and B
correspond to He® ion, He® ion, H" ion, He atom, and H atom,
respectively. These values are given by Spitzer for ions
(20), and by Golden and Bandel for helium atoms (21), and
by Duchs for hydrogen atoms [22)].

We make the following assumptions for the transfer of
energy between the various particles due to the inelastic
collision and radiative processes:

1. In the excitation processes, the kinetic energy of
the excited atom does not change before and after the
reaction. The excitation energy 1is supplied by the
electron.

2. In the ionization processes, the kinetic energy of
the excited atom is transferred to that of the ion without
any loss. The 1ionization energy is supplied by the
electron. VWe neglect the kinetic energy of the released

electrons.

3. The energy transfer accompanying the deexcitation



processes and the recombination processes are regarded as
the inverse of the transfer in the excitation processes
and in the ionization processes, respectively.

4. The energy released in the radiative deexcitation
and the inelastic radiative recombination process are car-

ried off by the photon.

Thus, the rate of increase of the therral energy due to

the inelastic collisions, Q., is expressed as

Li-l ! ]
QF‘;EZZ (E;-Eq) (stnj-Cijns)+;E;Cj,n,~n,n‘onz;E,K,
= "~

io2j=1
3 l
“"ETenionZBIJne '
j=1

vhere E; is the ionization energy from level i1, 1=20,20,49

and k=1,2,3 correspond to the He' ion, hydrogen atom and

helium atom.
We assume the electric neutrality as follows:

ne = 2 n{He?) + n(He") + n(H"), (5)

and also sum cof the helium ions and atom density to be

constant np:
no = n(He®) + n(He*) + n(He), (68

vhere n(He®) , n(He'), n(He) and n(H') are the He? ion,

He* ion ,He atom and H® ion densities, respectively.



Let the total density of the hydrogen atoms and ions
increase at a rate of anﬂ/%au—tﬁtilﬁ per unit time for

OstsTs, and remain to be a constant n. thereafter:

%EH(HI + n{H)) =2n: {1,/ Taix - t.’/TEu)v Oststaz
=0, 1>Tas (7

where n{H) is the H atom density,
The mean electron energy is derived from equation:4) by

use of the conservation laws eqs,(5) (6) and eq. (7).

It

{ 1
dfe _ 2% L p, 7.2 _F _
3t = §LeR (Te-To)-§LLY (Bi~E) (Cpmy=Cin)
4 l
%;Fl (E,+%Te>cj,-nj+%nenion‘;§ (E,-*%TQ)K, . (8)

The terms with factor 3T./2 arise from the variation of n.
due to ionization and recombination processes. We assume
that the plasma at t=0 is in a steady state with an electron
density n.o and temperature Te.o. We consider the case that
the atom and ion temperature are 0.2¢cY, and the plasma is
optically thin for the helium atom and He™ ion. For the
hydrogen atom, the optical escape factors for the Lyman
series lines with the Doppler profile are caluculated
simultaneously with eqs. (1) ~ (8) in the manner described
in a previous paper [23). All the other escape factors
Aij (j>i22) for the hydrogen atom are set to be unity,

that is, the hydrogen atom is considered to be optically



thin except for Lyman series.

We have made calculation for three cases shown in Table
1. Numerical results are given as a function of time,
which were obtained by usins a high speed method proposed
by Tsuji et al (24). The population densities of atoms
and ions, the electron density and the electron temperature
are obtained by integration with the rate equations and
energy balance equations (1), (2), (3). (8) and with the
differential equation derived from the conservatica law
(5) and (B8) and eq.(7). Integration of the equations vas

performed by using the Runge-Kutta method.

3. Numerical Results and Discussion

The calculation has been carried out for three cases of
the initial conditions listed in Table 1. We determined
the initial values of n;(He) and n;(He") at t=0 by solving
eqs. (1) and (2) with the time derivatives set to zero
and eq.(5) with zero n(H") for the given values of ne and
Te0=30eV. Fer case | with 2zero mixing time we have
already investigated in the previous paper the behavior of
the gas contact recombining hydrogen plasma [16). However
no examination has been presented on the effect of the
finite mixing time Tair @as given in cases 2 and 3. A strong
over— population density may be produced in the initial
plasma in case 3 because it has the optimum initial density
as elucidated in the calculation of our preveous paper
(25) in which it is assumed that T. changes with finite

decay time TE.

