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With a K-band bridge type superhet spectrometer, the pressure dependence of the population
decay rate 1/Ti by using a (n, r, n/2) pulse technique, and of the coherence decay rate 1/T2 by using
a 7t/2-pulse technique, have been determined for the following systems at room temperature:
(a) rotational transition J = 0—1of fluoroacetylene (HCCF), (b) seven rotational transitions of sulfur
dioxide (S02) with 5^ J^37, both (a) and (b) with pure gases, and (c) /-type doublet transitions of
hydrogen cyanide (HC15N) in the (01*0) vibrational state with J = 9 and 10 using HC15N, H2, D2
and He as perturbers. A theoretical treatment of Bloch-type equations with a special attention to the
M-degeneracy of the energy levels is also considered to describe the microwave pulse experiments.
For systems (b) and (c), the values of l/7\ are found to be significantly smaller than corresponding
values of 1/T2, indicating adiabatic collisions as a dominant mechanism for the decay of sample
coherence. For the system (a), the value of l/7\ is found to be slightly greater than the corresponding
value of 1/T2. The normalized perturbative collision theory proposed earlier has been applied to
explain the results of systems (a) and (c). The unsatisfactory agreement between theory and experi
ment for the system (c) indicates that a nonperturbative approach or a higher order perturbation
treatment should be taken into consideration for a better description of collision dynamics.

I. Introduction
The relaxation time Tl describes the relaxation of
the population difference between two energy levels,
whereas the relaxation time T2 describes the relax
ation of sample polarization associated with two levels
of a transition under consideration. These relaxation
times contain different information about collisions. A
collision may be classified into one of the following
types depending on its effect on Tt and T2:
(i) Adiabatic collisions which change only the phase
of the wavefunctions of colliding molecules or the spa
tial orientation of the angular momentum without a
transfer of energy, contribute only to 1/T2.
(ii) Collisions which induce transitions between the
energy levels under consideration contribute approxi
mately twice as effective to 1/Ti than to 1/T2.
(iii) Inelastic collisions other than type (ii) contrib
ute similarly to 1/Ti ar,d 1/T2.
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There are very few systems for which both values of
1/Ti and 1/T2 have been investigated in gas phase
[1, 2]. For most systems studied so far it has been
found that the value of 1/Ti is equal to the corre
sponding value of 1/T2 within the experimental uncer
tainties. This indicates that collisions of type (iii) are
dominant in gas phase. In case of the N H 3 system it
has been found that the values of TJT2 lie between 1
and 2 for different inversion lines [3-5]. This behav
iour is due to the fact that collisions of type (ii) are also
important, besides collisions of type (iii), as has been
successfully explained using a perturbative approach
to collision dynamics [5-7], For some systems the
values of \/Tl have been reported to be slightly
smaller than the corresponding values of 1/T2 [8].
However, there was no system known previous to this
work for which the value of 1/Ti is considerably
smaller than the corresponding value of 1/T2.
Collisions of type (i) are generally believed to be
weak collisions, i.e. collisions for which the inter
molecular interaction energy is small with respect to
the spacing of rotational energy levels. On the con
trary, strong collisions are assumed to be inelastic
collisions with transition probabilities to many rota-

0932-0784 / 88 /' 0500-466 $ 01.30/0. - Please order a reprint rather than making your own copy.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung 4.0 Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
für Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution
4.0 International License.

S. C. Mehrotra and H. Mäder • Study of 7\- and T2-Relaxation by Microwave Pulse Techniques
tional levels, since the translational energy at room
temperature is very large with respect to the rotational
energy differences. However, a strong collision may
also be of type (i). This type of collisions was described
first using a nonperturbative approach to collision
dynamics [9], A first order perturbative treatment is
likely to underestimate the influence of adiabatic colli
sions. For example, in case of linear molecules such
theoretical procedure results in collision-induced
transitions of type (ii) and (iii) if only dipolar interac
tion is considered. Second order dipole-type collisional transitions would contribute to collisions of
type (i), which will make the value of 1/Tt smaller than
the corresponding value of 1/T2. Inadequacies of pre
vious first order perturbative approaches to binary
collision theory have also been found during recent
investigations on the pressure dependence of 1/T2rates for various /-type doublet transitions of HC15N,
exhibiting significant differences between theoretical
and experimental results [10].
The objective of the present paper is to report in
vestigations of the pressure dependence of 1jTx and
1\T2 for K-band transitions of HCCF, S 0 2, and
HC15N. In the next section, the experimental proce
dures are described. In Sect. Ill, Bloch-type equations
for two M-degenerate levels are considered to under
stand the performed pulse experiments.
A perturbative theory has also been used to com
pute the values of 1/Ti and \/T2 for HCCF and
HC15N with consideration of long range interactions.
The experimental and theoretical results are given in
Section IV. The conclusions of the paper are summa
rized in the last section.

