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The pressure dependence of 1 / T i has been measu red a t t e m p e r a t u r e s ^ 300 K a n d ^ 200 K 
for the carbonyl sulfide J,\M\ = (0, 0 ) - ( l , 0), (1, 0)-(2, 0), (1, l ) - (2 , 1), (2, 0)-(3, 0), (2, l ) - ( 3 , 1) 
a n d (2, 2)-(3, 2) ro ta t ional t r ans i t ions b y using a ti, r , ti/2 pulse sequence me thod . T\ re laxat ion 
has been invest igated for t h e p u r e gas a n d m i x t u r e s wi th He , Ne , Ar, K r , H2, O2, N2 a n d CO2. 
The effects of molecular mo t ion a re discussed theore t ica l ly b y considering t h e microwave field 
inhomogenei ty a n d collisions of molecules wi th t h e walls of t h e sample cell. 

I. Introduction 

Since the earliest days of microwave spectroscopy 
the study of rotational energy transfer by gas phase 
molecular collisions has been of interest. Until 
recently, most investigations were carried out in the 
frequency domain and concerned with the pressure 
dependence of rotational linewidths giving a single 
parameter [T-A for the decay of phase coherence 
between the members of an ensemble of two level 
systems. In the last few years microwave transient 
experiments have been developed for the direct 
observation of rotational relaxation in the time 
domain [1]. 

The interpretation of single resonance transient 
experiments is based on a model which involves the 
electric dipole interaction of the microwave 
radiation with an ensemble of two-level systems. 
The experimental results are interpreted by the 
appropriate solutions of the differential equations 
for the induced macroscopic polarization com-
ponents P r and P j and the two level population 
difference AN (Bloch equations) [2], 

The information about relaxation processes is 
contained in the relaxation times T1 and TV 
T1 describes the decay of AN to its Boltzmann 
equilibrium value AN0 in the absence of radiation 
and is related to collisions which change the 
molecular state. To represents the relaxation time 
for induced polarization resulting from the super-
position of states and is related to phase and state 
changing collisions. 
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We report here on the measurement of T\ of 
several 3/-resolved rotational transitions of OCS 
by means of a 71, T, n/2 pulse sequence method [3] 
which employs the Stark-switching technique to 
bring the molecular two-level systems into or out of 
resonance with the microwave radiation. The theory 
to describe the observed transient phenomena is 
extended to a consideration of the effects of 
translational motion of molecules and is outlined 
in Section II. In Sect. I l l we report on the experi-
mental results for the pressure and temperature 
dependence of T\ for the pure gas and mixtures 
with He, Ne, Ar, Kr. H 2 , 0 2 , N2 and C02 . 

II. Theory 

A theoretical analysis of the Bloch equations to 
describe the 71, r, n\2 pulse sequence experiment 
has been given previously [3], neglecting the effects 
of translational motion of molecules. Such approxi-
mate treatment may be justified by the fact, that 
the molecular displacement is usually small with 
respect to the cell dimensions in the course of the 
experiment to make microwave field inhomogeneities 
and collisions with the walls of the sample cell 
unimportant. To support on this argument some-
what more quantitatively the molecular velocity 
distribution has been included in the following 
theoretical derivations. 

The times as involved in the pulse sequence are 
defined analogous to [3]. Each experiment starts at 
t = 0, with the system in its thermodynamical 
equilibrium conditions (Pr(0) = Pi(0) = 0, ZlA(0) 
= JjVo). An approximate n pulse then 
creates zero polarization and approximate popula-
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tion inversion by the resonant interaction of the 
two-level systems with the microwave radiation. 
At times t>ti the system is taken far out of 
resonance and the population difference decays 
back to its equilibrium value with the relaxation 
time T i . By bringing the system again into 
resonance at time ti = t\ -j- r, this decay is monitored 
as a function of delay time r between the two 
pulses. 

We neglect, for the present, inter molecular 
collisions and discuss only the effects of trans-
lational motion of molecules which — by Doppler 
broadening, wall collisions and microwave field 
inhomogeneity — may influence the experimental 
results. The Doppler-shift of the resonance fre-
quency which is due to velocity components along 
the direction of microwave propagation affects only 
the TVrelaxation in the non-resonance period 
( t \ ^ t -^ti) and may be neglected here for the times 
where the system interacts with the microwave 
radiation which implies that power broadening is 
large with respect to Doppler broadening for the 
transitions of interest. 

The collisions of molecules with the walls of the 
sample cell are believed to the hard collisions which 
leave molecules in a Boltzmann distribution of 
states and therefore should contribute equally to 
the observed decay times for population difference 
and induced polarization. They are usually not 
considered explicitely when analyzing transient 
experiments by assuming that they cause exponen-
tial decay behaviour independent of pressure. The 
approximative nature of this treatment which gives 
rise to a nonzero intercept for the pressure-versus-
inverse relaxation time curves is discussed in 
detail below. 

Finally we will consider the effects of microwave 
field inhomogeneities in the waveguide cells as used 
in the experiments to be described here. Molecular 
motion in nonzero field gradients as present in 
waveguides may influence the observed Ti decay 
curves since the power densities of exciting and 
monitoring radiation are then no longer identical *. 