~10-



Figure 1 shows the assumed time history of the total
density of the hydrogen atoms and ions; the ordinate
represents nd{2t/Taiz~(t/Taiz)?] for OsStsTe;. and n. for
1>Tmz. In the figure, "1°, "2° and "3" denote cases 1, 2
and 3, respectively. Figure 2 shows the evolution of T,
in the recompining helium plasma which is interacting with
hydrogen atoms. As shown in the figure, the relaxation
time of the electron temperature, 7r, in case 3 is about
107sec. Figure 3 shows the evolution of the
over—-population density of He® ion Anzp = n3/w3 — ng/w2, where
w, 1Is the statistical weight of level i of He" ion. It
can be seen from the results in cases | and 2 that the
maximum value of the over-population density (An32lux Wwith
the finite mixing time is smaller than that 1in the
instantaneous mixing but the decrement is very small, while
the results of cases 2 and 3 shovw that the strongly growing
of [An32dmsx is produced by the recombining plasma with the
optimum initial electron density.

Figure 4 shows the evolution of n., n(He*), n(He') and
niH in case 3, which are shown in solid, dashed,
dot-dashed and dot-dot-dashed curves, respectively. Figure
5 shows the evolution of ni/w; (i=1,2,3) of He® and H in case
3 by dot-dashed, solid and dashed curves, respectively.
The curves labeled "He*™ and "H" represent the reduced
population density for He' ion and H atom. Up to it~ =
10'sec these population densities continue to be almost
constant and increase abruptly in low electron temperature
phase of t>10"sec.

The electron density is raised with the development of

~11~



mixing of the plasma and gas, He® ions start to be recom-
bined strongly with growing electron density {(Figs. 1, 4)
and a large An3zy is produced simultaneously (Figs. 3. 4.
The relaxation time of the electron temperature, <T¢, is
about 107sec (Fig. 2), and the over population density
Anzy attains the maximum value (Anzdax = 5x10%cm® at
t~2x10'sec (Fig. 3). The plasma is cooled before the
plasma electron density decreases and An3 is abruptly
raised with a sudden decrease in n(He?). Note that the
" gas contact cooling is not accompanied with decrease of
the plasma electron density in contrast to the case of the
adiabatic expansion cooling.

In the following the mechanisms of electron energy
transfer are mainly discussed for the optimum case 3 as an
typical example. Figure 6 shows the evolution of the
absolute value of the total electron energy loss rate
-dTe/dt and the electron energy loss rates due to
ionization, excitation and elastic collisional processes
and the electron energy gain rates due to recombination
and deexcitation processes. The dashed curve and solid
curve show the absolute value of the energy outflux from
and influx to electrons, respectively. The effect of ion-
ization nearly compensates for that of the recombination,
and most effects of the excitation and the deexcitation
processes at t>10"sec compensate for each other. The
cooling in the time range (t>1045ec) is mainly produced
by the elastic collision between electrons and H" ion.

Figure 7:shows the absolute values of the sums of the

third and fourth terms of the right hand side of eq.(8),

—-12-



which are sums of the electron energy loss rate due to ail
the ionization processes and of the electron energy gain
rate due to all the three body recombination processes.
Figure 8 shows the absolute value of a sum of the second
term of the right hand side of eq.(8), which is a sum of
the total electron energy loss rate due to all the excita-
tion processes and of the total electron energy gain rate
due to all the deexcitation processes. In the figures,
the dashed section of the curve means that the energy loss
exceeds the gain, and the solid section means that the
energy gain 1is larger than the energy loss. "H". "He™
and "He" denote the sums for hydrogen atom. for He" ion
and for helium atom, respectively. Since the transferred
energy due to single ionization or recombination process
is the sum of the level energy and the kinetic energy of
an electron as shown in eq.(8), in the high temperature
plasma the transferred energy is larger than that due to
single excitation or deexcitation process. Hence it is
recognized that 1in very early time ,(t<5X10£sec). the
energy loss of the plasma with high temperature is mainly
due to the ionization of hydrogen atoms.

