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Four-level MW-MW double resonance experiments on rotational Stark levels j = 0, 1, 2 and 3 
of OCS have been performed to investigate transfer of rotational energy by collisions of OCS with 
OCS, He, Ne, Ar, Kr, H2, N2, O2, and CH3F. Theoretical arguments are given for the inter-
pretation of the experimentally determined ^-values by considering Bloch-type equations of an 
"embedded" four-level system with ± M degeneracy of the energy levels. The results indicate 
significant deviations from first order dipole collisional interaction. 

Introduction 

T h e investigation of gas phase rotat ional relaxa-
tions has been of considerable interest in t h e past 
f e w years and various experimental methods h a v e 
been developed for these studies using m i c r o w a v e 
techniques. B o t h single and mult iple resonance 
experiments h a v e been performed either in the 
t ime or in the f requency domain to obtain informa-
tion about the transfer of rotat ional energy due to 
molecular collisions [1—4] . Concerning t h e space-
f ixed component M of the angular m o m e n t u m of 
t h e molecules, no explicit information a b o u t the 
i l f-dependence of rotational re laxat ion parameters 
results f rom measurements in t h e absence of exter-
nal electric or magnetic fields. I n the case of single 
resonance experiments, s teady-state line-shapes or 
transient MW-pulse responses h a v e so far been 
studied only in the field-free case, whereas the 
transient Stark-switching techniques has g iven 
details of the i l f-dependence of t h e re laxat ion rates 
1 / T i and I/T2 in particular cases [5, 6, 7]. 

I n the case of multiple resonance experiments 
most of the rotat ional re laxat ion studies are based 
on four level double resonance in the f r e q u e n c y 
domain which m a y give the relat ive change of a 
signal absorption. rj = AIjI, b y collision-induced 
transitions [1]. T h e results of such experiments are 
important for understanding t h e details of relaxa-
t ion p a t h w a y s in the rotational energy mani fo ld of 
a molecule, in particular if the i^-degeneracy of the 
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energy levels has been removed. However , there 
h a v e been so far only a few reports on M-resolved 
studies of collision-induced transitions in the micro-
w a v e range [1, 8 — 13]. 

I n the present paper we report on the investiga-
t ion of collision-induced transitions between M -
resolved rotational levels of carbonyl sulfide, OCS. 
This invest igat ion completes our earlier four level 
double resonance studies of the pure gas [11] and 
also gives t h e results for mixtures wi th polar and 
nonpolar foreign gases. 

Theoretical arguments are g iven for the inter-
pretat ion of the experimental results b y considering 
the equation of motion of the density matr ix for a 
system of linear molecules in the presence of an 
electric field. B loch-type equations of an "em-
b e d d e d " four-level system are derived with partic-
ular emphasis on t h e ± M degeneracy of the rota-
tional energy levels. 

Experimental 

W e h a v e studied four level double resonance 
involv ing rotat ional Stark levels of the normal 
isotopic species of OCS. T h e energy level diagram 
for the invest igated p u m p and signal transitions is 
i l lustrated in Figure 1. W e h a v e p u m p e d the 
(j, m=\M\): (0, 0—>(1, 0) transition and observed 
the (j, m) '• (1, 1)—>(2, 1), (2, 0)->(3, 0), (2, l ) - > 
(3, 1) a n d (2, 2)->(3, 2) transitions as indicated on 
F i g u r e 1. T h e S t a r k field up to 2.500 V/cm w a s 
produced in a conventional rectangular Stark cell 
(inner dimension 1.0 X 4.7 x 340.0 cm). T h e experi-
mental arrangement was such to h a v e the S t a r k 
field and both the p u m p and signal microwave elec-
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Fig. 1. Energy level scheme o f OCS for nonzero Stark field. 
The energy differences between the levels are not in scale. 
Zero Stark field frequencies are ( j : 0 - > l ) = 12162.97 MHz, 
(j: 1 2) = 24325.93 MHz, (j: 2 - > 3 ) = 36488.81 MHz, 
and Stark splitting are in the order of MHz for the fields 
used in the experiments. 

pump transition (j, | M |) = (0, 0) - > (1, 0 ) ; 
signal transitions (j, | M |) = (1, 1) (2, 1). 
(2 ,0) (3 ,0) , (2 ,1) - > (3 ,1 ) and (2, 2) (3, 2). 

The dashed lines indicate collisional channels between 
pump and signal levels which are classified according to 
"selection rules" (see text). first order dipole; 
first order quadrupole, second order dipole; higher 
order. 

trie fields parallel, t h a t is only AM = 0 radiat ive 
transitions were allowed. 

The p u m p and signal m i c r o w a v e radiat ion w a s 
supplied f rom phase stabi l ized B W O ' s . T h e p u m p 
radiation was amplified b y an X - b a n d T W T u p to 
4 W . 

The O C S sample gas, used in the experiments, 
was distilled under v a c u u m and tested a f terwards 
by gas chromatography for impurities which were 
found t o be insignificant. Foreign gases of research 
purity were used for the invest igat ion of the mix-
tures w i t h H e , Ne, A r , K r , H 2 , N 2 , 0 2 , C 0 2 , and 
CH3F. T h e sample pressure was measured w i t h a 
M K S B a r a t r o n 310 B capacitance manometer . T h e 

experiments were predominat ly carried out at a gas 
temperature of about 200 K . 