II. Experimental
A K-band bridge type superhet spectrometer was used
for the measurements of Tr and T2-relaxation times.
The details of the spectrometer are given in an earlier
paper [11]. The relaxation time Tx was determined by
the "7i, t, 7i/2"-pulse sequence method as described
recently [12]. The power of the pulsed microwave
radiation was chosen to be about 100 mW in each arm
of the bridge for system (a), and about 250 mW for
systems (b) and (c). The relaxation time T2 was deter
mined with analysis of the transient emission signal
following a single pulse excitation [11], The experi
mental procedure is briefly described in the following.
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Before filling the sample gas into absorption cell,
the bridge was adjusted for carrier suppression to
achieve rejection of the microwave pulses. At a given
sample pressure, the pulse sequence experiment for
analysis of -relaxation was performed first accord
ing to the procedure given in [12]. Then, at the same
pressure, the second pulse of the sequence was re
moved and the first pulse was adjusted in length to
result in maximum transient emission signal after the
end of the pulse ("effective 7r/2-pulse"). With change of
the delay between the end of the first pulse and the
gate of the Boxcar integrator the averaged transient
emission signal was then probed to obtain informa
tion about r 2-relaxation. Thus, the experiments for
determination of 1/Ti- and l/T2-rates could be per
formed at different pressures one after the other, there
by eliminating systematic errors from pressure uncer
tainties.
When performing the pulse sequence experiments,
it has been observed that for the maximum microwave
power available in our experiments, the length of the
first pulse could not be adjusted for all investigated
systems to yield no observable signal during the delay
period between the pulses. Such "effective 7i-pulses"
could readily be achieved for the transition J = 0 —1 of
HCCF but not for the studied transitions of S 0 2
and HC15N. For the latter systems, a residual sample
polarization after the end of the pulse was observed
irrespective of the pulse length which was then ad
justed to approximately twice the length of an "effec
tive 7i/2-pulse" resulting in minimum emission signal
during the delay period.
As shown in the next section, the observed signal in
the pulse sequence experiment for determination of Tx
can generally be described by the expression
S(t)= £ Ak exp[ —f/Ti(K)]
K^O
(even)
+ £ BKe x p [-t/T 2( K ) - t2/4q2] + C,
KS 1
(odd)

(1)

where AK, BK, C are constants and the range of
K-values in the two sums depends on the J-values of
the considered transition. T^K) and T2(K) are relax
ation parameters defined in the next section, and q =
y/\r\2/2n AvD, with AvD the Doppler half width.
However, if one attempts to use more than one expo
nential term in (1) as a fitting expression for the ob
served signal, a very high correlation between the fit
ting parameters, i.e. AK, BK, C, 1/T^K) and 1/T2(K),
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has been obtained. Therefore "effective" values for
1/Tj were determined by neglecting the second sum in
(1) (i.e. assuming BK= 0 for all K) and taking only one
exponential term in the first sum, setting AK= 0 for
K =f=0 or assuming all relaxation parameters T[(X) to
be identical.
The value of 1/T2 was obtained by fitting the
observed signal of the transient emission experiment
according to the expression
S(t) = B exp[ —£/T2 —t2/4q2] + C

(2)

with B, 1/T2 and C as fitting parameters, where q was
kept fixed and calculated from the Doppler half width
of the investigated transitions.
From the fit results for 1/Tj and 1/T2 at different
sample pressures, the coefficients for the linear pressure
dependence were then evaluated by using a linear least
squares fit, weighting the 1/Ti an<^ 1/T2 data points
with their standard deviations in the expressions
1I T ^ ^ + ß^p,