Figure 9 shows the evolution of the decay rate of T,
and of the electron energy transfer rate due to the ioni-
zation from the ground state of the hydrogen atom, which
is labeled "1—-C"in the figure. The evolution of the sum
of the electron energy transfer rate by ionization and
recombination of the hydrogen atom and by elastic colli-
sions is also shown. It can be seen from the figure that

in very early time (t1<5x108sec) the electron energy

~13-



transfer is mainly caused by the ionization from the ground
state of the hydrogen atom. After then. the energy trans-
fer due to electron inelastic collisions yields an influx
to electrons through strong recombination. But this influx
energy transfer to electrons is overcomed by the cooling
due to the elastic collision mainly between electrons and
H" ions.

Since the energy loss of electrons is mainly due to the
ionization of hydrogen atoms and the elastic collision
between electrons and H® ions, it is recognized from eq. (8)
that the cooling rate of T. depends on the hydrogen atom
density but not on the initial -electron density.
Therefore, at a recombining plasma with higher ionic charge
numbers Z, a sufficiently large Anzx will be obtained as
shown by Bohn (26), if a plasma flow in a steady state of
initial high temperature T, (ne~27X10“cm%)) is contacted
with the high density cold gas (n(H)~n.).

Here, we show that the gas contact cooling is enough
effective compared with radiation loss cooling. Since the
radiation cooling is principally due to line radiationmns
from ions and atoms, the cooling rate is given nearly by
~FY.(ni/nc) Aihvii, where h is Planck's constant., v is the
frequency of the line radiated from levels i to the ground
level of ions and atoms, and the factor F~3 takes into
account the radiation losses from the other levels of ions
and atoms as shown by Suckewer (8). At t~7g ~107sec (Fig.
5), the order of magnitude of the cooling rate is given by
the line radiation from level 2 of He" ion, which is

expressed by the large population density nz(He") and the

-14-



large radiativ transition probability (A;,(He")) and the
energy  (hvi(He™)), i.e., - (nz2(He")/n.)Aiz(He")hvzi(He™)).
Since the population density nz{He') and the electron den-
sity are nearly 1.5x10%m™® (as shown in Fig.5) and
3.6x10%m> (as shown in Fig.4), respectively, and the
radiative transition probability A;z and the emitted photon
energy hyz; are 7.5x10%ec”! and 4leV, respectively, the

order of magnitude of the rate is 3x10%Vsec™.

The cooling
due to the inelastic collision is mainly caused by the
ionization process from the ground state of hydrogen atoms.
The cooling rate is thus n;(H)C;1(H) (E1+3T./2). At t~tE,
the ground state population density of hydrogen atoms
n(H), the ionization rate coefficient C)i(H) and the value
of the energy E;+3T./2 are 1x10'cw™, 2x10%w’sec' and
45eV, respectively. Therefore, the cooling rate is
9x10’eVsec™'. Note that the gas contact cooling is very
effective compared with the radiation loss cooling.

The gain per unit length of Hell 164nm line, Kk, is
expressed as k=w30324n32, where w3 is the statistical weight
of level 3, 032 is the cross section for stimulated emission
with the 'ine width broadend by the Stark effect taken into
account (9). QOur calculation in case 3 shows the maximum

3. We estimate x to be about’

value of Anj of about ~5x10"%2%cm
2.cm! for the above recombining plasma with
Anm~5xlomcm4. Since such high gain can be realized only
in optically thin plasmas, let us consider a thin sheet
plasma flow. If the sheet has a width of l25cm, the total

gain k! will be more than 10 in the transverse direction

to the plasma flow. In this plasma, we can expect the laser

-15-



oscillation of the 164nm line of Hell. Furthermore, sta-—
tionary oscillation may be possible because of the steady
plasma flow.