To solve the Bloch equations for the pulse 
sequence as defined above, the actual microwave 
field distribution across the sample must be con-

* I n a similar way t h e t rans la t ional mot ion of molecules 
in a nonun i fo rm microwave field d i s t r ibu t ion h a d t o be 
inc luded to describe theoret ical ly t h e fo rma t ion a n d 
d a m p i n g of ro t a ry p h o t o n echos [4]. 

sidered. For the rectangular waveguide with the 
cross section ax b (x, «/-direction) and length I 
(z-direction, l>a>b) we assume the TEio mode 
being dominant 

E(r. t) = 2 so sin(7r x/a) cos (cot — k z) , (1) 

where E is the electric field amplitude along the 
^-direction depending on position r = (x, y, z) and 
time t. co is the microwave angular frequency and 
k = colc the wave number with c the microwave 
phase velocity for the mode of consideration. I t has 
been argued [5] that higher modes which might 
occur in overdimensioned waveguide cells are 
unimportant for the analysis by using detectors 
which are adapted to a special frequency range and 
only sensitive to the ground mode. Weak losses in 
microwave power density due to wall absorption 
only negligibly affect the time dependence of the 
pulse sequence transient signal since the mean free 
path of molecules is usually small with respect to 
cell length I. Consequently a term accounting for 
cell attentuation has been dropped in Equation (1). 

For optically thin samples the source radiation, 
Eq. (1), enters into the Bloch-equations to calculate 
the time variation of Pr, Pi and AN. The resulting 
macroscopic polarisation of the medium of which 
the second time derivative represents the source 
term in the wave equation [2] may excite different 
modes in the waveguide (see appendix) due to 
nonlinear absorption (saturation effects). We again 
consider only its contribution to the ground mode 
(TEio) by using the arguments as given above. 
Then, as shown in the appendix, for a general 
solution of the form 

P(r,t) = 2 Pr{r,t) cos (cot — k z) 
-2Pi(r,t)sin(cot-kz) (2) 

the observed change of signal at the output of a 
square law diode detector AS(t) is related to the 
polarization component P\ which is in quadrature 
to the field (1) 

AS(t) = (S7ißojllce)e0Pi(t). (3) 

ß is a constant, characterizing the diode efficiency, 
cg the microwave group velocity and Pi(t) is 
given by 

Pi(t) = (2la)(l/b)(lll) 
a b I 

• J a da; sin (n xja) jb dy \l dz Pi (r, t). (4) 
0 0 0 
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We now proceed and discuss the solutions of the 
Bloch equations for the pulse sequence. At times 
0 t ̂  ti the mean displacement of molecules is 
small compared to the cell dimensions ( < 3 • 10~2 cm 
for t < 1 fjisec, see experimental conditions Sect. Ill) 
and we neglect, to simplify the following discussion, 
the translational motion in that period of time. 
Then the resonant solutions of the Bloch-equations 
are given by [3] 

Pv(r,t) = 0, 
Pi(r.t) =-(hxANol4)sm(x£0t)sin{7ixla)), (5) 
AN(r. t) = ANQ C O S ( X £O T sin (TT xja)) 

for 0 ^ t ̂  ti. x is proportional to the transition 
dipole matrix element, x = 2\ /uab 1 

With (3), (4) and (5) we obtain for the observed 
change in signal 

AS(t) = - (47ißa)llcg)hxAN0e0Ji(x£0t) (6) 

where J i is the first order Bessel function. 
The condition zl>S'(̂ i) = 0 defines the end of the 

7z-pulse when maximum change of average popula-
tion difference has been achieved [3]. Then the 
system is brought out of resonance with the 
radiation field. If r0 defines the position of a 
macroscopically small ensemble of molecules at 
time t = ti, moving with velocity v the position at 
time t > ti will be at r = ro -f- v (t — ti) in the 
absence of collisions. We then obtain with the 
initial conditions (5) at r = r0 for one velocity 
group v(vxvyvz) at t2 = ti~\- r, omitting PT which 
does not contribute to the observed signal 

Pl(r,h;v)=-(KxANol4) 
• sin(* £o h sin (jt (x — vx r)/a)) cos Aco' r . 

AN(r.t2;v) - AN0 

= AN a {cos(x eo 11 sin(jr(a; — vx r)/a)) — 1} (7) 

where Aco' = Aw + (a>vzjc), with Aco — coo — co, is 
the Doppler-shifted offset from resonance frequency 
as achieved by Stark-switching. 

Only those molecules which have not yet collided 
with the walls of the sample cell at time to «ill 
contribute to non-zero solutions (7). The range of 
velocities over which we have to integrate Eqs. (7) 
is finite and depends on position r(x.y.z) and 
time T which introduces additional time dependence 
into the solution. Since the initial position 
is restricted to be within the waveguide, we have 

0 ^ x — vx t ^ a, 0 ^ y — vy r ^ b , 
0 ^ 2 - vz T ^ 1 (8) 

which gives the limits for the v-integration 

(x — a)It xjr, (y - b)/r ^ vy y\x, 
(z - 1)1 T zlT . (9) 

Then, if the velocity distribution is assumed to be 
Maxwellian, we have the velocity-averaged solutions 
at t2 = ti -f T 

Pi {r. t2) = JJj* dvx d vy dv2 W {vx, vy, vz) Pi(r. t-2;v), 
AN{r.t2) - ANo = jjjdvxdvydvz W(vx,vy,vz) 

• (AN(r.t2-v) - AN0). (10) 

The integration is carried out over the range given 
by (9) and 

W{vx,vy,vz) (11) 
= (7i vl)~3'2 exp {— (vx

2 + vy2 + vz2)/v02} , 

where vois the most probable velocity, VQ = \2kT\m, 
with m the molecular mass, T the temperature and 
k Boltzmann's constant. 

