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A recently proposed method of optogalvanic double-resonance (OGDR) spectroscopy, which efn-

ploys two cw lasers modulated at different frequencies and a dc discharge, has been investigated
theoretically as well as experimentally. The technique is demonstrated to provide a versatile, state-
selective spectroscopic method. A detailed analysis has been carried out for different situations

where two lasers pump transitions which have the lower and/or upper state, or no state, in com-

mon. It also shows that the OGDR signal detected at the sum or difference modulation frequency

can be given as a linear combination of the perturbed population densities in a plasma which give

rise to the single-resonance signal. In addition, the results show that the OGDR signal polarity is

characteristic for each type of double resonance. This has been verified in an OGDR experiment

using a hollow-cathode discharge in neon and two cw dye lasers. State-selective OGDR spectra
have been compared with optical-optical double-resonance spectra. Useful applications and advan-

tages of the OGDR spectroscopy are discussed.

I. INTRGDUCTIGN

Optogalvanic (OG) spectroscopy has been used exten-
sively as a sensitive method for detecting atomic and
molecular transitions in gas discharges and flames. ' The
convenient and versatile OG detection technique has been
applied in various fields of spectroscopy such as Doppler-
free spectroscopy, two-photon and multiphoton spec-
troscopy, ' two-step excitation spectroscopy, "
level-crossing spectroscopy, ' Penning-ionization spectros-
copy, ' plasma diagnostics, ' ' atomic line-profile stud-
ies, ' frequency locking of dye lasers 2o and stabilization of
gas lasers. '

The high sensitivity of the OG technique results
from the unique detection scheme which is based on a
laser-induced impedance change in a plasma, and it allows
one to observe weak absorption features between excited
states of atomic or molecular species. However, the ob-
served OG spectra are generally very dense, and with
respect to conventional emission and absorption spectra
there is no significant advantage for the purposes of spec-
tral assignments. On the other hand, despite several
theoretical and experimental studies, the detailed
mechanism which is responsible for the OG effect appears
to be not yet well understood. The lack of a detailed
understanding of the OG effect itself has made it difficult
to apply the OG technique to quantitative studies of
atomic and molecular processes in plasmas.

To facilitate the assignment of dense atomic and molec-
ular spectra, optogalvanic double-resonance (OCxDR) spec-
troscopy has recently been proposed by one of the present
authors as a new state-selective spectroscopic technique.
The new method is widely applicable to transitions be-
tween excited atomic and/or molecular states generated in
radiating plasmas, where most of the well-known state-
selective methods such as laser-induced fluorescence and
laser-induced polarization spectroscopy have a limited

sensitivity due to the perturbing spontaneous emission.
Furthermore, , the OGDR spectroscopy has been suggested
to allow quantitative studies of collisional energy transfer
processes in a plasma.

In this paper we report the first detailed theoretical and
experimental study of the OGDR spectroscopy, and the
new technique is demonstrated to provide a versatile
state-selective spectroscopic method. The experimental
arrangement considered consists of two tunable lasers
modulated at different frequencies and a dc discharge.
The OGDR signal induced by the two lasers is detected at
the sum or difference modulation frequency with a lock-in
amplifier. There have already been a few OCx studies
using two dye lasers which tried to make double-resonance
experiments in a discharge. "' These previous studies re-
port the observation of OG signals originating from two-
step one-photon excitation. The OGDR experiments
described in this paper differ from those reported so far
by detecting the double resonance at the sum or difference
frequency of the modulation frequencies of two cw lasers.

The following section is devoted to the theory of the
OGDR technique. We start with a basic analysis of the
double-resonance experiment in order to clarify the origin
of the OG signal at the sum or difference modulation fre-
quency. For this purpose a rate-equation approach is used
to describe the laser-induced population changes and the
resulting OGDR signal in a plasma.

A general formalism is developed in a matrix notation,
and the OGDR signal is shown to be directly related to a
linear combination of the single-resonance signals. The
general expressions are applied to the typical pumping
schemes of double-resonance experiments indicated in Fig.
1. These four schemes are the most important ones for
weakly ionized plasmas which are usually employed for
OG experiments. In this paper the four pumping schemes
indicated in Fig. 1 are denoted by X-, A-, V-, and P-type
double resonance. The detailed analysis shows that the
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(a) (c) (d)

FIG. 1. Four types of double resonances, which are denoted
by (a) N-, (b) A-, (c) V-, and (d) P-type double resonance in this
paper.

nomena due to laser-induced absorption. Furth-. .rmore, ef-
fects associated with the shape of the spectral lines will
also be ignored which would have to be incorporated in an
analysis of, for example, Doppler-free experiments.

By exposing the discharge to the radiation of the two
lasers, the steady-state population density 2V; of some lev-
el ~i) of an atom or molecule is changed by a small
amount n; and hence shifted to the new steady-state popu-
lation density %;. We may describe the population densi-
ties of all levels of interest in a compact notation by a vec-
tor

N=N +n,

polarity of the OGDR signal is characteristic to each type
of double resonance and it predicts the typical properties
of state-selective OCxDR spectroscopy for different plas-
ma conditions. For comparison, analytical expressions for
the conventional optical-optical double-resonance (QODR)
signal are also presented which in principle can provide
similar informations to those given by the QGDR experi-
ment.

Section III describes the QGDR experiment using a
homemade hollow-cathode discharge in neon and two cw
dye lasers, and the experimental results are presented in
Sec. IV. In the experiment, special attention has been paid
to the polarity of the QCxDR signals to verify the theoreti-
cal predictions. Over a variety of experimental conditions,
the QGDR signals are related to the single-resonance sig-
nals. For the V- and P-type double resonances the QGDR
signals are shown to have a polarity opposite to those of
the single-resonance signals, whereas for the S- and A-
type double resonances the QGDR signals have a polarity
identical with those of the single-resonance signals. These
results agree with the theoretical predictions and allow the
observation of state-selective OGDR spectra. State-
selective OODR spectra have also been observed.

In Sec. IV we finally discuss the characteristic features
and advantages of the QGDR spectroscopy, and further
useful applications of this technique are suggested.

