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The probabilities for various processes are considered in an analysis of an electrical dis-
charge in a mixture of two gases in which a negative absorption coefficient is obtained by
selective excitation of atoms to a higher level and selective removal of atoms from a

lower level.

].. Basov and Krokhin[!] have proposed a diagram
that facilitates analysis of the necessary conditions
for obtaining a negative absorption coefficient in an
electrical discharge in a mixture of two gases.*

The assumptions used by these authors, however,
correspond neither to actual conditions nor to
the relations between atomic constants for vapors
and gases used by Butaeva and Fabrikant'2] and by
Ablekov, Pesin and Fabelinskii.l3] I (2] collisions
between atoms and molecules of two components of
a gas mixture were used to selectively remove
atoms from a lower level; however, atoms were
not selectively excited to an upper level.l] This
technique had been proposed in 1939 and is the
original prototype of the method used in ammonia
masers. This case is the opposite of that consid-
ered by Basov and Krokhin.

Entirely different results are obtained if calcu-
lations similar to those in [ are used for the con-
ditions pertaining to (2], m particular, inequality
(5) of () pecomes completely different and the
corresponding diagram contains only two regions,

I and II; in contrast with [1], region IV, in which a
negative absorption coefficient is impossible, no
longer appears. It should also be noted that in (2]
the discharge conditions were such that the Max-
wellian electron energy did not appear explicitly,
so that the relation between ®;j, and ®,; given

in [1J does not hold.

In L] account is taken of collisions of the sec-
ond kind with electrons in which atoms are trans-
ferred from level € to level €, while collisions
of the second kind characterized by €; — € are
neglected. The principle of detailed balancing
shows that the probability of collisions of the sec-

*The term ‘‘negative absorption coefficient’’ corresponds

more closely to the terminology used by Einstein than the
presently popular term ‘‘negative temperature.’’

ond kind increases as the distances between levels
decrease.[5] Consequently the probability of €j
— €k collisions of the second kind is greater than
the probability of €; — €, transitions. Also, the
quantity 1/ Tik cannot be neglected if 1/7j, is re-
tained. For example, in the case of mercury and
zinc 1/7j, is approximately 0 while 1/7jk ~ 107
sec™ The same situation holds for the inert
gases.te] It is well known that spontaneous tran-
sitions characterized by €¢j — €k in the optical
frequency region generally have a strong inhibiting
effect on the establishment of the required relation
between the atomic populations in levels €; and €.

2. We now derive the conditions that must be
satisfied to obtain a negative absorption coefficient
when the actual relations between the appropriate
probabilities are taken into account. We first form
the equations that describe selective removal of
atoms from the lower level. Aside from a few
changes our notation is essentially that used ear-
lier in the theory of the gas discharge.[” Thus,
we have

dn¢[dt = — n? (Aw+8,,) + naoo; -+ Nlotes,

dng [dt = — n2(Aro + B, -+ B,p)

+ ng (otor + Bea) + 1% (A + B,,),

where n is the density of atoms or molecules;
Ajk and Ak, are the probabilities for spontaneous
transitions; Bgp = ngogapv, Bpy is the probability
for collisions with impurity atoms or molecules
(the impurity is the added component of the mix-
ture); ogi, ¢k, @ki are the probabilities for elec-
tron collisions of the first kind; Bi,, Bkg Bik are
the probabilities for electronic collisions of the
second kind.

In writing Eqs. (1) and (2) we assume that

As <K App, o LB, Bio < B

1)

2)
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The lifetimes are written in the form
U= V(Au + Bir)y Te = V(Ao + Bro + Bar). (3)

Using Egs. (1) and (2) we obtain the condition
for producing a negative absorption coefficient in
the steady state:

Ay, (Agg = Bro + Bap) + 2, (%, + Byg)
ok + s + Byt / 15) (Agg + Bp)

> 1 )

Using Eq. (3) we can show that (4) is an ex-
tended version of inequality (10) of L2],
Using the approximations

Bir = birBios  Bro == broBios (5)

where bjx and bk, are essentially constants ap-
preciably greater than unity, we obtain from
Eq. @)

Bay bielexpi(e;—ep)/ KT} 414 byl M — Mg — b,
Bro — 1— by (n/ n3) [expte; | kT } My, — exple, /AT 3]

()

(we have used the notation 7jkx = 1 + Ajk /Bik)-
The > sign applies when the denominator is
greater than zero while the < sign applies when
the denominator is less than zero.