Different experimental setups were used for the 
present s tudy. T h e method of p u m p ampli tude 
modulat ion and phase sensitive detection, as 
described earlier [14], has been applied to investi-
gate .M-dependencies of collision-induced changes 
of signal line intensities (AI, j = 2 - > 3 transition) 
in a D C electric field. In order to determine the 
relative change of collision-induced signal line 
intensity, r\ = AI\I, conventional measuring tech-
niques [15, 16] were found to be insufficient for t h e 
invest igated transitions b y sensit iv i ty reasons. 
Instead, a modification of the recent ly described 
sensitive method of double modulat ion [17] w a s 
used in this experiment. The general setup is shown 
in Figure 2. T h e p u m p radiation was on-off modu-
lated a t 10 H z b y means of a P I N - d i o d e switch. 
In addition, Stark modulat ion at 100 k H z wi th 
phase sensitive detection Avas applied for the ob-
servation of the signal line intensities, I and I + A I, 
corresponding to the steady-state absorption of the 
signal microwave radiation in t h e absence and 
presence of the pump, respectively. T h e modulated 
(10 Hz) analog output of the P S D Avas fed into a 
Fabri- tek 7040 signal averager t o obtain SjN-
improvement b y digital averaging. Then, as result 
of the averaging, rj m a y be determined from the 
values for I and I + AI stored in t h e m e m o r y of the 
averager. This is i l lustrated in Fig . 3 where the 
analog representation of the averagers m e m o r y con-
tent is g iven for an example (rj ^ 6 % ) . 

For the M-resolved measurements of r), square 
Avave modulated Stark field ampli tudes u p t o 
1500 V/cm Avith superimposed D C offsets u p t o 
2500 V/cm Avere used. T h e sensit iv i ty of the double 
modulat ion technique Avith digital averaging Avhich 
made the determination of ^-values to about 0 . 1 % 
for the studied systems possible, is demonstrated 
b y the experimental results g i v e n below. 

Theory 

I n the folloAving, theoretical expressions are 
derived to describe the t ime dependencies of the 
density matr ix elements for an ensemble of four-
level systems Avhich m a y be used to discuss t h e 
experimental results. T h e formalism is developed 
for a system of four energy levels a, b, c, and d, as 
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Fig. 2. Schematic block diagram of the experimental arrangement for the determination of relative change of collision-
induced signal line intensity rj by double modulation. Both pump and signal oscillator are phase stabilized BWO's . 
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i n d i c a t e d i n F i g . 4 , w h i c h a r e p a r t o f a r i g i d r o t o r 

m u l t i - l e v e l s y s t e m i n a s t a t i c e l e c t r i c field. 

T h e f o l l o w i n g d e r i v a t i o n is c l o s e l y r e l a t e d t o t h e 

r e c e n t l y g i v e n t h e o r e t i c a l t r e a t m e n t f o r a n i d e a l i z e d 

s y s t e m of f o u r n o n - d e g e n e r a t e e n e r g y l e v e l s [ 1 8 ] . 

I n t h e p r e s e n c e o f a s u f f i c i e n t l y s t r o n g S t a r k field 

w h e n a l l M - s t a t e s a r e w e l l s e p a r a t e d s u c h m o d e l 

m a y b e a p p l i e d i f M = 0 f o r b o t h t h e p u m p a n d t h e 

s i g n a l t r a n s i t i o n . H o w e v e r , i n t h e m o r e g e n e r a l c a s e 

o f s t a t e s w i t h M 4=0 t h e t w o - f o l d ^ m - d e g e n e r a c y 

o f t h e e n e r g y l e v e l s (m=\M\) h a s t o b e c o n s i d e r e d . 
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on o f f o n 
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Fig. 3. Scheme of the determination of t] with 100 kHz 
pump amplitude modulation. The signal line intensity (I 
without pump, I-\-AI with pump) as obtained by phase 
sensitive detection is digitally averaged. The averagers 
memory content is given for the example rj ^ 6 % . The 
phase settings of the P S D refer to maximum (phase " 0 " 
and phase " 1 8 0 " ) and zero (phase " 9 0 " ) signal line inten-
sity. 

iLJxSk 
J _ J _ t a ipmp" 

Fig. 4. General energy level scheme of a rigid rotor for non-
zero Stark field. P u m p transition: E^-^Et, , signal transi-
t ion: E c - + E a - The w a v y arrows indicate collisional chan-
nels within the four level scheme, characterized b y first 
order rate constants; dashed wavy arrows indicate col-
lisional coupling of signal levels and "ba th levels". Only 
such collisional channels are given in the figure which are 
relevant for the theoretical expression (25) for rj (see text) 
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We first derive the equation of motion for the 
density matrix g in the absence of collisions. The 
microwave radiation is given by a superposition of 
pump and signal microwave radiation, plane po-
larized along the direction (x) of the static electric 
field 

e = 2 £p cos copt + 2 es cos cost. (1) 

£p and £s denote the electric field amplitude of the 
pump and signal radiation with angular frequencies 
a»p and a>s respectively. The equation of motion of 
g is given by 

ihg = [H,g] (2) 

with H given by 

H = H0 — fi £st — /us, (3) 

where // is the electric dipole operator with respect 
to the z-axis and Ho — fi £st the time independent 
Hamiltonian for the molecules in the Stark field 
with amplitude £st- The eigenvalues E&, Eb, Ec, 
and Ed of Ho — // £st constitute the considered four-
level system. 

With parallel directions of the Stark field and the 
microwave polarisation planes we have the spec-
troscopic selection rule AM = 0 and may assume, 
according to Figure 4, the pump and signal radia-
tion to be resonant, or near resonant, with the 
transition a - > b ( j p , ± + 1 , i w i p ) a n d c - > d 

+ 1 , ± ™ s ) respectively. For suffi-
ciently different resonance frequencies 

C0po = {En — E a ) ß and 

coso = (Ea - Ec)/K (4) 

of pump and signal transition, we may closely follow 
the procedure given in [18] for non-degenerate 
energy levels in order to obtain the relevant time 
development equations for the density matrix ele-
ments of the considered system. 