In the following, we consider for further simpli-
fication only the collision with the walls along the 
shortest cell dimension (y = 0 and y = b) by extend-
ing the integration limits of vx and vy to infinity as 
may be justified to good approximation for the type 
of waveguide cells used in the experiment (b:a:l 
^ 1:10:600, see Sect. I l l ) and the short times 
involved in the sequence (vox a, I). By using the 
latter condition, we may develop the solution (7) to 
first order with respect to (nvxr\a) and obtain, 
carrying out the integration of (10) 

Pi(r.t2) = - (hxANol±)sm(x eoh sin (nx I a)) 
• exp {— \ (co vole)2 T2} f(x. r)g(y. r) cos Aco r , 

AN(r.t2)-AN0 (12) 

= A A0 [cos (x EQ ti sin (n x/a)) j (x, r) — 1 ] g (y, r), 

where 
/(.r, T) = exp {— | (x EQ ti TI VQ cos(7r x/a)2 r2} , (13) 

accounts for molecular motion along the field 
inhomogeneity in ^-direction, and 

g(y,r)= { e r f + erf ( & ~ ^ (14) 
2 \ VQ T J \ VQT J 

is due to wall collisions. erf(£) denotes the error-
function defined by 

erf (I) = . (15) 
1 71 J o 
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The Doppler-term exp {— J(COVO/C)2T2} contributes 
only to the solution for P 5 . 

So far, we have not considered the intermolecular 
collisions which, of course, give a dominant con-
tribution to the time dependencies of transient 
experiments. The bulk quantities T\ and T2 which 
are introduced phenomenologically into the Bloch 
equations are averages over various collision 
parameters such as impact parameter, state of 
perturber molecule and relative velocities of 
collision partners. We account for these collisional 
effects by simply multiplying the solutions (12) 
for PI and AN — AN0 with exp(— T/T2) and 
exp(— rjT\) respectively. 

Such procedure ignores the effects of velocity-
changing, elastic collisions which do not contribute 
to T \ . Obviously such collisions are also un-

important in contributing to To since T\ tm T2 for 
the considered transitions, see discussions below in 
this article. We neglect here the effects of elastic 
collisions which change only the velocity of mole-
cules. The decay behaviour of infrared photon 
echos, observed on methyl fluoride [6J. suggests 
that such „velocity-diffusion" is predominantly 
due to small velocity jumps ( < 1 m/sec) through 
small angle scattering. This result supports the 
above approximate treatment which considers the 
molecules to move along a linear path even if they 
have suffered collisions which do not contribute to 
Ti and T2. 

We now have with the initial conditions (12) and 
inclusion of molecular relaxation (T1, T2) at times 
t > 12 when the system is again in resonance with 
the radiation field [2] (neglecting motional effects 

Pi(r, t-,T^oo) — Pj(r, t; r) 
(16) 

as discussed before) 

- (hy. ZLVo/4) [{1 — cos(* £0t\ sin(jr xja))f(x, r)} 
• e~TlTl sin(x £0 (t — t2) sin(71 xja)) — sin(x £0 sin (71 xja)) 
• exp {— \ (co vq/C 2 R2} f(x, R) 

• e~rlT2 coszlco r cos(y e0(t — t2) s in(jr xja))\ g(y, r) . 

Equation (16) gives the difference of polarization component Pi to the solution for r —> 00 and is 
related to the observed difference in signal by means of Eqs. (3) and (4). To carry out the inte-
gration (4) we may develop f(x, r) (13) to first order, as (x £01\ 71 VQ r/2a) 1 

f(x, R) ^ 1 — (x £Ô L 71 VQ T/2«)2 COS2 (71 xja) . (17) 

With Eqs. (3), (4), (14), (15) *, (16) and (17) we then have, for convenience defining t' = / — 
AS(t'; r 00) — AS(t'; t ) = — (27ißwhxAN0 £0 Z/cg) 

•[{2Ji (x £0 t') - J I (X £0 (/1 + «')) + Ji (X £0 - /')) + (* £0 11 71 V0/4«)2 T2 

• [Ji(x EO(ti + «')) + Js(x E0(ti + t')) - Jx(x EO(T! - t')) - J3(x EO(H - t'))]} E~RLTL 

— {Ji(x eo(ti + t')) + Ji(x E0(ti — t')) — (X£0t! 71 v 0 /4a) 2 r 2 [ J i (*£o (* i + T')) 

+ J3(X E0(h+ t')) + J i (x £ 0 ( h - < ' ) ) + J 3 (X £0('L - 0 ) 1 } exp { - 1 (CO vo/c)2 T2} 

• e~zlTicos Aco r ] <7w(t). 

(18) 

J3 is the third order Bessel function and öfw(r) 
accounts for wall collisions 

gw(r) = l-(vorl]/nb) (19) 

• (1 — e x p {— (b/v0 r) 2}) — erf c(b/vo r), 

where erf c = 1 —erf is the error-cofunction. 
We now discuss the solution (18) for the experi-

mental conditions at time t' which gives maximum 
change in signal AS(t' \ r -> 00), that is [3] 

x sot' & 1.84 . (20) 

* The integral for g(y, r ) is most easily solved b y inter-
changing t h e in tegra t ion order wi th respec t t o y und vy. 