II. THEORETICAL

A. Basic equations

In the following we consider an experiment consisting
of a dc discharge and two cw tunable lasers denoted by
laser I and laser II. The laser beams propagate collinearly
through the discharge plasma in the same or opposite
directions, and the output frequency of each laser is tuned
to some transition between excited levels of an atom or
molecule in the plasma. We restrict our considerations to
the small signal limit neglecting strong saturation phe-

where the ith elements of the column vectors N, N, and
n are the population densities N;, N;, and n;, respectively,
and we assume

~
n;

~
&&N; . The change of the population

densities n is, of course, a function of the absorption or
pumping rates P~, induced by laser I, and P2, induced by
laser II, which may be defined by

P2 —I2okI (2)

respectively, where I is the intensity of laser M, and o.,&
is the absorption cross section for the transition between
some lower level

~

i ) and some upper level
~ J ) .

Let us assume that the intensities I& and I2 are modu-
lated periodically at the frequencies co& and co2, respective-
ly, e.g., by chopping the laser outputs, and that the result-
ing modulations of P& and P2 are in the range of

0(Pi &2P)p, 0(P2 (2P2p,
corresponding to a range of the laser intensities of
0&I1&2I10 and 0&I2&2I20. As a result, the change of
the population densities n and the population densities N
become time-dependent functions of P

&
and P2,

n=n(P„P2) and N=N(P1, P2).
The primary purpose of our analysis is to find the am-

plitude of the individual frequency components of n at
m&, co2 and at the sum or difference frequencies
uD ——~~+co2. If the modulated laser intensities do not
vary faster than any one of the relaxation processes in-
volved in the discharge, we have a quasistationary equili-
brium of the plasma and the time-dependent change of n
is governed only by the temporal histories of P~ and P2.
Experimentally, this condition can be satisfied if co1 and
co2 are sufficiently small, typically, less than a few kHz.
In this case, the temporal change of n follows directly the
temporal history of the laser intensities I& and I2.

For the preceding conditions, the time-dependent fre-
quency components of n may be found from a Taylor ex-
pansion of n(P1, P2). We expand n around P1 ——P10 and
P2 ——P2p and obtain

Bnn = n0+ (P1 —P10)
BP)

+

+(P2 —P20)
BP2

8 n 8 n+
1

(P1 P10) 2 +2(P1 P10 )(P2 P20) + (P2 P20)gP2 BP)BP2 QP2
+ 0 ~ ~
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where the subscripts 0 indicate the quantities for PI ——P&o
and Pz ——P2o. In Eq. (4), only the functions (Pi P—io),
(P2 —P2o) and their products depend on time and they
describe the possible frequency components of n and their
temporal histories. Therefore, the time-dependent popula-
tion densities modulated at cu&, co2, and coD are given
directly by the second, third, and fifth term on the right
of Eq. (4), neglecting small higher-order terms. "' From
Eq. (4), of course, one can also derive additional frequency
components of n at 2', 2~2, 2' +~2, and so on. Within
the range of P, and P2 defined by Eq. (3), the correspond-
ing terms of Eq. (4) lead to the amplitudes of the different
frequency components of n;, namely, n; at co

&
forI

P~ ——2P&0, n; at m2 for P2 ——2Pzo, and n; at ~D ——m~+~2
II D

for P~ ——2P&0 and P2 ——2P2o «Pi =P2=0:
n '=Pio(Bn/BPi )o,

n "=P2o(Bn/BPp)o,

n = —,P»P»(B n/BPiBP2)

(5)

where n ', n ", and n are vectors whose elements are ng',

n;", and n;, respectively. It should be noted that only a
steady-state value of n is necessary for obtaining further
detailed expressions of Eqs. (5)—(7).

We consider a weakly ionized discharge such as a
positive-column or a hollow-cathode discharge. The
steady-state value of n may be calculated to a good ap-
proxin1ation from a set of linearized rate equations for

43,44
7

F n=P. (9)

In Eq. (9), P is the vector given by

P=(Fo—F) N (10)

where F is the matrix F for P& ——P2 ——0, and where we

have used the steady-state rate equation, F N =0. Note
+ 0that P is a constant vector containing only P j, P2, and N

and is independent of any atomic processes in the
discharge. The solution of Eq. (9) is straightforward, once
an explicit expression for F is given.

Using Eq. (9), Eqs. (5) and (6) for n' and n" may be
written in the form

n~=P (F-'),.

dN/dt =FN=O,

where F is a matrix whose diagonal elements F;; give the
net depopulation rate of level

~

i ) and whose off-diagonal
elements FJ give the population rate from level

~
j) to

level
~

i ). Substitution of Eq. (1) into Eq. (8) leads to

Bn ~F Bn
dP, dP BP dP,

aF= —
& PioP2o(F )o P I 20

BF+
BP2

~In

Pio

(12)

X, =X, +n, (13)

analogous to Eq. (1), where N, is the unperturbed electron
density, n, =n, (Pi,P2) is the laser-induced change of the
electron density, and we assume again

~
n,

~
&&N, . To a

good approximation, n, may be calculated from the
steady-state rate equation for X„

dN, /dt =(Q N)N, PN, N;,„IN, =—0, — (14)

where X;,
„

is the ion density which is given by the
charge-neutrality relation, N, =N;,„,in a plasma, Q is a
vector whose element Q; is the ionization coefficient of
level

~

i) by electron impact, p is the radiative or two-
body recombination coefficient for an electron and ion
pair, and I" denotes the diffusion loss rate of the electrons.
Substituting Eqs. (1) and (13) into Eq. (14), we have

n, =P 'Q. n . (15)

CHOPPER

LASER )1

PO
OISCHARGE

— LASER I

Equation (12) is one of the key equations of this paper and
shows that n is given as a linear combination of terms
containing n and n . In the following, we consider two
different detection methods for n

(i) Optogalvanic detection In .general, the upper and
lower levels of an atom or molecule which are perturbed
by a laser, are closely coupled with other levels through
radiative and collisional processes in the discharge. The
overall change of the population densities causes a subse-
quent change of the electron density in the discharge plas-
ma, giving rise to an impedance change of the discharge,
i.e., the OG effect. This impedance change can be detect-
ed at coD ——co~+~2 as well as at co& and co2, using the simple
experimental arrangement shown in Fig. 2. The OG sig-
nals observed at co~, co2, and coD correspond to the detec-
tion of n', n', and n, respectively, as shown below.

In the presence of two lasers, the electron density
N, =N, (P„P2)in the discharge may be written in the
orm

where M= I for m = 1 and M= II for m =2. Since the ele-

ments of F and P are linear functions of P& and Pq, the
derivatives in Eq. (11) are independent of Pi and Pz, and

consequently 8 F/BPiBPq ——0 and 8 P/BPiBP2 ——0. The
second derivative of Eq. (9), therefore, yields an alterna-
tive and convenient form for n

REF.