Though radiative coupling terms between + m 
and — m states are missing, it is convenient to 
introduce for the appropriate treatment of relaxa-
tion (see below) the following linear combinations 

g±(jm, j'm) = g(jm,j'm) 

± e(?(—»»).? ' (— m ) )> 

for m -j= 0 , 

g+(j0,j'0) = g(j0,j'0), for m = 0, (5) 

where the notation g(jm, j'm) for diagonal (j = j') 

and off-diagonal (j' = j ± 1 ) density matrix ele-
ments has been used. 

Refering to the four-level system we now define 
with (5) the variables 

^p = Q±(jpmp,jp + 

+ 6* (fa + 1 mp,jpmp)eiWp', 
U± =q±(j8ms,js+lms)e-ito°t 

+ Q± (h + 1 «s, jsms) eia>st, 
Vp = i(Q±(jp — l m p , j p m p ) e i a ) p t 

— Q ± { f a m p , j p + lmp)e-i(°pt), 

F± i(g±(js + 1 ms, jsms) ei("at 

— e±{jsm8,js+ 1 ms)e~i(Usl), 

W= = o± [famv,jpmp) 
~ Q±(fa + 1 m p , f a + l m P ) , 

JFg* = Q±(jsms,jsms) 
— g±(js + 1 ms,js + lfflg), 

sv = Q±(j pmp,jpmp) 

+ Q±(fa + 1 «»p, 7p + 1 mp), 
s t = Q±(jsins,jsms) 

+ g±(js + 1 % , js + 1 ms). (6) 

For the considered R-branch transitions of a linear 
molecule the quantities U+ and F + are proportional 
to the in- and out-of-phase component of the mac-
roscopic polarisation [19] due to the superposition 
of pump and signal states, labelled with p and s, 
respectively. The difference and sum of total occupa-
tion probability of the pump (signal) levels is given 
by W+ and S+ (PF+ and S+)*. 

B y making use of the rotating wave approxima-
tion [20] we obtain with (1), (2), (3), and (6) the 
following differential equations 

Ü± = - Acop F ± , 

y p = dcop U± — y.p £P , 

W±=y.pepV±, 

Ü± = - Ao)s V= , 

V* = dws U± — xs £S Wf-, 

W±=X s£sF±, 

S ? = 0, (7) 

* As shown below the equations of motion for the vari-
ables labelled with — will not be needed. 
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where 

z1a>p = copo — cop; Aa>s — cos o — Ws 
and 

* p = 2 <y p m p | [i | jp + 1 rap>/£; 

= 2 <; s m s I yU I ?'s + 1 W8>/Ä 

wi th 

<?'p w p | i i | + 1 m p > 

= </p( — TOp) | /M | + 1 ( — % ) > 

and 

= <?s(— WB) 7s + 1 ( — ms)} 

the transit ion dipole m a t r i x element of p u m p and 
signal transition, respectively. 

T h e effect of molecular collisions alone is con-
sidered n e x t . T h e intermolecular interaction m a y 
be described under the impact approximation b y 
first order differential equations for the elements of 
the densi ty m a t r i x wi th use of the relaxation 
superoperator A (g | Coii = — A - g) [19]. 

In contrast to the case of radiat ive interaction, 
density m a t r i x elements wi th different sign of m 
are, in general, coupled b y collisional interaction. 
F o r example , elements of A such as 

« / m , j -f- 1 m | A | j(— m), j 4- 1 ( — m ) » 

describe the coupling of the off-diagonal density 

m a t r i x elements (g{jm, j-f- Ira) and g{j(—m), 
j + 1 ( — m)). Collisions m a y also transfer population 
from states wi th - f m to — m, characterized b y 
re laxat ion matr ix elements 

«jm, jm | A | j' (— ra), j' (— ra)>> 

between the diagonal elements of g, g{jm, jm) and 
g(j' ( — m), j'( — m)). 

I t has been shown b y L i u et al. [19] t h a t the 
kinetic equat ion for an ensemble of two-level sys-
tems in uncoupled wi th introduction of the linear 
combinations g+ and g~, as defined b y (5). 

A n extension to the considered four-level system 
is straight-forward and we obtain for the time 
derivat ives of U ± , F ± , E7S± , and F ± 

Icon = - (1 lTtv) U± - <5p F ± , 

F ± Icon = - ( 1 / ^ p ) F ± + Z7p± , 

U? Icon = - (1 IT&) U± - dt F ± , 

V? Icon = - (1/Tt) Vt + dt Us. (8) 

The re laxat ion parameters T f v , <5̂  , \, and d^ are 
related to the elements of A as fotlows 

l /^2p = ^ba,ba > 

= I m , 

l / I ^ R e V c d , 

d t = I m A 4 c d , (9) 

where 

^ba,ba = <<?'P + 1 , J > P \ A \ j p + l m p , 7 P R A P > > 

± « 7 p + 1 ( — w»p),7p(— mv)\A\jp+ 1 m p , ? p m p > > 

Ztc, dc = «is + 1 ms, ja ms\A\js + l ras, ja ms>> 
± «78 + 1 (—ms), js (— ra8) | yl 17s + 1 ras, 7S ra8>> 

for rap, m s 4= 0, and 

Abt.BA = <<?P + 1 0 , 7 P 0 | A17p + 1 0 , 7 P 0 » f o r rap = 0 , 

dc = « 7 - + 1 0,7s 01 A 1 7 S + 1 0,7s 0 » for ra8 = 0 . 

