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Abstracl

A numerical investigation has shown that the population

inversion between the- levels with the principal quantum number

i=2 and 3 takes place in a recombining hydrogen plasma which is

interacting with a cool and dense helium gas on the basis of a

collisional- radiative(CR) model. Overpopulation density An32,

which is defined as the difference between the population

densities per unit statistical weight of the upper and lower

excited levels 3 and 2, is found to be much higher than a

threshold level for the laser oscillation in the quasi-steady

state when the hydrogen plasma with nc = 10
l3-vl014ci;f3 interacts

with the helium gas with pressure of ~50 Torr.
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1 Introduction

In a previous paper [1] • we have investigated the

processes leading to the population inversion between the

levels with the principal quantum number 3 and A 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 col 1isional-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 generation of a short-wave

laser .however, is hardly expected because the plasma is

optically thick against the La line and the population density

of the level 2, m , is not sufficiently decreased due to the

increase of the population density of the ground level during

the contact of the hydrogen gas with the plasma. In order to

avoid this situation, we can simply use different neutral gas,

for example the helium gas, instead of the hydrogen gas to cool

the high temperature hydrogen plasma as pointed in [1)
I,

In the present paper, we investigate the population

inversion 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 [1]

2 Description of the Calculation

We consider the elastic collisional processes between the

electron and the atoms, the electron and the ions, and the

atoms and the ions. The inelastic collisional and radiative

processes considered here »re as follows:

(a) a, + e &± ak + e, (k>i ),
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(b)

(c)

(d)
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+

+

e + e,

In,, (fc>i).

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

a. an ionized hydrogen or helium atom, e an electron, and hv a

photon. We use the same coordinate as that in (1) where the

plasma flow with a constant speed of v(, . The rate equation for

the population density m of hydrogen( lSz^20) is given by

, 20

%T = Eau"i + Si, lSi<20. (1)

Here, ajj and 8i are given in terms of the rate coefficients

for the radiative and the electron-collision processes as that

in [1] and the maximum quantum number is chosen to be 20 as by

Cacciatore and Capitelli (2]. The corresponding rate equation

very similar to Eq. (1 ) is used for the population density n?*

of helium. The He(I) levels are treated in a similar way to

that by Drawin [3] . We consider all the sublevels as

individual levels having different orbital angular momentum I

for the principal quantum number n^2. For the levels

3 S n § 19, all the sublevels are grouped together. The total

number of levels involved in the rate equations of He(I) is
i

thus 39. The rate coefficients are used as in [3) . For

simplicity, 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 ne is given by

dt ~ f^dt, £{ dt • K*>

The energy equation used for the electron is very similar to
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that in [1] , except that the corresponding elastic and

inelastic collision terms for the helium are included in the

present case.

- L (7H - T.) + - * - (T,,. - Tc) + r r (Ttt. - T.)
TeH Tell, icHj

X

fc ) - E ( £j + i ^ >^cn, -t ncn>

T ""* e ) + c -
20
\ '

§7-. )/<c; )H + f ( )«. (3)

where ( ] H, is the corresponding term of the helium to the

fifth one of the hydrogen on the R.H.S. The electron-atom and

- ion collision times of the hydrogen ( TCH and TCH. ) are given in

[1) , and the corresponding collision times of the helium( TeH

and Te«.) in (4] and in [5) , respectively. We also neglect the

term for the spatial divergence in. the radial direction in

Eqs.(2) and (3) as in Eq.(l).

All the optical escape factors are set to be unity, that is,

the plasma is considered to be optically thin because the

interacting gas is not the hydrogen but the helium one.

The initial conditions for numerical calculations are that

the hydrogen plasma in a stationary state whose electron and

ion temperatures and electron density are Teo,7*/o and neO >
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respectively, is brought into interaction with a neutral helium

gas of high density n8c at i = 0, all the helium atoms being in

the ground state at an initial atom-temperature of 7'QO. We have

made the calculations for three initial temperature and density

conditions shown in Table 1. In case 1, nco 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 QSS (6] . This case is chosen 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 QSS.

The quasi-steady state assumption is made for the levels

higher than a certain one as discussed in [1] .

We made time integration of the equations, by using the same

calculating procedure as described in (I) .

3 Results and discussion

Let us first describe temporal behavior of Te .which is the

most important for realization of the population inversion.