(3a)

1/T2 = a2 + ß jP ,

(3 b)

respectively. For the pure gases, p is the total sample
pressure and the intercepts cc1 and a2 are primarily due
to wall collisions. In case of the mixtures of HC15N
with H 2, D2 and He, the contribution to 1/Ti an<^ 1/T2
from self-collisions of HC15N at a fixed partial pres
sure was subtracted from the experimentally deter
mined 1/Tr or l/T2-values and (3 a, b) were used for
the analysis with p being the partial pressure for H2,
D2 and He.
S 0 2 (purity 99.98%) was purchased from J. T. Baker
Co. and used without further purification. HC15N
(purity about 99%) was prepared from KC15N,
purchased from MSD Sharp-Dome Co. with 95%
isotopic abundance. Fluoroacetylene was obtained
with a purity of about 97% (having some impurities of
acetylene) by dehalogenation of E-l-bromo-2-chloro2-fluoro-ethylene with Mg in tetrahydrofurane, using
a similar method as given by Viehe et al. [13]. Pressure
measurements were made using an MKS Baratron
310 B capacitance manometer. A 20 1 bulb was
attached to the vacuum system in order to stabilize
the pressure. The pressure ranges for the pure gases
were 1 mTorr to 5 mTorr for HC15N and S 0 2, and
1 mTorr to 20 mTorr for HCCF. For the mixtures of
HC15N with H2, D2 and He the partial pressures for
the foreign gases were in the range from 1 mTorr to

20 mTorr at a fixed partial pressure of HC15N of
about 2 mTorr. All measurements were done at room
temperature.

III. Theory
The general theory of microwave transient phe
nomena has been discussed extensively in the litera
ture [14, 15]. However, little attention has been given
to the effects of energy level degeneracies on the ob
served molecular signals. The objective of this section
is to include the spatial M-degeneracy of rotational
levels in the theoretical description of "7i/2"- and
"7t, t, 7r/2"-pulse experiments. It will be shown in par
ticular that "effective 7r-pulses" may not be achieved for
transitions between levels with high M-degeneracy. As
pointed out in the previous section, such behaviour
has been observed for /-type doublet transitions of
HC15N and rotational transitions of S 0 2.
The theory to analyze the pulse experiments de
scribed above is briefly outlined here, following closely
previous formulations [8, 9], The considered energy
states are specified by the quantum numbers J and M
for the rotational angular momentum and its compo
nent with respect to a fixed axis (z) in space. According
to the eigenvalue equation for the Hamiltonian H° of
the free molecule,
H °\yJM ) = EyJ\yJM ),

(4)

the energy eigenvalues are additionally labelled by y
to specify the levels under consideration (e.g. + / —
parity of /-type doublet states or K_K + pseudo
quantum numbers for energy levels of asymmetric-top
molecules).
The total molecular Hamiltonian may be written as
H = H° —hze cos cot + Hc,

(5)

where the second term describes the electric dipole
interaction of (absorber) molecules with the external
microwave radiation, and Hc accounts for inter
molecular collisional interaction. /uz is the electric di
pole operator along the electric field component of the
plane polarized microwave radiation with amplitude £
and angular frequency co.
Let us consider radiation-induced transitions be
tween two sets of states | y(J, M ) and \yf Jf M ), respec
tively, that are degenerate in absence of external fields
and obey the radiative selection rule AM = 0. Then,
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the relevant equations of motion for off-diagonal and
diagonal density matrix elements, respectively, for the
system of absorber molecules described here, are given
as [14, 15]
e(iM,flU) = i(o0e(iM,fM)

(6 a)

+ i xMe cos co t [e (fM, fM ) —g (iM, i'M)]
- X i}M,fM | A | iM', /M '» g(iM', fM')
M'
- X €iM,fM IA IfM', /M'» g(fM', iM'),
M
g(iM, iM) = ixMe cos to t [e(/M, iM) —0 (iM, /M)]
- X «i'M, iM |yl|iM ',iM '»
M'
■[Q(iM',iM')-Q°{iM',iM')]
-X « iM JM \A \fM ', fM 'J
M'
■[g(fM', fM') - q°(fM', fM')]