LOCK-IN
AMP,

CR HV

FIG. 2. Schematic arrangement of an OCxDR experiment.
PD, photodiode.
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In the small signal limit of interest, one may assume that
the impedance change or the OG signal S induced is pro-
portional to the electron density change n„ i.e.,
S=an, =gg. n, where a is a proportionality constant,
and g=a jP. With the help of Eqs. (4)—(7), the OG sig-
nal amplitudes Sq observed at co&, Sn at ~2, and Sa at ~D
are calculated as

S,=gq. n',
.-uSn =gq'n

=&ax P»(n,"—n,"),

where Eq. (6) has been used, and g is a proportionality
constant depending on the sensitivity of the optical detec-

niSCHARr E

l«~ER Il—-—&
CHOPPER

'

Si) ——gg. n

It is important to note that S&, S», and the OGDR signal
SD are given by linear functions of n, n", and n
respectively. This linearity would still hold even if other
possible mechanisms contributing to the QG signal, e.g.,
ionization by atom-atom collisions and so on, are incor-
porated in the rate equation for X, .

(ii) Absorption measurement Let .us consider the con-
ventional OODR experiment ' in order to compare it
with the OGDR techmque. Figure 3 shows the principal
arrangement of the experiment, in which only laser II
(pump laser) is modulated at co2, whereas a fractional ab-
sorption of the unmodulated laser I (probe laser) is ob-
served at co2 with a phase-sensitive detector. In this exper-
iinent, we redefine Pi Pio, and ——the other experimental
conditions are assumed to be identical with those in the
OGDR experiment.

The decrease or increase LE& in the transmitted intensi-
ty I& of the modulated laser I can be calculated as

Mi ——M Pio(N; NJ)—
=dec Pio(N N~ )+M.P—io(n nj)—

where the element M corresponds to a small absorption
length. Following the procedure for obtaining Eqs.
(5)—(7), we have the amplitude of the time-dependent o~2

component of LEj or the resulting OODR signal S0

B(n; n~ )—
So =0~ PioP2o

2 0

tor employed. In contrast to the OGDR signal SD given
by Eq. (18), Eq. (20) shows that So results in a well-known
manner only from the change of the population densities
induced by laser II. A further detailed comparison of Sn
and S0 will be made in the subsequent sections.

B. Four-level system

dX) /dt =R )
—ur ) —K)N) +A2)N2+ C3]%3+A4)N4 0

JN2/pit =R2 —io2 K2N2+C—4zN4 ——0, (21)

QX3 /Qt —R 3 ~3 %3%3+C]31V$ +A 23%2 +A 43+4 —0

A%4/Cgt =R 4 —l84 —%4%4+C24%2 =0,
where AJ,. is the effective transition probability due to ra-
diation from level

l j) to level li ), CJN; denotes the col-
lisional population rate from level

l
i ) to level

l j), w; is
the population or depopulation rate of level

l

i ) due to the
laser pumping, R; is the net population rate of level li )
due to the remaining processes, and K;X; is the net depo-
pulation rate of level

l
i ) due to atomic processes in the

plasma.
The rate m; is a linear function of X;=X; +n;. Hence,

substituting Eq. (1) into Eq. (21) and setting

g2 fly

C2i, n2 /
I

I
I

A&3n2
I

A2& n& q' A&3 n&

I

I

i A„„n„
I I

31 3

In the following analyses, we apply the general expres-
sions derived in the preceding section to the specific cases
of the single- and double-resonance experiments. We con-
sider a four-level system shown in Fig. 4, in which the
lower levels are denoted by level

l
I ) and level l3), and the

upper levels by level l2) and level l4). For simplicity,
these four levels are assumed to be nondegenerate, and the
radiative and collisional processes indicated in Fig. 4 are
taken into account as the dominant interaction processes
among the four levels. The collisional excitation and
deexcitation between the lower and upper levels may be ig-
nored for a weakly ionized plasma of interest.

According to Fig. 4, a set of rate equations for X; in the
presence of two lasers can be written as

DETECTOR

' LOCK-IN
AMP.

FICx. 3. Schematic arrangement of an OODR experiment.
PD, photodiode.

FIG. 4. Four-level system employed for the analysis of the
double-resonance experiments. Radiative and collisional interac-
tion processes among the four levels are indicated by the dashed
and solid arrows, respectively, together with the population
rates.
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F=F0+8', (22) D,„(a,b) =(5 b 5—')(sk. 5—kb) (26)

P= —8'N (23)

we have the rate equation for n in the form of Eq. (9),
where the ith element of the column vector
w = W(N + n), = WN is w;, and

with 5 „being the Kronecker symbol.
In order to express the solution n=F 'P and the re-

sulting quantities of interest in a concise manner, without
loosing the physical significance we define the transition
probabilities

~21 C31 ~41 yj; =Ai;+ Cji(Abri), (27)
0

Fo

0
323

C24

C42

—K3 243 (24)

C. Single resonance

We start with an OG experiment using only a single
laser beam (laser I) which is tuned to the resonance transi-

Pi =11~12. Substituting
wi ———uj2 ——Pi(N1 —N2) and w3 ——u14 ——0 into Eq. (21),
one obtains the rate equation for n =(n1,n2, n3, n4) in the
form of Eq. (9). The matrix F and the vector P are given
by Eqs. (22) and (23) with

kj. =~j +~jb(ck rk». (28)

where r; =If; is the effective lifetime of level fi ) in the
discharge plasma of interest. The quantities defined by
Eqs. (27) and (28) can be regarded as the effective transi-
tion probabilities from the upper level

I j) to the lower
level

I
i ) due to the following radiative (rad) and col-

lisional (coll) processes for yj; and fj;, respectively:

rad coll rad

lj &~ Ii &+ Ij &~ Ii&~ I i &

rad rad co11

I j&~
I

1 &+ I
j)~

I
k)~

I
1)

Then, F ' can be given in the form

8'=P1D(1,2)

where the elements of the matrix D(a, b) are given by

(25) F '=H/F1(1, 2),
where

(29)

+1~24
—ri(@21r2) —ri(C31r3)u24 +i(@41+4)

0 —'T2Q 13

0 r4( C24r2) u —13

r3(C13r1)u24 r3(@23+2)

0
—'P3Q 24

0

r2( C42r4)u 13

—&3(@43&4)

+4~ 13

(30)

with

C j, =yj;+rjk«k;rk)=4j +Cji(k &»

u;k ——uk; ——1 (c;kr; )(Ck; rk—),
and

(32)

n =(Ni N2)PioB( 1 2)/[F2(1 —2)]0 . (34)

Here, the kth element Bk(i,j) of the column vector B(i,j)
is given by

F (i,j)=(detF) (u13u24)

=u 13u 24 +niP1 [ri ( u 24 +ji &j ) +&j u 13 ] .