Using Eq. (6) with AS(tx) = 0 defines the length of 
the first near 7r-pulse [3] 

x £ 0 ? I ^ 3 . 8 3 . (21) 

Then, with (18), (20) and (21) we have 

Z1S(*';T-^OO) - AS(t';r) 
= — (271 ß cohx ANo £0 Z/cg) 

• [2.07{1 - 3.59 (vo r/a)2} e~r!Tl (22) 
- 0.25(1 - 21.28 (vo r/a)2} 
• exp (— J (co vq/c)2 T2} e~rlT* coszlco r ] gw (T). 

With neglection of molecular motion (v0 = 0) 
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Eqs. (18) and (22) are in agreement with the 
solutions (36) and (38) of [3]. 

The contribution of T2 in Eq. (22) which dis-
appears for Aojr = \nn (n = 1, 3, 5, ...) is general 
small and will be neglected in the following **. This 
neglection may be partly justified by the different 
amplitude factors in Eq. (22) and the faster decay 
of polarization due to inhomogeneous Doppler-
broadening, corresponding to the term 

e x p {— | (OJ VOLE)2 T2} 

in Equation (22). An additional important dephas-
ing mechanism which has not been considered so 
far, results from the experimental condition of 
nonzero Stark-field during the delay period r (see 
Section III). The Stark-field inhomogeneity which 
leads to spatial incoherence and thereby strongly 
damps the T2 decaying oscillations, does not con-
tribute to T i . 

For further anal}rsis of Eq. (22) we make use of 
the approximation [7] 

erf c(blv0T) & (l/]/n) (v0 r/6) exp { - (b/v0 r ) 2 } (23) 

for b/vOT|> 1 which gives with Eq. (19) 

grw(r) « 1 — (v0rl\/nb). (24) 

The accuracy of Eq. (24) may be shown to be better 
than 0.2% for r < 40 fxsec (b ^0.5 cm, 2.5 X 104 

cm/sec) which gives the typical range of delay 
times as used for the analysis of the pulse sequences 
(see Section III). 

Then, with (24) and neglecting T2 contributions 
as discussed before, we rewrite Eq. (22) 

AS ( f ; r - > o o ) - AS(t'\r) (25) 
= -C[ 1 - 3.59(v0T/a)2][l - (v0rl]/n b)] e~TlTi 

where C = 2.07('InßojhxANoeol/cg) includes all 
terms which do not depend on r. 

Equation (25) exhibits nonexponential decay 
behaviour due to microwave field inhomogeneity 
and wall collisions which was not observed experi-
men ta l^ for the range of investigated pressure. The 
experimental uncertainties, as discussed in detail 
in Sect. I l l , are too large to allow for detection of 
these small effects which are more important at 
longer delay times where the signal-to-noise ratio 
is poor. For shorter delay times ( < 20 [jisec) and 

** Remain ing small t e r m s in T 2 m a y be averaged out 
f rom t h e oscil lat ing decay behaviour of t h e signal, see 
discussion in Ref . [3]. 

a > b we may neglect the inhomogeneity term 
(vor/a)2 with respect to unity (3.59(f0r/a)2 < 0.01 
for a = 5cm) and replace grw(r), Eq. (24), by an 
exponential function * 

5rw(r) ^ exp{— (voTj]/n 6)} . (26) 

Using Eq. (26) we may rewrite Eq. (25) in terms of 
a single damping constant T\ 

AS(t'; T -> oo) - AS(t'-r) = Ce~TlTl' (27) 

where 

1/2Y = 1 /T i + vol]fjcb. (28) 

The data analysis is based on Eq. (27), see following 
section. The experiments, within its error limits 
confirm the magnitude of zero pressure intercept 
for the pressure dependence of 1/7Y predicted to 
be (vol]'71 b) by Equation (28). 

III. Experimental and Results 

The apparatus which was used for the experi-
ments is based on a conventional MW-Stark 
spectrometer and has been described in detail 
recently for the investigation of transient emission 
signals [8]. Only the modifications for the TI, T, TT/2 
pulse sequence experiments are reported here. The 
microwave radiation which was fed into the Stark 
cell (inner dimensions 1 x4 .7 X 340 cm) was supplied 
from phase stabilized MW-sources which were 
BWO's in the X- and K-band and a OKI 35V12 
Klystron in the V-band. 

To minimize reflections ferrite isolators were 
inserted in front of the detectors. Since only a 
single-point information of the broadband amplified 
transient signal is essentially needed to analyze the 
TVrelaxation in the 71, r , Ttj'Z pulse sequence, see 
Eqs. (20) and (27), the Boxcar integrator is the 
most suited instrument for this type of experiment . 
In single-point analysis the integrators aperture 
position is held fixed with respect to a trigger signal. 

To control the pulse sequence experiment a unit 
was constructed which delivered pairs of pulses at 
TTL-level, each variable in length (0.3 to 2 fisec). 