(6 b)

and corresponding equations for g(fM, iM) and
g(fM, fM), where the short notation | i'M) and | fM )
has been used to specify the states of the considered
transition.
The basis functions for the matrix elements in
(6 a) and (6 b) are the eigenfunctions of H°, and
co0 = (</M | H °\fM ) —<i'M | H° | iM})/h is the Mindependent angular transition frequency. The transi
tion dipole matrix elements are assumed to be real
(<i'M|/i, |/M ) = <fM\fiz\iM}) and given in units of fi
by xM. The effects of molecular collisions due to the
contribution of Hc to the Hamiltonian (5) are taken
into account by elements of the relaxation supermatrix A. In the absence of external radiation, these
elements describe first order relaxation to thermal
equilibrium, which is assumed to be characterized by
a diagonal density matrix and then denoted by g°. The
sums in (6 a) and (6 b) are extended only over quantum
numbers M' of the radiatively connected states of the
two-level system, thereby neglecting in particular non
thermal population of all states outside the considered
manifold.
No attempt has been made here to consider the
effects of translational motion of molecules such as
Doppler shift of resonance frequencies, wall collisions
and absorber speed dependence of relaxation rates. In
addition, with the assumption of a constant electric
field amplitude e of the external microwave radiation,
field inhomogeneities due to mode distribution and
wall attenuation are not taken into account in the
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present treatment. The extension to a more general
treatment with inclusion of such velocity effects and
field inhomogeneities may be given by following
earlier theoretical discussions of microwave pulse
experiments applied to a system of two non-degenerate
energy levels [16, 17].
In general, the above density matrix equations can
not be solved in closed form. Therefore it is instructive
to understand the physical behaviour of the M-degenerate two-level system by using approximations.
Three cases are considered in the following sections.
Ilia ) Density Matrix Equations in Absence
of Collisions
With neglect of relaxation terms, i.e. collisional
interaction, the density matrix equations (6 a) and
(6 b) with different M-quantum numbers become de
coupled and each M-component of the transition may
be treated separately. Then, upon transforming to an
interaction representation and making use of the
rotating wave approximation, one obtains the follow
ing differential equations for each of the M-subsystems in the rotating Feynman-Vernon-Hellwarth
(FVH) representation [18]:
Um= -A o jV m,
(7 a)
Vm = AcoUm- x mWm,

(7b)

Wm = *MVM ,

(7 C)

where Aw = co0 —a>, xM= xMe, and UM, VM, and WM
are the components of a vector rM in a rotating FVHspace, related to density matrix elements as follows:
UM = o (iM, fM) exp ( —icot)
+ g(fM,iM) exp(icot),

(8 a)

VM = i [g(fM, iM) exp(icor)
-g(iM ,fM )exp(-icot)],
WM= g(iM, iM) —g(fM, fM ).

(8 b)
(8c)

The above coupled differential equations can be
solved by the Laplace transform technique. The solu
tions are
VM= [x2MUM(0) + Acoxm Wm(0)]/Q2m
+ ([Acd2 Um(0) - Acoxm Wm(0)]/Q2m) cos Qmt
—(AojVm(0)/Qm) sin Qmt ,

(9 a)

VM = VM(0) cos Qm t
+ ([Aco UM(0) - xMWMm t Q M) sin QMt,

(9b)
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WM= [Aw2 WM(0) + AcoxMUm(0)]/Q2m
+ ([*m ^m(O) - Aco xMUMm / ü 2M) cos Qm t
+ (xw FM(0)/ßM) sin ß Mt,

(9c)

where rM(0) = (UM(0), VM(0), WM(0)) is the initial con
dition of the vector rMat time t = 0, the onset of the
external radiation, and Q2
M= Aw2 + x2M.
Under the resonance condition, Aco = 0, the above
solutions can be simplified as
Um = U m(0),
(10a)
VM =VM(0)cosxMt - W M(0)sinxMt,

(10b)

= WM(0) cos xMt + VM(0) sin xMt.