In Eq. (30), small higher-order corrections to the matrix
elements H;j of H have been ignored. Using Eq. (11) and
the solution for n, n ' is obtained as

I

The function 6 (i,j) defined by Eq. (37) may be called the
"OG function" and it depends only on the specific
discharge conditions. This function is responsible for the
sign of Si, because [F2(1,2)]0 and (N, —N2) in Eq. (36)
are positive under typical discharge conditions. Nate that
the OG function is characteristic for the OG detection
and may be regarded as a conversion factor for the laser-
induced absorption, Pio(N1 —N2), into the OG signal.
When neither radiative nor collisional interactions shown
in Fig. 4 are of importance in the discharge, Eq. (36)
reduces to the form given by Erez et al. ' It should be
mentioned that the rate-equation approach employed is
valid under the condition, Pir; &&I, in Eq. (33), which
corresponds to the experiment in the small signal limit.

D. Double resonance

&k(i J) =Hk —Hk (35)

6(i,j)=Q.B(i,j)= g Qk(Hk; Hk ) = —6(j,i) . —
k (37)

to the lowest order considered. With the substitution of
Eq. (34) into Eq. (16), the OG signal S, at coi is given by

S,=21P,O(N, —N2)6 (1,2)/[F2(1, 2)]0, (36)

Based on the analysis for the single-resonance experi-
ment, we consider the OGDR experiment using both
lasers I and II. Laser I and laser II are assumed to be on
resonance with the transitions

I

i ) —
I j ) and

I

k ) —
I
I ),

respectively, i.e., Pl ——Il o.,j and P2 ——Izok~. The following
derivation of the four different types of double resonances
shown in Fig. 1 is carried out by assigning the states

I
1 ),

I2), I3), and I4) of Fig. 4 to the indices i, j, k, and I ac-
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W =P,D(i,j )+P2D(k, l), (38)

where the D matrices are defined in Eq. (26).
The matrices I' and P can be readily calculated, and

lead to the general form for the perturbed population den-
sity n,

cording to Table I. In this manner all the subsequent re-
sults apply to any one of the four different types of double
resonances using the appropriate indices.

The rate equations for N; are given by Eq. (21). Similar
to the preceding section the rate equations for n; are given
by Eqs. (9) and (22) with

TABLE I. Assignment of the states ~1), ~2), ~3 },and ~4) to
the indices i, j, k, and I for the four different types of double res-
onances.

A
A
V
V
P
P

n = [(N; —NJ )P]B(ij)+(Nk N] )P—2B(k, 1)]/F](ij;k,i),
where

F (i j;k, l)=(detF) (u]3u24)

u ]3 u 24 +mP ][r; ( u z4 @I;rj ) +—~~ u ]3 ]+m P2 [rk ( u 24 4g r] ) +—r]u ]3 ]

(39)

(40)

and where we have used F '=H/F](i j;k, l). Using Eqs. (11) and (12), one obtains the co], co@, and p]D components of n,

n'=(N~~ N )P]oB—(ij.)/[Fi(i j;k, i)]o,

n "=(Nk N] )P2o—B(kl)/[F2(i j;k, i)]p,

(41)

(42)

(43)

where I] (i j;k, l) is given by the elements of B(k,l} or by the matrix elements of H as

n = —,
' [(n; —nj )P]pB(i,j)+(nk n] )P2pB—(k, l)]/[F](l ,J ik i)]o'

Note that n D is given by two terms in a form similar to those of Eqs. (41) and (42). Each term contains a product of the

pump rate due to laser I and the population densities perturbed by laser II, and vice versa. This allows one to interpret~ I ~ II
n as a second-order population change by the following two-step processes: lasers I and II induce n and n at co& and

n]z, respectively, and the subsequent pumping processes of n "by laser I and of n ' by laser II generate n at o]D.

Substituting Eqs. (41) and (42) into Eq. (43), we have an alternative expression for n

n = —,'P]pP2p[(N; —NJ )h(k, l;ij)B(k, l)+(Nk —N] )h(i j;k, l)B(i j)]tu]suit[F3(ij;k, i)]p] (44)

h (i,j;k, l) =B;(k,l) BJ.(k, l) =H;k—H;& (H,k H,—&)——
=h (j,i;i,k)= —h (j,i;k, l) = —h (i j;1,k) . (45)

The sign of h (i,j;k, I) depends only on the plasma conditions.
Substituting the results for n, n ", and n into Eqs. (16}—(18), we have the OCx signals S] at co], S» at p]2, and SD at

COD,

S]=riP]p(N; NJ )G(i j)/[Fi—(ij;k,l)]o, (46)

S»=riPzo(Nk N] )G(k, l)/[F—2(i j;k, l)]o,

ri[(n —1lj. )P]pG (] j)+ (nk —n] )P&pG (k, i)]/[F](i,j;k, l)]p

=
2 riP]pPpp[(N; —N& )h (k, l;]j)G(k I)+(Nk N] )h (i j;k, l)G—(i j)]Iu]su24[Fs(] j;k, l)]o]

(47)

(49)

Comparison of Eq. (41) with Eq. (34) or of Eq. (46)
with Eq. (36) reveals a slight difference arising from the
denominators. This implies that in the double-resonance
experiment, laser II modulated at co2 exerts an effect on
the ~~ component n ' and decreases the resulting OCx sig-
nal Si. In fact, this effect was observed in the OGDR ex-
periment described in Sec. III.

Equations (48) and (49) show that Sz is given by a
linear superposition of two OG functions, each of which is

the same as that in Eqs. (46} and (47). The sign or polari-
ty of Si] is found to depend only on the atomic processes
in the discharge concerned, although the polarity cannot
always be predicted without a detailed knowledge of the
rate coefficients. However, under the following conditions
of a discharge we can discuss the definite polarity of S~
for the four types of double resonances of interest and the
possibility of state-selective spectroscopy by means of the
OCxDR experiment.
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Since only the OG functions G(i,j) and G(k, l) are re-
sponsible for the polarities of Sq and Sqq, we are able to
determine experimentally the sign of the two QG func-
tions from independent observations of S& and S&q. Hence
by controlling the discharge conditions such as discharge
current and gas pressure, it is possible to find discharge
conditions which provide SiSii & 0 or G (i,j )G (k, I) & 0.
Then, SD is expected to have a definite polarity for the
following plasma conditions which are often encountered
in OG experiments and may be generated, for example,
using a positive column, hollow-cathode discharge or oth-
er discharges.