T h e relaxat ion contribution to the differential equations for the linear combinations JFjf , Sf , Wt, and 
S t of diagonal density m a t r i x elements, see Eqs. (5) and (6), is g iven b y 

Wf |c o l l = - ( 1 / T ± ) ( 1 F ± - JF±) - a ± - S± ) + y f ( T f ± - 1F±) + -

+ 2 (krm",jBmP ~ kf'm>'>jp+lmp)(g±{j"m", j"m") - [j"m", j"m")), 
j"m" 

Sf leal. = - «3* (Sp - S±o) - *t {Wf - w±) + yt(Wt - ^ o ) + yt (St - Sto) 

+ 2 (krm",jpmp + &r»".ip + l»p) - 0 ' "»» " , j" m")) , 
j"m" 
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w? |coll = - ( 1 I T Ü H W ? - Wto) - ßf (Sf - ) + yf ( - W±) + yf {S} - S±) 

+ 2 ' - (QHi"m", j"m") - gf (j"m", j"m")), 
j"m" 

St Icon = - ßf {St - Sto) - ßt(Wt ~ Wto) + y?(W± - W&) + yi {S± - S±) 

+ 2' + m^QHrm^y'm") - Qf(j"m",j"m")). ( 1 0 ) 
j"m" 

T h e thermal equilibrium values of the variables in (10) w h i c h correspond to a B o l t z m a n n distribution 
of level populations are labelled b y zeros (JF^j, etc.). T h e sums a r e extended over all q u a n t u m 
numbers j", m" differing f rom those of the considered four levels. 

T h e constants g iven in (10) are linear combinations of first order rate constants kjm,j'm' describing 
collisional coupling of diagonal density matr ix elements (g{jm. jm)-+q(j'm', j'm')) and are related to 
t h e elements of A as follows. 

kjmj'm' = — <(j'm',j'm'\A\jm,jmyy. (11) 

Defining the linear combinations 

kjin,j'm' = kjm,j'm' i ^jm,j\—m') m 0 j 

= f o r m ' = ( 1 2 ) 

The constants in (10) are g iven b y 

( l /7Yp) — i Jp +1 mp + 2 + 2yt + 2 kjv>mp,j"m" "I" 2 ^p + l»»p,7"f»"\ ' 
\ j"m" j"m" ) 

a2~ — I (^kfpmp,jp + imp ^kfp + lHipJpmp ~T 2 y f + 2 ^ptii,]")»" 2 ^U + imP,j"m"\ > 
\ j"m" j"m" / 

a : f — + 2 kh,mp,}"m" + 2 ^/p+l»»p,j"m"\> 
\ j"m" j"m" ) 

a-f = + 2 khmP,j"m" 2 ^7p + l»ip,?'"m"\ ' 
\ j"m" j"m" J 

(1/^ls) = 1 / 2 + + Zkj^+Ims.üm* + 2 y4- + 2 kUma,j"m" + 2 ^U + lr>u,j"m"\ > 
\ j"m" j"m" ) 

ßf = \ /2 ^»ts,?8 + l»ia 2 + + 2 khma,j"m" 2 ' 
\ j"m" j"m" J 

ß f = \ / 2 y t + 2 kj7ms,j"m" + 2 ' > 
\ j"m" j"m" J 

ß t — ? (2 y f " r 2 kUms,ö"m" 2 ma,j"m"\ > 
\ j"m" j"m" ) 

yt ~ i (^ms,)pf»p "I- kjs + lma,jp + Imp ^'»»Ws.jp-rlWp + » 

y-21 — K^ms.jpWip "1" Jpwtp ĵVms,jp + l»ip ĵ's + 1 ws,j'p + l»wp) > 

= \(kUma,jpmv kjama,jp + imp k j s + lma,jpmp ^js+lm3,?p + l»wp) j 

7 r = 2 " ^ J M s , ? ' p + l w p ~f~ ̂ +l»is,)p»p }̂s + l»ii,/p+l»ip) ' 
= 2 (kh,mp,jsms ^+lWp,ji-H»«s ;̂'p + l»ip,js)»s +1 wj > 
= 2 (kj^mP,jsms kjp+lmp,jama kjpmp,ja + lms +1 >wp,?'a +1 mj » 

y ^ = 2 (kj^mp,jama " I - kfpmp,j, + lm3 kj^+imp,jsma k j p + impja +ima) > 

+ ^/p+lMp.ii+lWs) ' (13) 

T h e complete set of differential equat ions describing the dynamica l behaviour of the ensemble of four-
level systems is g iven b y (7), (8), a n d (10). Since these equations do not couple the variables wi th dif-
ferent labels ( + or — ) and only the variables labelled b y + ( £ / + and F+) are related to observable 
quantit ies (macroscopic polarisation components), only the equations for the linear combinations (6) 
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of £+-matrix elements will be considered in the fol-
lowing *. 

We now introduce some approximations to make 
the remaining system of differential equations 
applicable to practical problems. With omission of 
all sums with g+(j"m", j"m") — (j"m", j"ra") in 
(10) only population changes within the four levels 
are retained, thereby treating all other levels as 
thermal bath. The collisional damping of such 
"embedded" four-level systems does not include 
feedback of nonthermal bath populations to the 
pump and signal levels by cascading processes. 
Further simplification is obtained by assuming that 
the scattering dynamics of pump and signal levels, 
respectively, are not much different, such that 

k^ • 4 - k ^ • . 4- V ' ,, 
' jpwfcp,-f-1 ?fis I Zw Jpiiip,) >n 

j"m" 
= "Vp + lMp.JsWls 1 "Vp + lMlp.Js+lWs 

4- V ' Z- + 
Z* ^jp+lmpj m ' 

j"m" 
and 

rth,jpmp "I- kjams,jp+lmp 2 kjsms,j"m" 
j"m" 

= k is +1 ms,/pWipH- K +1 m>, jp +1mp 

j"m" 

which gives with (13) x f ^ 0 , ß t ^ 0 . 
The assumptions (14) are essential for the deriva-

tion of two-level Bloch equations [19] and are sup-
ported from the results of single resonance experi-
ments which show that the relaxation of population 
differences may be described within the experimen-
tal uncertainties by a simple exponential decay law 
[21]. 

