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A numerical investigation on the basis of a collisional-radiative (CR) model has shown that
laser oscillation between the levels with the principal quantum numbers /=2 and 3 can be
generated in a recombining hydrogen plasma interacting with a dense helium gas as a cooling
medium in TPD-I, which is a magnetically confined quiescent high-density plasma source con-
sisting basically of two parts, namely, the discharge region with the cathode at the center of the
cusped magnetic field and the plasma column region with the axial magnetic field. The
population inversion is found to exceed significantly a threshold level for the laser oscillation

even in the quasi-steady state when the hydrogen plasma with n,=10'3 ~ 10" cm~
with the helium gas with a pressure of about 50 Torr.

1. Introduction

The high potentiality of shortwave-laser action in
recombining plasmas has been widely recognized. In
general, there are three different experimental
approaches to produce the recombining plasmas:
(1) a short-pulsed high power laser beam is injected
into a gas to produce a hot plasma, which is then
cooled by radiation loss [1], (i1) a dense and hot
plasma produced by arc discharge [2] is freely
expanded in a vacuum vessel, (iii) a stationary
plasma is made to interact with a cool and dense
neutral gas [3]. The third one is superior to the two
others in the following two points: A stationary
population inversion is produced, and the plasma
parameters are easily controlled.

In a previous paper [4] we have investigated the
processes leading to the population inversion be-
tween the levels with the principal quantum num-
bers 3 and 4 in a recombining hydrogen plasma
which is interacting with a cool and dense neutral
hydrogen gas by using the rate equations on the
basis of a collisional-radiative (CR) model and the
energy equations for electrons, ions and neutral
particles.

In this case, the population inversion between the
levels 2 and 3, which is more important for the
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generation of a short-wave laser, however, is hardly
to be expected because the plasma is optically thick
against the L, line and the population density of the
level 2, n,, is not sufficiently decreased owing to the
increase of the population density of the ground
level during the contact of the hydrogen gas with
the plasma. In order to realize laser action between
the levels 2 and 3 we can simply use an other
neutral gas, for example helium instead of hydrogen
to cool the high temperature hydrogen plasma as
pointed out in [4].

In the present paper, we investigate laser oscilla-
tion between the levels 2 and 3 in a recombining
hydrogen plasma which is interacting with a dense
helium gas by using the same method as that in [4].

2. Description of the Calculation

We consider the elastic collisional processes be-
tween electrons and atoms, electrons and ions, and
atoms and ions. The following inelastic collisional
and radiative processes considered here:

(A) a;+ezap+e, (k>1),

(B) at+eea,t+ete,

(C) a,+e—a;+hv,

(D) a (k>1),

where a; denotes an excited hydrogen or helium
atom in level /, a, an ionized hydrogen or helium

- a,'+ h\',
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atom, e an electron, and /v a photon. We use the
same coordinate as that in [4], where the plasma
flows with a constant speed of vy. The rate equation
for the population density »n; of hydrogen
(I =i=20)is given by

d 20

Loy

L aijn;+ 8,
dr =

1=i=20. (1)

Here a; and 0; are given in terms of the rate
coefficients for the radiative and electron-collision
processes as in [4], and the maximum quantum
number is chosen to be 20 as was done by Cacciatore
and Capitelli [5]. A rate equation very similar to (1)
is used for the population density n}¢ of helium.
The He(I) levels are treated in much the same way
as by Drawin [6]. We consider all the sublevels as
individual levels having different orbital angular
momenta / for the principal quantum numbers
n = 2. For the levels 3 = n = 19, all the sublevels are
grouped together. The total number of levels in-
volved in the rate equations for He(I) is thus 39.
The rate coefficients are used as in [6]. For simplic-
ity, the inelastic atom-atom collisions are neglected.
The term for the particle flux in radial direction is
neglected in the neighborhood of the center axis of
the plasma column.

The electron density . is given by
20 dn, 20 dnfe

Ly U-3

ds »,:,—dr— j=1 df

(2)

The energy equation used for the electrons is very
similar to that in [4], except that the corresponding
elastic and inelastic collision terms for helium are
included in the present case. We have

e _ 1 rory+— -1
ds Ten H e) Lot H+ e)
1
+'—(THe_ Te)+ (THe*— Te)
TeHe TeHe*

20
e Z (E,"‘ Ek)(C_/k n; — Fk_/ ny)
i<k
k=2
20

— 2. B+
=1

ol

T.) Kjc n; (3)

20
+nen+z (E,-+%Te) K ‘+-%[...]He
j=1 H
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where [...]ge is the term for helium corresponding
to the fifth one for hydrogen on the r.h.s. The
electron-atom and electron-ion collision times of
hydrogen (7. and t.y,) are given in [4], and the
corresponding collision times of helium (7.y. and
Tene+) 1N [7] and [8]. We also neglect the term for the
spatial divergence in the radial direction in (2) and
(3)asin (1).

All the optical escape factors are set equal to
one, that is, the plasma is considered to be optically
thin because the interacting gas is not hydrogen but
helium.

The initial conditions for the numerical calcula-
tions are the following: the hydrogen plasma is in a
stationary state (the electron, ion and atom tempera-
tures being expressed as T.o, T;o and Tyo, respec-
tively, and the electron density as n.), and is
brought into interaction with neutral helium gas of
high density n§¢ at 1 =0, all the helium atoms being
in the ground state at an initial atom-temperature
of T,o. For simplicity, we assume that 7; =Ty = Ty
are all kept constant throughout the reactions con-
sidered here. We have made the calculations for the
three initial temperature and density conditions
shown in Table I. In case 1, n.q is low, while it is
high in case 2. The case 3 represents an extreme
plasma whose electron density exceeds the upper
bound value for the population inversion in the
quasi-stationary state QSS [9]. This case is chosen in
order to show whether the population inversion takes
place in the transient phase of the recombining
plasma whose electron density is so high that the
population inversion cannot be expected in the
QSS.