(10 c)

The quantities UM and VM are related to the macro
scopic polarization of the sample, which is the observ
able quantity in our experiments. Explicitly, the polar
ization is given by summing over all M-components of
the transition [19]:
P = N £ OM | n: | fM )[UMcos a>t - V Msin w t),(ll)
M
where N is the number density of absorber molecules.
With use of a bridge spectrometer driven in the
absorption mode, the observed signal is proportional
to the polarization component Pl in quadrature to the
external radiation,
Pi = N Y .(iM \n z \ m V M
M
= J V X (-l)JrM f Ji Jf
m
\M - M

)ßtfVMt
0) lf M

(12)

where the Wigner-Eckart theorem has been used, fiif
denotes a reduced (il/-independent) transition dipole
matrix element, and the factor preceding ßif is a
3j-symbol.
Under the resonance condition, we obtain with
(10 b), (12) and the definition of xM
p' = n ^ ( m

-M

to the relaxation times characterizing the considered
two-level system. However, for M-degenerate energy
levels, each M-subsystem is characterizied by its own
Rabi angular frequency xM, and no simple sinusoidal
time dependence is generally obtained for Pt to make
the concept of n/2- or 7r-pulses applicable. Only for
special cases such as a roational transition J = 0 —1,
the sum in (13) can be reduced to a single term. For
transitions involving higher J-states, exhibits still
oscillatory time dependence but the length of "effec
tive n/2- or 7r-pulses" may be considerably increased
such that the above given solutions of Bloch equations
with neglect of relaxation are no longer valid.
This may be seen for example by inspecting the
time evolution for P{ of an /-type doublet transition,
given with (13) and the initial condition V^(0) = 0 as
2 NW0pl

f Ml
m?O M sin u t T + r y ^

1
1} •(14*

where thermal equilibrium at t = 0 has been assumed,
i.e. WM(0) = W° independent from M,
fiif = H l^ (2 J + l)/J (J + l)
has been used, and i is the molecular dipole moment.
The sum in (14) is restricted to positive values of M
since both + M and —M-components of the transi
tion contribute equally to Pt.
In Fig. 1, a plot of —P{, which is proportional to the
absorbed M W power [20], vs. [y. s/h) t is shown for two
/-type doublet transitions (/ = 1) with J = 1 and J = 10,
respectively. According to (14) a simple sinusoidal
time dependence of P{ is obtained for the J = 1 —1
transition, giving the length of a (true) 7r-pulse as
tn —h/^F. in this case. The corresponding time for the
length of an effective 7r-pulse for the J = 10-10 transi
tion is about 7.5 times longer as indicated on Fig. 1
when Pt is back to zero at r%7.5/i//ze.

%

(He/h)t
-^ (O )s in ^

_JfM I J (ßif sift) t

■ (13)

The dynamical behaviour of the system under reso
nant interaction with the external radiation can be
described with the solutions (lOa-c) or (13) for short
pulses, i.e. for pulse lenghts wich are short with respect

Fig. 1. Plot of —Pj (transient absorption) in arbitrary units vs.
(ne/h)t for /-type doublet transitions (/= 1) with J —1 and
J = 10. respectively. The thermal equilibrium value of the
population difference NW° is assumed to be identical for
both transitions. Dashed line: J = 1; continuous line: J —10.
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In case of the J = 10 —10 /-type doublet transition of
HCN (/ = 1) with f.i = 2.985 D [21] and a microwave
intensity of about 100 mW/cm2, typical for our experi
ment, an effective 7i-condition can then be achieved at
r%0.5 ps. For the higher pressures used in the experi
ments (% 5 mTorr), this time is comparable to the re
laxation times for this transition (% 1 (is). The actual
pulse length to achieve an effective 7i-condition is even
longer due to microwave field inhomogeneities which
are not considered here [17, 22], Therefore it is then no
longer justified to neglect the effects of collisions which
are treated in an approximate way in Section IIIc.