In addition, for the considered transitions in the 
microwave range with frcopo, fowso<^kT for com-
mon temperatures, we may make use of the prin-
ciple of detailed belancing giving 

kjp( ± mp),jp +1( ± mp)lkjv +1( ± mp),jp( ± mp) 

= e x p ( — % (Opo/k T) g^ 1 

and 

±ms)Js +1( ±m»)/^ +1( ±nu),h( ±ms) 

= exp(-hios0lkT)c^ 1 (15) 

for pump and signal transition, respectively. 

* It may be noted that these equations are formally 
equivalent to those for four non-degenerate energy levels 
as given recently [18]. However, the relaxation parameters 
which describe collisional phenomena in the two cases, are 
in general different. 

With use of Eq. (4.39) of Ref. [19] and sym-
metries of the 3/-symbol, giving k j + l ( _ m ) j m = 
kj+im.j(-m) w e may also conclude with (12) and (15) 
that 

and 

kjsms,ja + l ms = +1 >»S,hma (16) 
which with (13), (14) make neglection of terms 
with cf.2 and ßt in (10) possible. 

With the above assumptions we now have with 
(7), (8) and (10) the following differential equations 

U+ = _ (zJcop + (5+) Fp+ - (1IT+V) Up , 

F + = (Acop + <5P+) Ui 

— ( l/^S,) Vv — Xp ^ p » 

w;=xp£pFp+ - (1/T11P)(1FP+ - W$>) 

+ yt(Ws
+ - Wi) + yt (St ~ Sto), 

Sp = — a3 (Sp — *S'pQ) 

+ yt(Wt - Jfso) + yt (St - s+), 

ut = - {Acos + 4+) vt - (i/Tts) u t , 

Vt = (Ao)s + dt) Ut 

~(1T+) Vt-KäesWt, 

Wt = £s Vt - (1 IT + )(Wt - IFso) 

+ yt (wt - w+) + yt (Sp
+ - sto), 

St = — ßt (St — Sto) 
+ yt (wt - wto) + yt (St - Sto) • 

(17) 

Equations (17) may be used to analyze both time-
resolved and steady-state four-level double reso-
nance experiments on a system of linear molecules 
in a static electric field. 

For the experiments to be discussed here, we are 
only interested in the steady-state solution (£-» oo) 
of (17)**, in particular for Fs+ (t-^oo) at low probe 
power, since the steady-state absorption coefficient 
of the signal transition is proportional to Fs+ (£-> oo) 
[19, 22]. With the solutions F s +(*-»oo) at high 
pump power and Fso(£-^oo) at zero pump power, 
the relative change in signal line intensity, rj = 
AI 11, is then given b}r 

r] = { V t ( t ^ o o ) - Vt0 (t oo)}/ Vto (f oo). 

(18) 

** For resonance, zlo»p -j- <3p = 0 and Zlcos + = 0. 
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The steady-state solutions for F s + are found straight-
forwardly with some algebra b y setting all t ime 
derivat ives in (17) equal to zero. W i t h the assump-
tion of saturating pump power, 

4 4 > ( l / T i t p ) . ( l / T 2 + p ) , 

we then obtain for Fg1"^—>-oo) in the low probe 

power limit, x;e2s < (l/^i+s) U Ä ) , 

V+(t^oo) = -(Xses)(T+) 

W so W + (19) 

constant a^" [ßf) represents a sum over yt (yt) and 
two " b a t h constants" for the levels of p u m p (signal) 
transition (e.g. 2 ' j " m " > etc.). F o r an suffi-
ciently large number of open collisional channels t o 
levels outside the four-level scheme we m a y assume 
that the bath constants are considerably larger t h a n 
any of the constants y t ( i = 1, 2, . . . , 8) describing 
collisional energy transfer between p u m p and 
signal levels. W i t h neglection of terms ßf yi yt 
(using ßf<. (1 /Tfa), see (13)), the simplified expres-
sion for r) is g iven b y 

y f ( x f ß f - y t y f ) + yf yf yf 
' (i/TVs) (a3+ ßf - yt yf) - ßf yf yt 

For zero p u m p power, e p = 0, we h a v e 

rj yf P O 

(22) 

F s t ( ^ o o ) = - ( ^ s £ s ) ( T + ) l F + (20) 

The thermal equilibrium values of TF^ and TFso, 
the probabil i ty for total occupation difference of 
pump and signal levels, respectively, are g iven b y 

as it follows directly also f r o m the Bloch equations 
for an ensemble of two-level systems with - ^ M 
degeneracy in the low power limit [22]. 

W i t h (18), (19), and (20) we then obtain 

yf (as" ßf — yfyi) + yt yt yt 

WfQ = gmp • 
exp { - E^jk T) - exp { - Ehjk T} 

Z (23) 

rj -
(iITfs)(*f ßf - yf yt) - ßf yf yi 

W& 
wt. 

(21) 

(21) m a y be considerably simplified for m a n y cases 
of practical interest. F r o m (13) we note that the 

and 
e x P { ~ ^ T } - e x p { — Eg/kT} 

= 9m3 ^ (24) 

with gm = 2 for m =f= 0 and gm — 1 for m = 0 (m = 
m p , ras) where Z is the molecular part i t ion sum. 

For transitions in the microwave range we m a y 
expand the exponentials in (23) and (24) according 
to (15) and then obtain wi th (22), expressing yt in 
terms of individual rate constants (see (13)) 

rj= — 9mp vs0 
2 ffms VbO 

b+ . jp + 1 m3, is +1 m3 — k~y Jp "l" 1 Wlp JsWls b: 
jPmp,j3+im3 

( W . ) 
exV{+(Ec-Ea)lkT}, (25) 

where rpo and rso are t h e resonance frequencies of 
p u m p and signal transition, respectively. 