(a) The first example is a plasma in which radiative pro-
cesses are dominant for the relaxation of the perturbed
population densities, and collisional interactions can be ig-
nored. For the four types of double resonances, the sim-
plified form of Sii calculated from Eq. (49) is given and
discussed in the Appendix. The corresponding polarity of
SD is summarized in Table II together with those for the
other cases (b) and (c) considered below. Note that SD for
the V- and P-type double resonances has a polarity oppo-
site to that of Sq and Sqq, whereas SD for the X- and A-
type double resonances has an identical polarity with that
of Sq and Sqq. Let us assume an QGDR experiment in
which one of the two tunable lasers is scanned over a
given spectral range, whereas the other is pumping a
specific transition in the discharge. The polarity relation
of SD for the four different types of double resonances
suggests that one can immediately discern the transitions
with a common lower level. It is clear that transitions
pertaining to different atomic and molecular species in the
discharge give no signal in the QGDR spectrum. Such a
state-selective OGDR spectrum may be observed in a
weakly ionized discharge which is usually employed for
OG experiments where radiative processes dominate the
relaxation of the excited levels perturbed.

(b) The second example is a plasma in which both col-
lisional and radiative interactions shown in Fig. 4 can be
ignored for the relaxation of the relevant excited levels,
i.e., @j,.7j CjITj 0. In this case, the N-type double reso-
nance is found to be unobservable from Eq. (49), and the
polarity of SD derived for the other types of double reso-
nances is given in Table II. In an OGDR spectrum, the
A-, V-, and P-type double resonances map out the transi-
tions which share the lower and/or upper level with the

pump transition. In this case Eq. (45) for the A-type dou-
ble resonance reduces to —~2 and f'or the V- and P-type
double resonances one obtains —ri and —(r&+rz), respec-
tively. For a situation ~2&&~&, which is usually expected
in a weakly ionized discharge, the QGDR signal SD due to
a A-type double resonance will become fairly small com-
pared with the signal originating from the V- and P-type
double resonances. In such a case, one observes only tran-
sitions with a common lower level in an QGDR spectrum.
This type of state selectivity in the OGDR spectrum may
be realized in a molecular plasma, where in general radia-
tive cascade processes to a specific level are unimportant
due to the small transition probabilities, and where col-
lisional interactions can be suppressed in a low-pressure
and low-current discharge.

(c) If collisions play a dominant role in the plasma of
interest, SD is found to have an identical polarity for all
the four types of double resonances, as shown in Table II.
In this case, the QGDR technique appears to be of little
use for the purposes of simplifying QCx spectra. However,
the collisional interactions in a plasma can be very selec-
tive. In addition, the OGI3R signals due to collision-
induced transitions are expected to be much smaller than
those due to the V- and P-type double resonances. There-
fore, under favorable conditions, the QGDR spectrum in a
collision-dominated plasma would still be very simple.

QGDR experiments under any one of the preceding
discharge conditions allow one to perform state-selective
spectroscopy of atoms and molecules. The QGDR spectra
observed are easy to identify and greatly facilitate the as-
signment of individual atomic or molecular transitions.

From Eq. (20), we obtain the OODR signal So for the
four different types of double resonances. The general
form of So is

So=pm Pio(n,
"—n,")

0~ PIG+20(~k +I + (i j k ~)~[F2(ij;k,~)lo

(50)
Equations (48) or (49) and (50) show that both QCrDR and
OODR experiments measure a modulated population den-
sity n of the same order. The polarity of So is governed
by the function h (i,j;k, l) in Eq. (50). For the three typi-
cal plasma conditions discussed above, and for the four
types of double resonances So is found to have the same

TABLE II. Polarities of the OGDR signal in a plasma where (a) radiative processes, (b) no collisional
and radiative interactions, and (c) collisional processes are dominant for the relaxation of the perturbed
population densities.

(a)

Si Sir P

(b)

(c)
(+)
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polarity relation as that for SD shown in Table II. In the
QQI3R experiment, the restricted discharge condition of
S&S&&~0, of course, is not necessary for state-selective
spectroscopy.

a O
oo ~

III. EXPERIMENT

To demonstrate the OGDR technique, an experiment
was carried out using a homemade hollow-cathode
discharge and two commercial cw dye lasers, a ring dye
laser pumped by a krypton ion laser, and a linear dye laser
pumped by an argon ion laser. We have employed a
discharge in pure neon for the experiment because neon
has a very simple system of energy levels and convenient
transitions for the observation of the four different types
of double resonances. Table III summarizes the excited
neon levels (in Paschen notation) of interest and the al-
lowed transitions together with the gf values characteriz-
ing the transition moments.

When the transitions between the 1s and 2p levels in a
weakly ionized neon discharge are pumped by the two
lasers, the relaxation of the modulated population densi-
ties of the upper 2p levels will be dominated by radiative
processes to the lower 1s levels. Then, the OGDR signals
observed for the four types of double resonances are ex-
pected to have the polarity of case (a) discussed above and
summarized in Table II. The theoretical prediction on the
polarity of SD has been tested over a variety of experimen-
tal conditions. Furthermore, the state-selective OGDR
spectra which are also predicted in the preceding section
have been observed together with OQDR spectra. In this
section, we describe the experimental procedure, and the
results obtained are presented in Sec. IV.

A. Experimental arrangement

The experimental arrangement employed is shown
schematically in Fig. 5. The ring and linear dye lasers are
both operated with Rhodamine-6G in the spectral range
of 565—634 nm. They have identical linear polarizations
and have typical spectral widths of 3 and 30 GHz, respec-
tively. The beams of the ring and linear dye lasers are
modulated by a mechanical chopper at different frequen-
cies u& ——550 Hz and m2 ——825 Hz. The two beams are
sent through the discharge tube in opposite directions
forming a small angle between each other to avoid optical
feedback between the different dye-laser cavities.