* Account ing for wal l collisions by using kinetic-
theory a r g u m e n t s [23] resu l t s in a p p r o x i m a t i o n (26). Such 
t r e a t m e n t allows for mul t ip l e collisions wi th t h e walls of 
t he sample cell a n d does no t consider expl ici te ly the 
molecular velocity d i s t r ibu t ion which gives general ly rise 
to non-exponent ia l decay behaviour , see t e x t . 
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Starting with an adjustable minimum delay time, 
the delay between the pulses was increased in steps 
of 100 nsec as determined by control of a quarz 
ossillator. For a fixed delay time the two-pulse 
sequence was repeated for a preselected number of 
times with a repetion rate of about 1.5 kHz. The 
pulses were amplified by the Stark generator up to 
450 Volt to satisfy the conditions for on-off-
resonance Stark-switching. A TTL-level output 
pulse which was synchronized to the second pulse 
of the pair served as trigger for the Boxcar inte-
grator which was driven in single-point analysis 
mode. The aperture position was adjusted to give 
maximum signal at long delay times corresponding 
to times t', see Eq. (20), and remains fixed in the 
course of the experiment. Due to synchronisation, 
always the same portion of the absorption signal is 
probed and averaged, independent of delay time r. 
Thus, the decay of approximate population inversion 
as achieved by the first pulse is observed directly at 
the Boxcar integrators analog output which, for 
further averaging, was A/D converted and digitally 
averaged for repeated experiments. The trigger 
pulses for the memory adress advance of the digital 
averager (Fabri-Tek Mod. 1072) were supplied by 
the control unit synchroniously to delay time 
switching. For further analysis the data were 
transferred to a PDP-11 computer. 

The OCS sample used in the experiments after 
distillation was analyzed by gas chromatography. 
The impurity of 0.3% CO2 which was found is 
thought to be insignificant. The sample pressure 
was varied from about 6 to 35 mTorr for the pure 
gas. The partial pressures for the foreign gases 
(He, Ne, Ar, Kr, H2 , 0 2 , N2 and C02) were in the 
range of 0 to 50 mTorr. For details of partial 
pressure determination see [3]. 

The experiments were carried out at room tem-
perature ( ^ 3 0 0 K) and 200 K. 

The T\-relaxation has been investigated for the 
rotational transitions (J, | M |): 

(0,0)-(l,0), (1, 0)-(2, 0), (1, l)-(2, 1), 
(2, 0)-(3, 0), (2, l)-(3, 1) and (2, 2)-(3, 2) 

of the OCS normal species in the ground vibrational 
state. Stark pulses of 200 volt for the J = 0-1, 
1-2 transitions and 400 volt for the J = 2-3 transi-
tions, respectively, were applied to bring the 
transition of interest into resonance with the 
microwave radiation field. An additional DC Stark 

voltage was used to shift the | M | transitions several 
MHz from zero field transition frequency during 
the nonresonant delay period between the pulses, 
ranging from 400 volt for the J — 0-1 transition to 
3100 volt for the J , |M\ = (2 , l)-(3, 1) transition. 
For the investigation of the latter transition the 
Stark bias is indispensable in order to avoid 
polarization of the J , | M | = (2, 0)-(3, 0) transition 
due to fast passage [9]. A general additional 
advantage results from the fact that the residual 
polarization** after the first JI pulse decays 
appreciable faster in the presence of an inhomo-
geneous Stark field, see discussion above. 

The observed signal behaviour is demonstrated 
in Fig. 1 for the (J, M) = (0, 0)-(l, 0) transition at 
9 mTorr pressure and 200 K temperature. The 
pressure dependence of 1/Ti was obtained by 
performing two least squares fitting procedures in 
sequence. At first the expression 

AS(x) = Ae~B* + C (29) 

was used in the least squares analysis of the data 
points stored in the PDP-11 computer with A, B 
and C as fitting parameters. Equation (29) corre-
sponds to the theoretical expression for A8(t'; r), 
Eq. (27), with arbitrary offset. A data point 
internal Ax corresponds to a 100 nsec time interval 
in delay time r. 

I n t e g r a t o r o u t p u t corresponding to t h e second pulse 
abso rp t ion in dependence of the de lay t ime be tween t h e 
t w o pulses. OCS ( J , M) = (0, 0 ) - ( l , 0) t rans i t ion , p = 
9 mTor r , T = 200 K . 

** E v e n for zero signal dur ing the nonresonan t de lay 
per iod be tween t h e two pulses nonzero polar izat ion exis ts 
d u e t o microwave field inhomogenei ty [3]. The influence 
of i ts componen t P\ t o the second pulse period solut ion is 
ev iden t for Eqs . (10), (18) a n d (22) b y t h e t e rm involving 
t h e re laxa t ion t i m e To. 
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Table 1. Slope (ß) and intercept (a) f rom the least squares 
analysis of t h e plots of 1/Ti against pressure of OCS. 

Trans i t ion T Slope (ß) In t e rcep t (a) 
J-J', | i l / | [K] [[jisec-1 m T o r r - 1 ] [[i.sec -1] 

0 - 1 , 0 304 b 0.0381 (5) a 0.043 (4) 
200 0.0507 (7) 0.029 (6) 

1 - 2 , 0 298 0.0381 (10) 0.041 (8) 
200 0.0505 (13) 0.018 (8) 

1 - 2 , 1 298 0.0359 (4) 0.049 (4) 
200 0.0482 (8) 0.028 (5) 

2 - 3 , 0 295 0.0382 (15) 0.042 (12) 
200 0.0474 (8) 0.039 (0) 

2 - 3 , 1 297 0.0372 (25) 0.051 (12) 
200 0.0467 (34) 0.036 (12) 

2 - 3 , 2 297 0.0368 (8) 0.047 (6) 
200 0.0470 (7) 0.034 (0) 

a Er ro rs in pa ran theses are in the last digit g iven a n d 
twice t h e s t a n d a r d deviat ions. 

b T e m p e r a t u r e uncer ta in t ies i 1 K a t room t e m p e r a t u r e , 
and ± 3 K a t 200 K . 