The QSS assumption is made for the levels higher
than a certain one as discussed in [4]. We made time
integration of the equations by using the same
calculating procedure as described in [4].

Table 1. Initial conditions and the relaxed electron tem-
perature T,.

T T; Neo ng nkie T

(eV) (eV) (cm™?d) (cm™?) (em™3)  (eV)
1 5 0.05 63x10% 51x10° 2x10'® 0.078
2 5 0.05 20x10™ 1.6x10° 2x10'® 043
3 5 0.05 1.0x10" 1.3x10" 1x102 045




T. Oda and U. Furukane -

3. Results and Discussion

Let us first describe the temporal behavior of 7,,
which is the most important one for realizing
population inversion.

Figure I shows a rapid decrease of 7T, after the
neutral gas is introduced. In the case 1, T, decreases
to as low a value as 0.074 eV, while T, in the cases 2
and 3 decreases to only 0.43 eV. This is because n, is
in the cases 2 and 3 much higher than in case 1.

On the other hand, the decrease of 7, in the
case 3 begins earliest of all three cases. Times of
establishment of QSS in each case are shown by the
arrows labeled (1), etc. The plasma in case 3
reaches the QSS earliest because the helium atom
density is 50 times higher than in the other cases.

The population density »n; (i=1, 2, 3) of atomic
hydrogen divided by the statistical weight w;, versus
time in the case l is shown in Figure2. As is
expected, n; keeps almost constant until just prior to
the beginning of the QSS, and increases up to
beyond 10"2cm™3 after r=1ps. In this phase
(n; > 10" cm™3), our assumption of an optically thin
plasma may not be valid when the plasma has the
mean radius 7y > 0.84 cm [10]. It should be noted
that population inversion takes place as early as at
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Fig. 1. Electron temperature vs. time period. 7(1) means
the temperature in the case 1, etc. The arrows labeled
tq(1) show the time of establishment of the QSS in the
case 1, and so on.
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Fig. 2.
(7= 1,2, 3) and the electron density n, in the case 1.

1=6x10"%s. Then both n, and n3 increase with
time till 7= 3 x 10”7 s when the QSS is realized. The
population inversion itself becomes maximum in
the QSS. A similar behavior in n;/w; is obtained in
the case 2 (Figure 3). But the population inversion
becomes smaller.

The evolution of n;/w; in the case 3 is shown in
Figure 4. In this case, the inversion starts as early as
at 107%s and becomes the largest of the three cases.
But the inversion disappears a little bit before the
QSS is established at 7= 10"%s since n, exceeds the
upper bound value for the generation of population
inversion [9] as described before.

In order to compare in more detail the above
described three kinds of the results, we demonstrate
the evolution of the overpopulation density 4nj,
(= n3/ w3 — n3/w;) in Fig. 5, which is obtained from
the results shown in Figures 2—4. In the regions of
Ansy < 0, that is no population inversion, no curves
are indicated. The horizontal broken line shows a
threshold value of 4ns, for the laser oscillation
under the condition that the optical cavity consists of
two plane mirrors with reflectivity of 99% for one
and 99.8% for the other and that the plasma column
has a length of 10 cm [11].
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Fig. 3. Temporal behavior of the population densities #;
(i=1, 2, 3) and the electron density . in the case 2.
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Fig. 4. Temporal behavior of the population densities »,
(1= 1.2, 3) and the electron density n, in the case 3.

T. Oda and U. Furukane - Laser Oscillation in a Hydrogen Plasma Cooled by Helium Gas

10

10°

ang, (ci®)

a1 0 9 8 =7 -6 5
0 190 1 & 10 10 10

t (sec)

Fig. 5. The evolution of overpopulation density 473, in the
cases I, 2, and 3. In the regions where no curves appear,
Ans, is negative, that is, there is no population inversion.

Ans, 1s higher in the case 2 than in the case | in
the transient phase before the QSS is achieved. The
reason is that the recombination process is more
dominant in the case 2 because of the high electron
density. On the contrary, 4nj, is higher in the QSS
because T, is lower in the case | than in the case 2.
The laser action thus will be easier in the case 1.

In the case 3, the population inversion takes place
as early as at 1= 3x10"'"s, which is earliest in the
three case, because 7T, is decreased rapidly. It
should be noted that An3;, exceeds largely the
threshold level for the laser oscillation. In the QSS,
however, the inversion disappears owing to the
above described reason.

It should be noted that the laser oscillation is
expected in all three cases when helium is used
instead of hydrogen in order to cool the hydrogen
plasma.

4. Conclusion

Our calculations have shown that population
inversion between the levels 2 and 3 of the hydrogen
atom can be generated in a recombining hydrogen
plasma which is interacting with helium. This
plasma is superior to the plasma described in [4] in
that the population density of the ground state does
almost not increase in the transient recombining
phase because helium is introduced instead of
hydrogen.
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It is important that 4mns, is higher than the
threshold level for the laser oscillation even in the
QSS when the hydrogen plasma with n,= 10'3 ~ 10'
cm~? interacts with the helium at a pressure of

~ 50 Torr.
In conclusion, laser oscillation is certainly expect-
ed in all these three cases.
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