(25) gives an approximat ive description of the 
relat ive change in signal intensity, r) = AI/I, which 
contains as relaxation parameters the rate con-
stants for collisional transfer of rotational energy 
between p u m p and signal levels, as well as the 
relaxation t ime T t s for t h e signal transition. The 
experimental results, g iven in the next section, will 
be discussed on the basis of the theoretical expres-
sion (25) for r\ *. 

* A n expression similar t o (25) without explicit con-
sideration of the i m degeneracy of the energy levels was 
used b y Lees [12] for the discussion of the results from in-
vestigations of four-level systems of OCS, other than the 
present ones. 

Results and Discussion 

A s described above the ^-values h a v e been mea-
sured for the pump-signal transition scheme illus-
trated in Figure 1. T h e results are g iven in Table 1, 
together with the est imated error limits. Less ac-
curate results were obtained for the mixtures w i t h 
foreign gases since small amounts of OCS with large 
excess of the foreign gas h a v e been used in order to 
minimize the effects of the interaction between 
OCS molecules. 

The reliability of the results for rj was tested b y 
changing various experimental conditions. N o 
significant dependence of the A ///-ratios on t h e 
signal microwrave powrer was found in the available 
power range ( < 100 (J.W). However , b y reducing the 
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pump microw ave power, in part icular below 0.5 W , 
a variation of the experimental ^-values was found, 
reflecting incomplete saturation of the pump transi-
tion. Such reduction of the p u m p i n g efficiency * is 
not only caused -by pressure broadening but also 
by broadening of the pump line due to the inho-
mogeneity of the Stark field. F o r comparison wi th 
the theor}* given above the experimental ry-values 
have to be normalized to 1 0 0 % pumping efficiency, 
i .e. saturation of the pump transit ion as assumed 
for the derivation of (25). 

The determination of r\ is not v e r y critically 
dependent on the accurate setting of the pump fre-
quency vp as i l lustrated in Fig. 5, where rj is plotted 
against the frequency offset vp — VvQ . The small 
signal change at vp — vpo^ — 20 M H z corresponds 
to a three-level double resonance signal with the 
pump transition (jv, mv): (0, 0 ) - > ( l , 1), which is 
weakly allowed due to components of the Stark 
field perpendicular to the polarisation plane of the 
microwave radiation ( A M — + 1 spectroscopic selec-
tion rule). 

The results for rj which were obtained for the m-
components of the j = 2 ^ 3 transit ion correspond 
to collision-induced changes AI in the signal line 
intensity, as observed b y means of pump amplitude 
modulation (100 kHz) . I n addit ion to the measure-
ment of rj, the investigation of the frequency depen-
dence Al{vs) wi th application of a D C Stark field is 
v e r y useful for the observation of ?n-resolved col-
lision-induced transitions as it lias been previously 
shown for the pure OCS gas [11]. Examples for 
recordings of AI(vs) for different admixtures of 

rlM 

S:ß,lMl)~ (1,1)-»(2,1) 
Lr 50f, VJ 
Lp- 0.5W 

P-
(0,0hd,1) 

tfp-^po OlHzJ 
P- P,IKI) = (0,0)* (1,0) 

Fig. 5. Dependence of the relative change of collision-
induced signal line intensity ?/ on the pump frequency off-
set i'p — x'po for the (j, | J / ] ) = ( l , l ) - > ( 2 , 1) signal transi-
tion. Temperature T = 200K, pressure p= 19.4 mTorr 
(pure gas), Lp pump microwave power, Ls signal micro-
wave power. 

* Defined to be ( i r p 0 — Fp)/TFpo for steady-state con-
ditions. 
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-AI 

^ AA 
M O 1 2 

~N>s 
Fig. 6. Observed collision-induced transition pattern for 
the OCS j = 2 - > 3 transition for nonzero Stark field and 
different admixtures of He. The change of signal line inten-
sity AI is given in arbitrary units. Temperature T = 200 K, 
partial pressure of OCS p o c s = 12 mTorr, He partial pres-
sures: a) 0 mTorr, b) 6 mTorr, c) 26 mTorr. 

foreign, gases are given in Fig. 6 and 7, demon-
strating rather drastic variations with increasing 
partial pressure of the collision partner. As shown 
for mixtures with He in Fig. 6, already at small 
admixtures of He a change of sign in A I is observed 
for the TO = 0 and TO = 1 component of the j = 2 ->3 
transition, corresponding to the results for r\ at 
higher gas pressures (see Table 1). Line patterns 
similar to those given in Fig. 6, were found for the 
mixtures with the other rare gases, as well as H 2 , 
N 2 and 0 2 . No change of sign but only an increase 
was found for the signal change A I of all three TO-
components when C 0 2 was admixed to the OCS gas 
probe. Collision-induced signals at different partial 
pressures of CH3F are shown in Figure 7, indicating 
a significant increase of | rj | for the TO = 0, 1 and 2 
component of the j = 2—>3 transition with in-
creasing amount of CH3F in the mixture. 

Fig. 7. Observed collision-induced transition pattern for 
the OCS j = 2-> 3 transition for nonzero Stark field and 
different admixtures of CH3F. The change of signal line 
intensity A I is given in arbitrary units. Temperature 
T = 200 K , partial pressure of OCS pocs = 12 mTorr 
CH3H partial pressures: a) 0 mTorr, b) 6 mTorr, 
c) 15 mTorr. 