The discharge tube with Brewster-angle windows has a
coaxial structure consisting of a hollow cathode of 5 mm
in bore diamter and 40 mm in effective discharge length
and two anodes of 5 mm in bore diameter. The three elec-
trodes are made of copper and are cooled with Aowing
water. The neon gas is continuously pumped at a constant
flow rate, and the pressure was varied over a range of
0.05—10 Torr. The discharge current was varied over a
Iange of 2—18 mA, corresponding to an applied dc volt-
age of 0.5—2.6 kV. Under these discharge conditions, a
very stable plasma was generated with an overall
discharge noise of typically a few mV as observed on a
cathode-ray oscilloscope (CRO).

The discharge circuit contains large ballast resistors (8)
to maintain a constant current and to convert the laser-
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FIG. 5. Schematic diagram of the arrangement employed for
the QCxDR experiment. PD, photodiodes; BS, beam splitter;
CRO, oscilloscope; F, neutral-density filters.

induced impedance change into a voltage change. The
OG signal is extracted by a capacitor (C), and the modu-
lated signal is observed on an oscilloscope. The OGDR
signal is detected at the sum frequency, coD ——1375 Hz,
with a lock-in amplifier and is measured on a strip chart
recorder. Another lock-in amplifier is employed to moni-
tor the OG signal at coi or co2. Owing to the polarity of
the high voltage applied to the discharge, the electric cir-
cuit employed provides a negative OG signal for an in-
crease of electron density in the discharge and vice versa.
This means that the proportionality constant g defined in
Sec. II is negative in the present experiment.

Figure 6 shows some oscilloscope traces of the. OG sig-
nal modulated at ~~. One notices a change in the signal
polarity from positive to negative with increasing neon
pressure. In Figs. 6(b)—6(d), some additional spikes are
seen on the leading and/or trailing edges of the modulated
wave forms. Spikes of this kind were observed whenever
the OG signal was about to reverse its polarity due to a
change in the discharge condition. This seems to indicate
that the spikes observed in the OG signal are associated
with competing time-dependent relaxation processes of the
excited levels in the discharge, although the origin of the
spikes has not yet been examined in any further detail.
Under the discharge conditions where the modulated OG
signals are accompanied by spikes of this kind, Eq. (51)
has to be taken as a rough estimate for the determination
of the polarity of SD. In addition, it was important that
the laser beams did not hit the cathode wall to get a valid
phase relation given by Eq. (51).

C. OODR experiment

An OODR experiment was also carried out using the
same experimental apparatus, allowing a direct compar-
ison with the OCxDR experiment. The experimental ar-
rangement employed was in principle the same as that
shown in Fig. 3, where only laser II was modulated at co2.

TO

B. Signal polarity

In the following, the ring dye laser and the linear dye
laser are denoted by laser I and laser II, respectively. For
demonstrating the theoretical predictions, it is crucial to
know the polarities of Si, Sii, and SD. The polarities of
Sq and S&& can be easily determined on an oscilloscope by
independent direct observations of the modulated OG sig-
nals at coI and co2, respectively. However, it is clear that
such a direct observation of the polarity of SD is difficult.
In the presence of lasers I and II, the superimposed OG
signal observed on an oscilloscope is simply the sum of
two modulated single-resonance signals, which is certainly
not the OGDR signal of interest. Therefore, the following
procedure was employed to determine the polarity of SD.

Let Pi, Pn, and Pn be the phase angle of the lock-in am-
plifier associated with S„Sii,and SD, respectively. As
discussed in Sec. II, the temporal histories of the OG sig-
nals at co&, m2, and coD follow the time-dependent modulat-
ed wave form of (Pi —P,0 ), (Pz —P20 ), and
(Pi —Pia)(P2 —P20), respectively. Then, one may expect
the simple relationship

(b)

(c)

0.065

0.25

0.32

Pii =Pi+Pii(+360 ) . (51)

When a maximum amplitude of the OGDR signal is ob-
served at a phase angle P with the lock-in amplifier, P
should be P=Pn or P =PD+ 180'. Since Pi and Pii can be
easily measured, the correct phase angle or resulting polar-
ity of SD can be determined with the help of Eq. (51). The
relation given by Eq. (51) has also been tested in the
OGDR experiment.

(e)

FIG. 6. Oscilloscope traces of the OG signal at co& for the
pump transition 1s5-2p4. Discharge current is 12 mA, the
power of laser I is 4 mW, and the time scale is O.S
msec/division.
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The transmitted intensity of the unmodulated laser I was
greatly attenuated and detected with a photodiode placed
far away from the discharge tube in order to suppress con-
tributions due to the interfering radiation from the
discharge plasma. The absorption signal was analyzed
at co2 with a lock-in amplifier, and the OODR signal So
was measured on a strip chart recorder.

IV. RESULTS

In the OGDR experiment, the modulated power of
lasers I and II was restricted to less than 12 and 150 m%',
respectively, in order to maintain the small signal limit.
For these laser powers, the maximum single and double
resonance signals observed were typically S& ——200 mV
and Sz ——20 mV. As expected, SD was in all cases much
smaller than SI and S».

In Figs. 7—10 shown below the measured points are
connected in all cases by lines. These lines are not theoret-
ical curves, but they are simply given to guide the eye. By
varying the pressure and current of the discharge the plas-
ma parameters are changed. Since it is not the purpose of
this paper to determine the individual rates which are re-
sponsible for the OG signal amplitude, the following mea-
surements are primarily designed to demonstrate that the
OGDR signal SD is in general directly related to a linear
combination of the single resonance amplitude, S& and S».
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Figure 7 shows the observed dependence of the OG sig-
nals S&, S», and SD on the neon pressure for a A-type
double resonance, in which the transition employed for
the measurement are indicated. With increasing neon
pressure, the single-resonance signals Sq and S» start with
a positive polarity, decrease rapidly, and change their sign.
Note the relation among the polarities of Sq, S», and SD.
In agreement with the theoretical prediction, case (a) in
Table II, SD is positive in the region of Sq & 0 and S&»0,
and negative in the region of Sq &0 and S» &0. In the
pressure region of S&S» &0 where SD may be negative or
positive, the amplitude of' SD is found to become small,
even if the individual amplitudes Sq and/or Sn are fairly
large. This result is due to the fact that two different GG
functions in Eq. (48) or (49) contribute to SD with oppo-
site sign.

Figure 8 shows Sq, S», and SD for a P-type double reso-
nance measured as a function of the neon pressure. In
contrast to the result shown in Fig. 7, a completely dif-
ferent situation is observed for the polarity of SD.. For
S&&0 and S»&0, SO ~0; for Si(0 and S» &0, SD&0,
which also agrees with the theoretical prediction shown in
Table II.