From the results for ijT\ and its standard errors 
at different sample pressures the coefficients for the 
linear pressure dependence are then evaluated by 
using a linear least squares fit and weighting the 
l /Ti data points with their standard deviations. 
The resulting intercepts (a) and slopes (ß) for the 
pure gas are given in Table 1. For the mixtures the 
dependence of ijT\ on the foreign gas partial 
pressure (pfg) is linear in the binary collision 
approximation. l/77i = a + ßPocs yPig- Only the 

slope coefficients y are given in Table 2. The 
intercept values depend on the initial partial 
pressure of OCS which was in the range from 5 to 
10 mTorr. 

The error limits which are given in Table 1 and 2 
for intercept (a) and slope (ß and y) do not reflect 
systematic deviations which are primarily due to 
shifts in pressure (<0 .1 mTorr) and temperature 
« 3 K). These inaccuracies of the experimental 
conditions lead to an additional error of the inter-
cept ( ~ 4 • 10 -3 [jtsec-1) and the slope (~ 3 • 10 -4 

fxsec-1 mTorr -1) for the pure gas measurements. 
For the mixtures an additional error ( < 5%) may 

result from partial pressure inaccuracies. 
Several variations of the experimental conditions 

were carried out to check on the reproducibility of 
the results. No significant dependence of the T\ 
value on the Stark bias voltage was observed. For 
the applied microwave power (~ 10 mW) Stark 
switching of about 3 MHz was found to be sufficient 
to make off-resonant transient absorption effects 
during the delay period unimportant. For the 
(J, | M |) = (2, l)-(3, 1) transition a lower micro-
wave power was used (~ 1 mW) since the change 
in transition frequency was only about 1 MHz for 
the applied Stark voltages (3100-3500 volt). 
Higher voltages were causing a discharge * in the 

* Due to d ischarge effects only a few mix tu re measure-
m e n t s were m a d e for the ( J , | 3 / | ) = (2, l ) - (3 , 1) t rans i -
t ion , see Table 2. 

Table 2. Slopes (y) f rom t h e least squares analysis of the p lo ts of ijT\ aga ins t t h e pressure of He , Ne, Ar, Kr , H2 , O2, 
X2, a n d CO2. 

Trans i t ion T Slope (7) [jjisec -1 m T o r r - 1 ] for Foreign Gases 
J-J',\M I [K] — 1 1 H e Ne Ar K r H 2 0 2 N 2 C 0 2 

0 - 1 , 0 

1 - 2 , 0 

1 - 2 . 1 

2 - 3 , 0 

2 - 3 , 1 

2 - 3 , 2 

R . T . b 

200 

R.T . 
200 

R.T . 
200 

R.T . 
200 

R.T . 
200 

R.T . 
200 

0.0214 (0) a 

0.0279 (4) 

0.0216(10) 
0.0278 (5) 

0.0209 (6) 
0.0269 (4) 

0.0209(11) 
0.0266(11) 

0.0190(12) 
0.0252(32) 

0.0220(11) 
0.0261 (8) 

0.0188 (5) 
0.0236 (3) 

0.0175 (8) 
0.0243(14) 

0.0178 (6) 
0.0236 (7) 

0.0164(12) 
0.0232 (9) 

0.0240 (5) 
0.0292 (7) 

0.0232 (0) 
0.0295 (7) 

0.0226 (4) 
0.0291 (7) 

0.0214(22) 
0.0292(13) 

0.0220 (5) 
0.0293(10) 

0.0213 (8) 
0.0209(10) 

0.0213 (5) 
0.0272 (7) 

0.0201(13) 
0.0256(18) 

0.0401 (5) 
0.0520 (5) 

0.0389(16) 
0.0527(24) 

0.0390 (8) 
0.0519 (7) 

0.0392(20) 
0.0519(14) 

0.0243(10) 
0.0317 (5) 

0.0242(10) 
0.0315(14) 

0.0239 (7) 
0.0310 (5) 

0.0234(20) 
0.0305(14) 

0.0285 (3) 
0.0359 (5) 

0.0274 
0.0302 

(9) 
(8) 

0.0274 (6) 
0.0349(14) 

0.0270(24) 
0.0344(14) 

0.0211(32) 0.0238(24) -

0.0221(13) 0.0211(16) 0.0388(19) 0.0223(19) 

0.0346 (5) 
0.0464 (8) 

0.0341(24) 
0.0428(18) 

0.0333(13) 
0.0433(17) 

0.0300(24) 
0.0413(12) 

0.0174(12) 
0.0241 (5) 0.0269(12) 0.0207 (0) 0.0501(13) 0.0302(10) 

0.0261(14) 0.0307(20) 
0.0351(12) 0.0433(11) 

a Er rors in pa ran theses are in t h e last digit given and twice t h e s t a n d a r d devia t ions . 
b R o o m t empe ra tu r e s (R.T.) in the range f rom 296 K to 302 K . 
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sample cell. As a consequence of a lower power the 
range of investigated pressures was restricted 
( ^ < 6 mTorr) to satisfy the ,,7r-pulse" condition 
Zj£(*i) = 0 which implies XETi>3.7 [3], The 
limited piessure range gives rise to larger error 
limits of the results (see Tables 1 and 2). 

The minimum delay between the two pulses was 
in general above 2 [xsec to minimize effects from 
residual polarization and a delay dependent small 
variations of the second Stark pulse amplitude which 
was found to be more important for larger Stark 
bias voltages. No significant difference in the 
results for the pressure dependence of l / T i was 
found by increasing the minimum delay time. 