We now discuss the results for All I of Table 1, 
indicating various collisional preferences for the 
investigated systems. In order to compare rj with 
the theoretical expression (25) it was necessary to 
allow for systematic effects which were not con-
sidered in the theoretical treatment. The observed 
^-values were thus extrapolated to 100% pumping 
efficiency corresponding to complete equalization 
of the populations of the pumped levels*, no wall 
collisious and infinite dilution of the mixtures, b y 
using standard procedures [23] and the data from 
previous two-level relaxation studies. The corrected 
77-values are then used together with data for 1 f T ^ 
from two-pulse transient experiments [21, 24]** 
to evaluate the coefficients of the pressure depen-

dence of (1c^ J.+ . b + 
~ )p + lmp,)a+lms ^jp + lWp.jsWa 

in (25). The results are given in 
Table 2 where the positive coefficients 0 i have 
been introduced with the notation 

kjm.rm' = (j, ™ j',m')-p (26) 

for the linear pressure dependence of the rate con-
stants k^nj'm'. p gives either the pressure of the 
pure gas (pocs) or the foreign gas partial pressure 
(PFG) f ° r the mixtures. Though the linear combina-
tions of pressure coefficients in Table 2 are not very 
accurately determined, the results may be discussed 
qualitatively with regard to different types of 
collisional interactions which are characterized b y 
the index I for the coefficients 0 . 

The collision-induced transitions will be classified 
according to "selection rules" which are obtained 
from consideration of long-range intermolecular 
forces due to permanent multipole, induction and 
dispersion interaction [1]. For molecules with Coov 
symmetry (such as OCS) in the ground vibronic 
state, a first order perturbation treatment of the 
dipole interaction ( Z = l ) gives the preference 
rules * * * 

Aj = ± 1, AM = 0,±1. (27) 

* Since the pump power distribution within the absorp-
tion cell is not very accurately known, the actual pump 
efficiency was estimated with rather large error limits to be 
about (70 ± 2 0 ) % (pump power ^ 0 . 5 W) . 

** Though not explicitely stated in [21], TC, R, tt/2 se-
quence experiments involving two-level systems with i m -
degeneray result in l/T1^-values as may be concluded 
from (17) for W+ a* JF^, S+ ss S+Q which holds approxi-
mately for £p = 0. 

* * * Not considering mixing of rotational wavefunctions 
due to the Stark field. 
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Table 2. Sum of coefficients + + — ktpmp,js + lm3} f o r t l i e pressure depen-
OCS with OCS, He, Xe, Ar, Kr, H 2 , Ng, 0 2 , C02 and CH3F. The data refer to the ^-values of Table 1, extrapolated to 

Pump transition 
P: Ö P , « P ) = ( 0 , 0 ) - ( l , 0 ) R = 1 / P { i t „ „ „ , „ . + i t + 1 Ä S ^ i 
Signal transition — iTOp,/sms— ^pm„f,-(-lws 

for collision partner 

S: 0s, w s ) - > 0 s + l ,m s ) OCS He Ne 

(1 ,1 ) ->(2,1) {0i(O,O-^ 1, 1) + 0 i ( l , O - > 2 , 1 ) } + 6.8(26) 0.0(4) - 3.8 (26) 
- {02(0, 0 -> 2,1) + 0 2 ( 1 , O - > 1 , 1 ) } 

(2.0)->(3,0) {<Z>2(0,0->2,0) + 02(1,O->3,O)} - 0 . 7 ( 4 ) +0.8(6) + 1 - 4 ( 8 ) 
- {03(O,O->3,0) + 0 i ( l , 0 -> 2,0)} 

(2.1) ->(3,1) { 0 2 ( 0 , 0 ^ 2 , 1 ) + 0 2 ( l , O - > 3,1)} - 0 . 6 ( 4 ) + 1 . 4 ( 1 0 ) + 2 . 0 ( 1 2 ) 
- {03(0, 0->3, l) + 0 i ( l , O - > 2 , 1 ) } 

(2.2)->(3,2) {02(O,O->2,2) + 0 2 ( l , O - > 3 . 2 ) } +2 .2(10) + 2 . 0 ( 1 4 ) + 2 . 8 ( 1 6 ) 
- {03(0,0->3,2) + 0 3 (1 ,O->2,2)} 

T h e collisional selection rules due to the molecular 
quadrupole m o m e n t (I = 2) are in first order 

Aj = 0,±2, AM = 0, ± 1 , ± 2 . (28) 
I t should be noted t h a t the rules (28) which are 
characterized here t o be of " q u a d r u p o l e - t y p e " m a y 
also be a t t r i b u t e d t o second order contributions 
f rom dipolar collisional interaction. 

Collisional transit ions which do not o b e y the 
rules (27) or (28) are characterized in Table 2 b y the 
index 1 = 3. F r o m inspection of T a b l e 2 we m a y 
conclude t h a t various collisional preferences h a v e 
to be considered for t h e studied systems. When-
ever the sum of rate coefficients characterizing the 
collisional p a t h w a y s between lowrer p u m p to lower 
signal level ( a - > c , see Figs. 1. 4) a n d upper p u m p 
to upper signal level ( b - ^ d ) predominates over the 
sum of rate coefficients for collisional transfer of 
rotat ional energy f r o m upper p u m p to lower signal 
level ( b - > c ) and lower p u m p to upper signal level 
(a->d) , w e h a v e i ? > 0 (for e x a m p l e 

{ 0 i ( 0 , 0 - > 1 , 1 ) + <Z>i(l,0 - ^ 2 , 1 ) } 

> {02(0,0 - > 2 , 1 ) + 0 2 ( 1 , 0 - > 1, 1)} 

for the signal transit ion ( j , m): (1, l ) - > ( 2 , 1) and 
the pure O C S gas, see T a b l e 2. T h e results for the 
collision partners OCS, C H 3 F and CO2 indicate for 
these sj^stems the importance of first order dipolar 
collisional preference corresponding to t h e rules 
(27). W h e n e v e r a direct dipolar collisional channel 
(I = 1) is present the coefficients 0 i g ive the do-
minant contr ibution t o R, as found for the (j, m) : 
(1, l ) - > ( 2 , 1), (2, 0)->(3, 0) and (2, l ) - > ( 3 , 1) signal 
transition. H o w e v e r , t h e small m a g n i t u d e of R for 
the latter t w o transitions points to a near balance 

of dipole-type ( £ = 1 ) and quadrupole-type (1 = 2) 
collisional transitions. 