Figure 1 shows rapid decrease of Te after the neutral gas is

introduced. In the case 1, Tt decreases down to as low as

0.074eV, while Te in the case 2 and 3 decrease down to only

0.43eV. This is because ne in the case 2 and 3 are much higher

than in the case 1.

On the other hand, decrease of Tr in the case 3 begins at

the earliest time in the three cases. Times of establishment of

QSS in each case are shown by the arrows labeled tq(l ) .etc.

The plasma -in the ca^e 3 reaches QSS in the earliest time

because the helium atom density is 50 times as high as those of
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the other cases.

The population density n̂  ( i = 1,2,3 ) divided by the

statistical weight Ui , versus time in the case 1 is shovn in

Fig.2. As is expected, ni keeps almost constant until just

prior to the beginning of QSS, and increases up to beyond

10l2cnf3 after t *=f ljrs. In this phase (m > 10I2cnf3) , our

assumption of the optically thin plasma may not be valid when

the plasma has the mean radius ro > 0.84cm (7J . It should be

noted that the population inversion takes place at as early as

t ^ 6xlO~9s. Then, both n? and 713 increase with time till

t 4=r 3xlO~7s when QSS is realized. The population inversion

itself becomes maximum in QSS. Similar behaviors in ni/oij are

obtained in the case 2 (Fig.3). But the population inversion

becomes smaller.

Evolution of Ui/u, in the case 3 is also shovn in Fig.4. In

this case, the inversion starts as early as 10"9s , and becomes

largest among the three cases. But the inversion disappears a

little bit before QSS is established at t ̂  10"8s since nc

exceeds the upper bound value for generation of the population

inversion [6) as described before.

In order to compare more clearly the above described three

kinds of the results, we demonstrate evolution of the

overpopulation density An32(= R3/U3 - 112/0)2) in Fig.5, which is

obtained from the results shown in Figs.2-4. In the regidis of

An32 < 0, that is no population inversion, no curves are

generated. The holizontal broken line shows a threshold value

of Ari3z for the laser oscillation under a condition that the

optical cavity consists of two plane mirrors with reflectivity

of 99S for one and 99.8% for the other and the plasma column
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length is 10cm (8) . In the transient phase before QSS is

achieved, as shown in Fig.5, A1132 is higher in the case 2 than

in the case 1. The reason is that the recombination process is

more dominant in the case 2 due to the high electron density.

On the contrary, A1132 is higher in QSS due to lower Tei in the

case 1 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 t *=? 3xlO"9 s, which is the earliest in the three case,

because Te is decreased rapidly. It should be noted that hnsz

exceeds largely the threshold level for the laser oscillation.

In QSS, however, the inversion disappears due to the above

described reason.

4 Conclusion

Our calculation has shown that the population inversion

between the levels 2 and 3 of the hydrogen atom can be

generated in the recombining hydrogen plasma which is

interacting with the helium gas. This plasma is superior to the

plasma described in [1] in that the population density of the

ground state does not almost increase in the transient

recombining phase because the helium gas is introduced instead

of the hydrogen one.

It is important that hnsz is higher than the threshold level

for the laser oscillation even in QSS when the hydrogen plasma

with ne=10
l3-^l0ucro"3 interacts with the helium gas with the

pressure of ~50 Torr.
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Figure Captions

Fig.l Electron temperature vs. time. T(l) means the temperature

in the case 1, etc. The arrows labeled lg{l ) shows time of

establishment of QSS in the case 1, and so on.

Fig.2 Temporal behaviors of the population densities

n,(i=l,2,3) and the electron density in the case 1.

Fig.3 Temporal behaviors of the population densities

fii(j-l,2,3) and the electron density in the case 2.

Fig.4 Temporal behaviors of the population densities

rii(i = l,2,3) and the electron density in the case 3.

Fig.5 The evolution of &H32 in the case 1, 2, and 3. In the

regions where no curves appear, Ari32 are negative, that is,

no population inversion.



Table 1. Initial conditions and the relaxed electron temperature T
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Te0

(eV)
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T
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(eV)
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.0

ne0

(cm"3)

xlO 1 3
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nO

(cm

X

X

X
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1

noe
s
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X

X

X
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Ter

(eV)
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.43
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