For a N-type double resonance, Fig. 9(a) shows the
dependence of SI, S», and SD on the neon pressure, and
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FIG. 9. Dependence of the OG signals (a) and the phase an-
gles (b) on the neon pressure. Discharge current is 12 mA, and
the powers of lasers I and II are 5 and 60 mW, respectively.

FIG. 10. Dependence of the OG signals (a) and the phase an-
gles (b) on the neon pressure. Discharge current is 12 mA, and
the powers of lasers I and II are 3 and 90 mW, respectively.
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Fig. 9(b) shows the result of the simultaneous measure-
ment of the phase angles P&, P», and PD. With respect to
the QG signal polarity, results are obtained which are in
agreement with the theoretical predictions and are similar
to those in case of the A-type double resonance. Qn the
other hand, yr, y», and yD are found to ~early follow the
phase relation given by Eq. (51). When one of the QG sig-
nals S& and S&& tends to be fairly small and to change its
sign with increasing or decreasing neon pressure, one no-
tices a slight departure from the phase relation expected.
As mentioned in Sec. IIIB, this deviation from the ideal
phase relation is due to the spikes which appear in the
modulated OG signals. However, it is clear that Eq. (51)
still provides a useful relation to determine the absolute
polarity of SD even under such discharge conditions.

For a V-type double resonance, Figs. 10(a) and 10(b)
show the QG signals and the phase angles measured as a
function of the neon pressure. The polarities of S&, S»,
and SD are found to change according to the theoretical
prediction, which are similar to those for the P-type dou-
ble resonance shown in Fig. 8. The phase relation expect-
ed is clearly demonstrated in Fig. 10(b) over the whole
range of the neon pressure.

Under the discharge condition providing S&S&& & 0, the
QG signals S&, S&&, and SD have also been measured as a
function of the laser power and as a function of the
discharge current. The polarity of GG signals was never
found to be affected by the laser power, as expected from
Eqs. (46), (47), and (49). Also, the theoretical prediction
on the signal polarity has been confirmed over the range
of the laser power and the discharge current investigated.

The experimental results on the polarity of the GG sig-
nals show that in the neon discharge employed, radiative
processes dominate the relaxation of the excited levels
concerned. Qtherwise, SD should appear with an identical
polarity for all four types of double resonances, as shown
in case (b) and (c) of Table II. On the other hand, the de-
finite phase relations observed for Pq, P», and PD suggest
that the basic assumption of a fast relaxation of the
modulated population densities is very reasonable.

As shown in previous sections, the GGDR signal SD for
the neon plasma has an identical polarity for the V- and
P-type double resonances, which is opposite to that for the
X- and A-type double resonances. If an GGDR spectrum
is observed under discharge conditions providing
S&S&& &0, the polarity of the individual spectral lines im-
mediately allows one to extract those transitions which
have a common lower level with the pump transition, as
mentioned in Sec. II. The GGDR technique provides ba-
sically a state-selective spectrum similar to the GGDR
spectrum. Thc state-sclcctivc QGDR and GQDR spectra
have been observed by tuning the output frequency of
laser I to a specific resonant transition and by scanning
laser II over its entire possible tuning range.

Some examples of the QGDR and QQDR spectra are
shown in Fig. 11 where the metastable 1s5 level has been
pumped by laser I. The spectral lines which have the
same negative polarity in the QG single-resonance spec-

trum [Fig. 11(a)], are found to be divided into two groups
in the QGDR spectrum [Fig. 11(b)]: Those spectral lines
which share the common lower 1s5 level are observed with
a positive sign, whereas the other lines originating from a
X- or A-type double resonance appear with a negative
sign. The same state- selectivity can also be observed in
the OODR spectrum [Fig. 11(c)]. However, a few spectral
lines are found to be missing in Fig 1.1(c), and the signai-
to-noise ratio (S/N) in Fig. 11(b) is much better than that
in Fig. 11(c). Although the S/N ratio in the OODR spec-
trum has been improved by changing the discharge condi-
tion [Fig. 11(d)], some of the spectral lines are still very
weak.

In Fig. 12, other examples of double-resonance spectra
are presented which have been obtained by pumping the
nonmetastable 1s4 level. With respect to the state selec-
tivity and the S/X ratio, the OGDR and QODR spectra
show the characteristic features very similar to the spectra
shown in Fig. 11.

In contrast to the other transitions, the transition 1s2-
2p~ shows a positive sign in the QGDR spectra [Figs.
11(b) and 12(b)], although this transition originates from a
X-type double resonance. This is due to the fact that the
discharge condition necessary to the state selectivity, i.e.,
S&S» & 0, is not satisfied for this transition, as seen in the
OG single-resonance spectrum [Fig. 11(a) or 12(a)]. The
constraint of the discharge condition is removed in the
QQDR experiment, and a uniform signal polarity is
achieved as shown in Figs. 12(c) and 12(d).

V. DISCUSSION

The QGDR technique has been demonstrated to pro-
vide a state-selective spectroscopic method for studying
transitions between excited levels in a plasma. One of the
most significant applications of this technique is, there-
fore, the spectral analysis of atomic and molecular transi-
tions embedded in dense and complex spectra which may
be created in discharges, flames, and other plasma sources.
The spectra usually observed contain a lot of components
originating from different atomic and/or molecular
species. As discussed in Sec. II, the QGDR experiment in
such plasmas is able to provide simple double-resonance
spectra, depending on the dominant relaxation processes
of the perturbed population densities in the plasma. In
addition to the GGDR spectra presented in the preceding
section, we have recently observed very simple QGDR
spectra in molecular hydrogen and nitrogen discharges,
where state selectivity and signal polarity are in good
agreement with the theoretical predictions. Those exper-
iments correspond to the plasma model of case (b) or (c)
discussed in Sec. II D.