The charge exchange process

He? + H(ls) - He' + H°

may be considered to destroy the population inversion
between levels 2 and 3 of He" because the charge exchange
cross section has a resonance character for level 2 of He’
ion, and increases the population of level 2. The charge
exchange cross section 0. for the above process is given
by Fite et al [(28). For the particle with a velocity (~
the plasma flow velocity wp ~10%m/sec) relative to the

Z and the rate

contact gas the cross section 0O is ~10"%cp
coefficient <o.Vy> is nearly 10" Y%m3sec!. At t~71g, the
relaxation time of the charge exchange process 7T, is
(<ouv¢nu(H))4 ~ 10%sec since the ground state population
density of hydrogen atoms is ~10%cn™=. On the other hand

2+ by CR process

the decay time of the fully stripped ion He
is nearly 107’sec as shown in Fig. 4. Therefore, it can
be said that the charge exchange process has no effect on
the over-population density in the recombining helium

plasma cooled by the hydrogen gas contact.

4. Conclusion
The gas contact cooling is very effective compared with

the radiation loss éooling. That 1is, in the case of an

—16-



3

optimum initial plasma condition as nw=3.53X10mcm" and

Te0=30eV, a rapid cooling time 7tf of 107sec is obtained for
a contact hydrogen gas of density 3.53x10%m™>, where the
finite mixing time of the plasma and the contact gas is
considered. The gain per unit length of the Hell 164nm
line is »stimated to be ~2.cm™'. This indicates that the
laser oscillation will be possible if a sheet plasma flow
with a width of more than Scm is produced.

Since the plasma is cooled before the plasma density
decreases, a large Anyp is obtaind owing to a fast recom-
bination of a high density cooling plasma. Namely it
merits attention that the cooling is not due to the
decrease in plasma density in contrast to the adiabatic
expansion.

The principal inelastic collision process which con-
tributes to the cooling is the ionization from the ground
state of the gas atom. The cooling speed depends generally
on the gas pressure and does not on the plasma density.
Therefore, the plasma with high charge number Z can be
cooled rapidly by the gas contact method, and the laser

oscillation is expected in the short wvavelength.
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Fig.1.

Fig.2.

Fig.3.

Fig.4.

Fig.5.

Fig.6.

Fig.7.

Fig.8.

Figure Captions

Time history of the assumed total density of
H atoms and H™ ions in cases 1. 2 and 3. The
ordinate represents N2t/ Tae= (t/ Twiz) 5] for
Ost=tm:, n: for tOTa:.

Time history of the electron temperature T..
1" means T, in case 1.

Time history of the over population densities
Ansz of H; ion in cases 1, 2 and 3.

Time history of the densities in case 3. n.
(solid curve), n(He?) (dashed curve), n(He™)
(dot-dashed curve) and n(H") (dot-dot-dashed
curve).

Reduced population densities in case 3: ni/w
(dot-dashed curve), nz2/w2 (solid curve) and n3/w3
(dashed curve).

Total electron energy transfer rate and the
electron energy transfer rate for the ionization,
recombination, excitation, deexcitation and
elastic collision processes in case 3.
“ionization”™ means the absolute value of the
electron energy loss rate due to ionization and
"recombination”™ means the electron energy gain
rate due to the total collisional recombination.

Sum of the electron energy transfer rate by
ionization and collisional recombination for H,
He, He” in case 3.

Sum of the electron energy transfer rate by

excitation and collisional deexcitation for H,

~21~



Fig.9.

He, and He' in case 8 vs.

Time history of the total electron energy
transfer rate "-T.". the electron energy transfer
rate by all elastic collision “elastic”™ ,the sum
of electron energy transfer rate by ionization
and recombination for H atom
"ionization+recombination®, the electron energy
transfer rate due to the ionization from the

ground state of H atom, "1-—-C" in case 3.
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Case

Table 1.

-3
ned (cm )

ts
3.53x%10

18
3.53x10

18
3.53x%10

Initial conditions

-3
e (cm )

1S
5.31x%x10

18
5.31x10

18
3.53x10
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gain and loss late of electron energy (eV-sec™)
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gain and loss late of electron energy (eV-sec’)
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gain and loss late of electron energy (eV-sec”)
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gain and loss late of electron energy (eV-sec’)
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