In case of the (j, m ) : (2, 2) -^(3, 2) signal transi-
tion no direct dipole collisional transit ions between 
p u m p and signal levels are i n v o l v e d a n d the coef-
ficients wi th 1 = 2 which m a y be at tr ibuted to 
second order dipole effects, c learly dominate . T h e 
effects of dipolar collisional interact ion are partic-
ularly distinct for the polar collision partner CH3F 
with a permanent dipole m o m e n t of 1.859 D [25] 
which is larger t h a n t h a t of O C S (0.715 D) [26]. 
Therefore, the long-range dipole-dipole interaction 
gives rise to larger cross sections for OCS-CH3F 
collisions t h a n for O C S - O C S collisions. F o r col-
lisions of OCS with the nonpolar molecule CO2 the 
results in T a b l e 2 m a y be interpreted as effect of a 
dipole (OCS)-quadrupole (C0 2 ) interaction, which 
results in the rules (27) for the transfer of populat ion 
from p u m p to signal levels [1]. 

For the interaction of O C S wi th t h e nonpolar 
molecules H 2 , N2 and O2, as well as w i t h the rare 
gas atoms, the results in T a b l e 2 indicate the im-
portance of collisional preferences w i t h 1 = 2*. 
Thus, for the (j, m) : (1, 1)—>(2, 1) signal transition, 
contributions to R f rom collisional transfer of 
rotational energy with Aj=l ( £ = 1 ) is either 
balanced (R m 0) or outweigh ted (R<C 0) b y col-
lisional processes with Aj = 0 or Aj = 2 (1 = 2). For 
the signal transitions j = 2 - > 3 (m = 0, 1, 2) second 
order rate constants (1 = 2) w i t h Aj = 2 clearly 

* The quadrupole moments of H2, O2 and N2 are smalle. 
than the quadrupole moment of CO2 [27]. Therefore, wr 
may expect less important contributions to the coefficiente 
01 from dipole-quadrupole interactions for these moleculess 
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denee of rate constants characterizing transfer of population between pump and signal levels, induced by collisions of 
100% pumping efficiency, no wall collisions and infinite dilution for the mixtures. 

Ar Kr H2 N2 0 2 C02 

- 1.6 (14) - 2.8 (20) - 1.8 (14) 0.0 (4) - 1.8 (16) + 8.4 (22) 

+ 1-4 (9) - 1.2 (8) + 1.9(13) + 1-0 (8) + 0.9 (6) - 1.2 (9) 

+ 1.8 (14) - 2.4 (16) + 2.8 (22) + 1.4 (12) + 1.2 (8) - 0.8 (6) 

+ 2.4 (16) - 2.0 (14) + 4.4 (28) + 2.6 (14) + 2.2 (16) + 1.6 (12) 

CH3F 

+ 42.0(140) 

< - 7.0 

< - 6.0 

> + 10.0 

dominate, whereas contributions from collisions 
with Aj = 1 or Aj = 3 are less important. These 
results m a y be attr ibuted to induction and dis-
persion interactions which, compared to dipolar 
intermolecular interaction, are of shorter range and 
often considered to be near twofold symmetric 
with respect to a rotation of the linear molecule 
[28, 29]. Then, collisional quantum jumps with even 
Aj preva i l* , in agreement with the results of our 
measurements. For the OCS-H2 system, the experi-
mental findings are also supported from recent 
results of quantum calculations of rate constants at 
low temperature ( < 100 K ) [30] which show the 
importance of collisional channels with Aj = 2. 

The above conclusions about collisional prefer-
ences in OCS mixtures are in accordance to the 
observations made b y Lees [12] in a microwave 
double resonance study on other pump-signal 
transition schemes of OCS. In these studies it was 
found that dipole-type Aj = 1 transitions dominate 
(if present) the collisional transfer of rotational 
energy between pump and signal levels for polar 
collision partners (OCS and C H 3 O H ) , but that 
AJ = 2 quadrupole-type transitions are dominant 
for the mixtures with H e and H2. 

Collisional transitions obeying non-dipolar selection 
rules have also been found in a laser-microwave 
double resonance s tudy of F C N [31]. F r o m the 
investigation of collisionally induced double reso-
nance signals on the pure gas it was concluded that 
quadrupole-type collisional effects dominate for 

* In case of a linear molecule with Doah symmetry (such 
as CO2) the collisional selection rules Aj — 0, ± 2, ± 4 , . . . 
hold rigorously because of the symmetry of the interaction 
potential [29]. 

some of the studied transitions, even in presence of 
dipole-type collisional channels between pump and 
signal levels. This behaviour is somewhat contrary 
to the pure gas results of OCS and is possibly due to 
a different magnitude of the molecular quadrupole 
moments of OCS and F C N , the latter being about 
a factor four times larger in magnitude than for 
O C S * * . 

In this paper, it has been shown with discussion 
of the qualitative aspects of collisional transfer of 
rotational energy of OCS, that collisional channels 
differing from first order dipole-type are of impor-
tance, in particular for mixtures with nonpolar 
gases. The experiments provide additional informa-
tion on bulk relaxation data which should be useful 
to check the reliability of theoretical approaches 
to collision dynamics. 

In addition, such information (on mixtures with 
He and H2) m a y also become important for elu-
cidating nonthermal rotational energy distribution 
of OCS in the interstellar medium. 
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** From rotational Zeeman effect studies, the mole-
cular quadrupole moments of OCS (normal isotope) and 
FC15N were determined to be Q(OCS) = ( - 0 . 8 8 ± 0 . 1 5 ) 
X 10-26 esu em2 [32] and Q(FCN) = ( - 3 . 7 ± 1.0) X 10 - 2 6 

esu cm2 [33]. 
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