As described in Sec. II and demonstrated in Sec. IV, the
conventional GGDR technique is another useful method
for state-selective spectroscopy in plasrnas. However, the
GGDR technique has some disadvantages. For the sensi-
tive detection of small absorptions, a narrow-band probe
laser has to be employed, and a rather long plasma
column is often required for the QGDR experiment.
Moreover, the sensitivity of the OODR is limited by spon-
taneous emission from the plasma, the fluctuations of the
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FIG. 11. Double-resonance spectra in neon observed by pumping the 1s& level with laser I. (a) OG single-resonance spectrum tak-
en for reference at a neon pressure of 2.0 Torr, a discharge current of 4 mA, and a maximum power of laser II of 120 m%'; (b)
OGDR spectrum taken at a neon pressure of 2.0 Torr, a discharge current of 4 mA, a power of laser I of 6 mW, and a maximum
power of laser II of 100 mW; (c) OODR spectrum taken at a neon pressure of 1.5 Torr, a discharge current of 4 mA, a power of laser
I of 6 mW, and a maximum power of laser II of 170 mW; (d) OODR spectrum taken at a neon pressure of 0.08 Torr, a discharge
current of 12 mA, a power of laser I of 3 mW, and a maximum power of laser II of 150 mW. Time constant of the lock-in amplifier

0
is 125 msec, and the scan rate is about 34 A/min.
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FIT&. 12. Double-resonance spectra in neon observed by pumping the 1s4 level with laser I. (a) Same reference spectrum as in Fig.
11(a); (b) OGDR spectrum taken at a power of laser I of 11 mW and a maximum power of laser II of 140 mW; (c) OODR spectrum

taken at a power of laser I of 5 mW and a maximum power of laser II of 170 mW; (d) OODR spectrum taken at a power of laser I of
3 m% and a maximum power of laser II of 150 mW. Other experimental conditions for each spectrum are the same as in Fig. 11.
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SD ~ I P20+1 20~12+1 (52)

When cr&2 is known, Eq. (52) may be used for the deter-
mination of the effective lifetime r~ of level ~1) in the
discharge, which is given by a measurement of Sn/S& as a
function of I2o. Similar approximate relations may be de-
rived for studies of specific collisional energy-transfer pro-
cesses in N-type double resonances.

As a further application, the Doppler-free technique
can be introduced in the OGDR experiment to get a high
resolution, state-selective spectrum. The extension of the
present theory to the Doppler-free case can be done by in-
corporating the Doppler effect and the spectral line shape
in P1 and P2.

Finally, we want to mention other types of double reso-
nance than those discussed so far. When atoms or mole-
cules in the ground state are pumped or intense laser
beams are employed in the experiment, one may observe
the OGDR signal arising from the stepwise excitation by
two laser photons such as three-level double resonances
where a common intermediate level is present, and four-
level double resonances with two independent intermediate
levels. The present theory can, of course, be applied to

laser power, and the detector noise. On the other hand,
the OGDR technique is essentially unaffected by the plas-
ma radiation. The laser spectrum should only be narrower
than the separation between adjacent spectral lines of in-
terest. The OG signal observed is rather insensitive to the
laser noise. Furthermore, both pump transitions are able
to enhance the OGDR signal amplitude, as seen from Eq.
(48) or (49), whereas only a single transition is responsible
for the OQDR signal amplitude.

The OGDR technique is expected to open up new possi-
bilities for the quantitative analysis of atomic and molecu-
lar processes in plasmas. For example, from Eqs. (46) and
(48) for the P type -double resonance, one obtains an ap-
proximate relation

these cases, if an appropriate interaction matrix F is deter-
rnined to get the analytical expression for SD. It is clear
that the OGDR experiment described in this paper is dif-
ferent in nature from the previous OG experiments"
using two cw or pulsed dye lasers in which two-step one-
photon excitations have been observed in atomic
discharges.

VI. CONCLUSION

The new OGDR spectroscopy has been studied theoreti-
cally and experimentally. A general formalism has been
developed for the analysis of the double-resonance experi-
ments. It has been applied to derive analytical expressions
for the OG single- and double-resonance signals, as well as
the conventional OODR signal for comparison. The re-
sults predict that the OGDR signal polarity is characteris-
tic to the N-, A-, V-, and P-type double resonances and
suggest that the OGDR technique allows one to observe
state-selective spectra in a plasma. The characteristic
OGDR signal polarities have been confirmed by experi-
ments using a homemade hollow-cathode discharge in
neon and two commercial cw dye lasers. State-selective
spectra in the neon discharge are shown, together with
OQDR spectra. The discussion has shown possible appli-
cations of the OGDR technique, especially, to the state-
selective spectroscopy of excited atoms and molecules in a
discharge, and the advantages with respect to the conven-
tional OODR technique are pointed out.
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APPENDIX

Here we discuss the OGDR signal for the case (a) described in Sec. II D. In this case, Sz& for the zV-type double reso-
nance is calculated from Eq. (49) as

Sa = TgPioP2o[(&& —~z)r3(Az3r2)g(3&4)+(&3 —&c)rt(A4trc)g (1&2)l/[f3(1&2&3&4)]o & (A1)

where g(i j) and f (ij k I) are the functions G(i j) and I' (ij;k i) for u f3 —L/24 —1, C;k=Cd=0, @I;=AJ,, @Jk=AJk,
and @~k=Alk. For the discharge condition providing StSn &0 or g(1,2)g(3,4) &0, Eq. (Al) indicates that Sn has the
same polarity as Sq and Sn. Furthermore, if A23-0 and A4& -0, no OGDR signal of this type exists.

Equation (49) for the A-type double resonance reduces to

Sgp ——
2 gP]oP2or2[(N1 —Xp )(A23r3 —1)g (3&2)+(X3—X2 )(A2~&] —1)g (1,2)]/[f3( 1,2;3,2)]o . (A2)

In a weakly ionized plasma of interest where one can reasonably assume N2 «N1 and N2 «N3, the effective lifetimes
r& and r3 of the lower levels are expected to be very much longer than the radiative lifetimes A z&' and A z&' of the upper
level ~2), i.e., A2~r~, Aq3~3 && 1. Therefore, for StSn» 0, Sn given by Eq. (A2) is expected to have the same polarity as S&

and Sn. This polarity relation can be shown to be unaffected by strong collisional interactions between the upper levels.
The function h(1,2;1,4) and h(1,4;1,2) for the V-type double resonance and the function h(1,2;1,2) for the P-type double

resonance are found to be always negative taking into account the fact that @21~2,+41~4& u24-1 for typical discharge
conditions of interest. Hence if a plasma is generated with SqS«&0, SD for the V- and P-type double resonances should
have a polarity opposite to that of S& and/or Stt. This can be seen more clearly from the simplified expressions for Sn..
For the V-type double resonance,
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SD = —TrlPtpP2p rt[(N &

—N2 )( 1 —A 2t r2)g ( 1,4)+(N t
—N4 )( 1 —A4t r4)g ( 1,2)]/[f s( 1,2; 1,4)]p,

and for the P-type double resonance,

SD ———'r)PtpP2p(N~t N2—)[wt(1 —A 2' 2)+r 2]g ( 1,2)/[f 3( 1,2; 1,2)]p .

(A3)

(A4)
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