A final remark has to be made about the approxi-
mative nature of data analysis, based on the 
exponential form of Equation (29). Though non-
exponential decay behaviour as predicted by 
Eq. (25) has not been detected due to limited 
sensitivity, approximation (26) will introduce a 
pressure dependent shift in the results which may 
be important for the analysis of the pressure 
dependence of ijT\. To get an estimate of the 
magnitude of such effect data were simulated 
numerically according to Eq. (25) for the type of 
cell and range of pressures (or relaxation times) used 
in the experiments. The numerical analysis of the 
simulated data was carried out identical to the real 
data analysis by the two successive least squares 
procedures as discussed before. The resulting 
pressure coefficients (ß, y) are found to be slightly 
increased with respect to the values which were 
originally assumed to account for intermolecular 
collisions in data simulation (1/T\ being proportional 
to pressure). For the typical range of investigated 
pressures ( > 5 mTorr) the changes in results due to 
nonexponential relaxation are small ( < 1%). 

IV. Discussion 

The zero pressure intercepts which account for 
wall collisions are predicted by means of Eq. (28) 
to be about 0.035 ^xsec-1 and 0.028 fjisec-1 for 
T = 300 K and 200 K. respectively *. With inclusion 
of systematic errors as discussed before these 

* Wi th b = 0.47 cm t aken f rom S ta rk effect measure-
men t s ; collisions with o ther walls which migh t s l ight ly 
increase ( < 1 0 % ) the above given va lues a re no t con-
sidered. 

values are in reasonable agreement with the results 
given in Table 1. 

For the J = 0-1 transition the \ \T \ intercept is 
found to agree within its error limits with the ljT-z 
intercept from transient emission investigations 
(unpublished results). This result is in contrast to 
the work of Coy [10], who found a significantly 
larger intercept for the pressure dependence of 
1/JTI. Equal intercepts for \ j T \ and 1/T2 were also 
found by Hoke et al. [11]. 

As seen from the results of Tables 1 and 2 the 
I M j dependence of the l/Ti slope values ß and y is 
small and mainly hidden in the experimental 
uncertainties. The difference in the results for the 
two M components (0, ^ 1) of the pure g a s J = 1-2 
transition is thought to be significant since the 
measurements were carried out alternately at the 
same time to minimize effects of systematic shifts 
in the experimental conditions. This results indicates 
longer T1 relaxation time for the M = Az 1 com-
ponents of this transition due to OCS self collisions. 

The observed M-dependence of T\ may be 
attributed to important contributions from collisions 
which transfer molecules within the M = ± 1 sub-
states without changing the rotational quantum 
number J. Such z]J = 0, AM =±2 quadrupole-
type collisions would not contribute to the observed 
T1 decay behaviour of the | M | = 1 transition since 
the experiment probes the sum of the population 
difference of both M = ± 1 components which are 
degenerate in the Stark field. A similar behaviour 
of increase in relaxation time T1 of the \M\ = 1 
component of the J = 2-3 transition may be 
obscured by the larger error limits. No detailed 
theory has been worked out to extend the above 
qualitative arguments and to relate the observed 
small M dependence of T1 to molecular collision 
dynamics. A more distinct M dependence of T1 
was found for ammonia inversion lines with l/Ti 
strongly increasing with \M\ [15], different from 
the present conclusions for OCS. This result was 
predicted correctly by a first-order modified 
Anderson theory [15] and is primarily due to dipolar 
collisional transitions which transfer molecules 
between the probed levels. For OCS such collisions 
which contribute twice to T1 relative to T-z are 
believed to be unimportant since OCS has many 
closely spaced rotational energy levels and a small 
dipole moment. It then follows T1 ph T2 if phase 
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Table 3. Compar ison of exper imenta l resul ts a t room 
t e m p e r a t u r e for re laxa t ion t imes T\ a n p To of OCS 
ro ta t iona l t rans i t ions . 

Trans i t ion Slope (ß) [pisec - 1 Method Ref . 
J-J', \ M\ • m T o r r - 1 ] 

1 /Ti 1/7*2 

0 - 1 , 0 0.0381 (4) a 71, T, 7L/2 [10] 
0.0370 (40) 71, r , 71 2 [3 ,11] 
0.0381 (5) N, r, TI/2 th is N, r, TI/2 

work 
0.0377 (2) t rans ien t [10] 

emission 

1 - 2 , 0 0.0381 (10) 71, r , TI/2 th i s 71, r , TI/2 
work 

0.0309 (54) t r ans ien t [12] 
emission 

1 - 2 , 1 0.0350 (40) 71, T, 7L/2 [11] 
0.0359 (4) 7T, X, N\2 th is 0.0359 (4) 7T, X, N\2 

work 
0.0366 (54) t r ans ien t [12] 

emission 

2 - 3 , 0 0.0382 (15) 71, T, 71 /2 th is 
work 

1 0.0372 (25) 71, T, 7L/2 th i s 71, T, 7L/2 
work 

2 0.0368 (8) 71, T, 7L/2 th i s 0.0368 (8) 
work 

0 , 1 , 2 b 0.0364 (14) l inewidth [13] 
0.0358 (16) l inewidth [14] 

a Er ro rs in pa ran thes i s are in t h e last digit given a n d 
twice t h e s t a n d a r d deviat ions . 

b 3 / - e o m p o n e n t s not resolved in l inewidth studies. 

changing collisions which contribute only to are 
unimportant. 