The equations for the lines on the Ayq/Bko;
Ak /Bik diagram are of the form

A exp{—e; [ kT } i

—1—exp{—(e,— &) /kT},  (7)

Bie bir nd
A;.,2 _ Apy I Bret+ 1 —b; (11 bpg—1-exp {(g;, — &) kT ,}) . (8
Bir by (exp {(e;—&,) | KTy 4 1] byy)

Equation (7) is physically meaningful only when
nbinb < exp{— e/ kT2) | bus. (9)

The inequality (9) is certainly not always satis-
fied in a gas discharge. In Eq. (8) the free term

Bba >

(bip 1 byg) [Ny, (1--bpg exp {(e;—€,)/RT 3)—(bpo/b;p)Mipg— bisxPi(E;—)/RT }]

Y]

a [’Tﬂ b ﬁka

a — selective removal of atoms from the lower level;
1 — line (7), 2 — line (8); b — selective excitation of ‘atoms
to the upper level; 1 — line (14), 2 — line (15). Region I — im-
purity desirable, II — impurity necessary, III — impurity harm-
ful, IV — effect impossible.

is always negative, in contrast with the case con-
sidered inf13, 1f the condition in (9) is satisfied
the diagram will contain four regions (cf. Fig. a)
characterized by the following features: I) an im-
purity is not necessary, but is desirable; II) an
impurity is necessary; III) an impurity is harmful;
1V) it is impossible to obtain a negative absorption
coefficient. Regions I and II vanish if the condition
in (9) is not satisfied.

We now consider selective excitation of atoms
to a level €j. In this case the starting equations
are

dni | dt = — nf (Am -+ Bir + Bav) -+ 15 (dto: ~+ Boa) + netess
(10)

dnf [ dt = — ng (Aro -+ Bro) + nodor + 17 (A +Ba).  (11)

The condition for a negative absorption coeffi-
cient becomes

(otg; + Bpg) (Apg + Brg) + gt

(A + Bip 1 Bap) o 1 (A + Bie) (9, + Bog) >1. a2

The inequality (12) also represents an extended
form of (10) of [2). Consequently

13)

Bio = exp{e;/ kTe}[nko_ (O 1 bpg) [, — (”3 /nf-’) exp {— &, / kT }]

The equations for the lines on the Agg/Biko;
.Ajk /Bik diagram are of the form

A by Ay Dy < ny (& }
Ztk kO TR RO (0 expl— 2 —1>—~1, (14)
Bir b Bro by \ n P jl kT,

A Apg !l Bro —bir ®xP {(e; — ) / AT J(1—1/byg) — by / byo + 1
B bip exp {(e;— &,) 1 KT} by [ by 1 5.)

The free terms in Eqgs. (14) and (15) are always
negative.
The lines intersect when

n? | nh < exp {— ;] kT2 | bi.

In this case the diagram becomes that shown in
Fig. b, where the shapes of the various regions

(16)

are different from those in the diagram in (il
the excitation of impurity atoms becomes strong
enough, the condition in (16) is violated and region
III disappears.

Because of (5), for a given host material trans-
fers are possible only in regions of the diagrams
close to the dashed line. The slope of these lines
is determined by the quantity bigAik /bikAko-

The value of diagrams of this kind is limited
by the fact that the lines which divide the dia-
grams into various regions are displaced sharply
for small changes in the electron temperature. In
particular, shifts of this kind occur when the com-
position of the medium is changed in order to vary
the quantity Bgyy.
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