The above conclusion is strongly supported by 
the experimental results given in Table 3 which 
compares values for the pressure dependence of 
1/Pi and I/T2 as obtained by various methods in 
different laboratories. Within the given uncertainties 
one finds T\ = T2 for the investigated transitions. 

Only little work has been done so far on the 
investigation of T1 relaxation in mixtures with 
foreign gases. The value y = 0.020 i 0.002 fxsec-1 

• mTorr - 1 which was given previously for the OCS 
«7 = 0-1, 37 = 0 transition in mixtures with He [3] 
is in agreement with the result of this work. The 
mixture measurements should be useful to check 
the reliability of recent theoretical approaches to 
collision dynamics for the determination of micro-
wave relaxation rates [16a, b, c], [17a. b], [18]. 
T\ relaxation cross sections which were calculated 
for OCS-He and OCS-Ar collisions by Liu et al. 
[16b] and by Green [18] are compared in Table 4 
with the experimental results of this paper. 

Table 4. Compar ison of ca lcula ted a n d measured cross 
sections for Tx a t T ^ S O O K . F o r defini t ion of a(T{) 
see [16]. 

Trans i t ion cr(Ti) [Ä2] a(Tx) [Ä2] 
J—J',\M\ (calculated) (measured) 

Ref . [16] Ref . [18] th i s work 

0 - 1 , 0 OCS-He 36 33 51 
OCS-Ar 146 145 145 

1 - 2 , 0 OCS-He 38 32 52 
OCS-Ar 141 144 139 

1 - 2 , 1 OCS-He 34 29 50 
OCS-Ar 138 140 135 

Good agreement to the theoretical results is 
obtained for the OCS-Ar mixtures. A systematic 
discrepancy is found for the mixtures with He. 

Ti relaxation rates are related to the transfer of 
rotational energy due to molecular collisions and 
thereby to the rate constants describing the transfer 
of energy level population probabilities [19]. 
Additional information on collisional transition 
probabilities is obtained from four-level double 
resonance investigation of collision-induced transi-
tions. 

The description and results of microwave-
microwave-double resonance (MWMWDR) experi-
ments for the investigation of collisional energy 
transfer in OCS pure gas and mixtures with non-
polar foreign gases will be the subject of a forth-
coming paper. 

Appendix 

Equations (3) and (4) are derived by developping 
the polarisation components P r and Pi in Eq. (2) 
in normal mode eigenfunctions TE w m (y-component) 

Pg(rJ) = ][Pgnm(z,t)sin(n7ix/a) 
n =1 
m = 0 

• cos(?n71 yjb), g = r,i (A.l) 

and retaining only the terms 

P g
1 0 (2 ,0 = (2/a) (I/b) (dx sin {TLX ja) 

0 

-\dyPg(r,t), g = r,i ( A . 2 ) 
ö 

as source for the TEio-mode in the wave equation. 



1179 H. Mäder • Tj-Relaxation for OCS Rotational Transitions by Foreign Gas Collision 

Then with the trial solution * 

E(r.t) = 2 sin (JZ xja) [er (z, t) cos (to t — kz) 
- £i(z,t)sm(cot - kz)] (A.3) 

for the field in the sample, the wave equation may 
be reduced under the slowly varying enveloppe 
assumption for P r , P i , eT and £i [21] to the follow-
ing equations for £r and Ei 

8f r 

~dz~ 

Sfi 

i 

1 de 

0£r I T 
27Z CO p. 10 

c)t 

Cg 
'2 71 CO 

Co 
PA (A.4) 

To derive Eqs. (A.4) use has been made of the 
relation (n/a)2 + k2 — ko2 = 0 for the TEio-mode 
[22] where ko = eo/co is the free space wave number 
with Co the vacuum light velocity. The product of 
microwave velocity and group velocity is constant, 
c • cg = Co2 [22]. 

Neglecting the terms 

(1/cg) (0£r/9f) and (l/cg)(öei/60 

in Eqs. (A.4) as usually valid in the microwave 
domain [2] and if co is not too close to the cut-off 
frequency of the waveguide, we rewrite Eqs. (A.4) 
in the form 

0£r 

~0ä" 
''71(0 S£i 

1 ' 
CG cz 

2 71 CO 
Pr I« 

With the boundary conditions 

£r (Z = 0) = £o , £i (Z = 0) = 0 

(A.5) 

(A.6) 

* Smal l effects f rom t h e change of the wave n u m b e r k 
dur ing t h e course of Stark-swi tching exper iments are no t 
considered here [20]. 

at the beginning of the absorption cell, we then 
have the solution for 2 = I, the sample path length 

2 71 0)1 
£r(0 = £0 

£i (0 = 

Pi(t), 

^PAt), 
Ca 

(A.7) 

where the definition of PT(t) is analogous to Eq. (4) 
for Pi{t). 

With Eqs. (A.3) and (A.7) the field at the detector 
(z = I) is given by 

E(r,t) = 2 £0 sin (71 xja) cos (cot — kl) 
471 col . , , , 

- sin(7r xja) + -
• [Pi(t) cos (cot — kl) 
+ PT(t) sin (cot — kl)]. (A.8) 

Taking the square of the r .h.s . of Eq. (A.8) and 
dropping all rapidly varying terms as well as the 
small terms in Pi 2 and P r

2 gives the final result, 
Eq. (3), for the transient change in output of a 
square law diode detector due to the absorbing 
medium. 
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