and corresponding equations for gfi(K) and gf f {K),
respectively. The "reduced" relaxation matrix elements
Aifi.f .{K) are independent of Q and describe collisional coupling only between state multipoles of same
tensor rank K according to the isotropic nature of the
relaxation process. They are related to the /1-matrix
elements by the linear combinations
Ai f r r (K)
— y (—1U'i-M' +Ji-M ( Ji Jf K) ( j 'i J 'f K
MM
\M - M 0 J \ M '- M ' 0
• (2 K + 1) «iM, fM | A | i'M', /'M '»

Illb) No External Radiation

or the inverse equation

With consideration of intermolecular interaction,
the relaxation terms in (6 a) and (6 b) must be included
in the theoretical treatment. In the absence of static
fields, i.e. M-degenerate rotational energy levels, it is
most convenient to expand the density matrix in an
irreducible tensorial basis, thereby accounting for its
symmetry properties. Explicitly, the following linear
combinations of density matrix elements are needed:

«iM, fM | A | i'M ',/'M '»

eif(K,Q)= I ( ~ \) j ' - m (2K + \)1'2
MM
J,
Jf K
g(iM\ fM).
M' - M - Q

(15)

Equation (15) defines so-called "state-multipoles" or
"statistical tensors" of rank K and component Q [23].
According to the properties of the 3j-symbol, K is
restricted to integer values between J, + Jf and \Ji —Jf \
(triangular inequality for J, , Jf and K). Furthermore,
for the present case of AM = 0 spectroscopic selection
rules (AT = M), only nonthermal elements with Q = 0
have to be considered, using the short-hand notation
Qif(K) instead of gif(K, 0) in the following. Then, the
inverse transformation of (15) is given by
Q(iMJM)
(16)

= Y (_lY'i-M +Ji-M ( Ji Jf
K
\M - M

(18)

K\ ( J 'i J'f K
0 A M ' -M ' 0

■(2K + l) Aifi.f . (K),

(19)

where K must satisfy simultaneously the triangular
inequality for Jh Jf and J,', J'f , respectively.
We now proceed as in Sect. Ilia by transforming
into a rotating FVH-space with introduction of the
variables
,
(20 a)
UK = ( - 1 )J' " ■ Qif (K) exp( - icot) + gfi(K) exp(icot),
VK = i [Qfi{K) exp(i co t)
- ( - 1 )■'<- ■
Jf gif (K) exp ( - i co t)],
WK= Qii( K ) -g ff(K),

(20 b)
(20c)

where the definition (20 c) of WKis restricted to integer
K-values in the range from 0 to Jt, with J, being the
lower value of 7, and Jf , respectively
Under the rotating wave approximation, use of (17)
and (20) leads to
l)K = -AcoVk - U k/T2(K),

(21a)

VK = + Aco UK- Vk/T2(K),

(21 b)

WK= - ( W K- W ^ /T ^ K ),

(21c)

In the absence of external radiation, i.e. e = 0 in (6 a)
and (6 b), the time evolution of the system may then be
described by differential equations for the state multipoles Qif(K) and gu(K) as follows:

where

gif(K) = ico0 gif(K) - Aifif(K)gif(K)

(22 b)
and collision-induced lineshifts have been neglected.
WK0 is the thermal equilibrium value of WK, which
may be shown with (15) and (20 c) to be different from
zero only for tensor rank K = 0.

- A iffi(K)gfi(K),

(17a)

ell( K ) = - A im(K)\ßli(K )-e°(K )]
- A iiff(K)[gff (K)-g°f f (K)]

(17b)

l/T2(K) = Re{Aifif(K)},

(22a)
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Equation (21c) has been derived under the assump
tion of similar scattering dynamics for initial and final
states, i.e. AiiU(K) + Aiiff(K)&Affff (K) + Affii(K)
for all K [14]. Extension to more general condi
tions requires the inclusion of population sums
Qu(K) + Qff {K), as treated recently in case of static
Stark fields [12].
The Eqs. (21a-c) are solved straightforwardly in
case of resonance, Aco = 0. to yield solutions for times
t > 0 with initial conditions UK(0), VK(0) and WK(0) at
t = 0:
UK = U K(0)exp[-t/T2(K)],

(23a)

VK = V K(0)exp[-t/T 2(K)],

(23b)

w K= WK0 + (WK(0) - WK0) exp [- f/ T (K)].

(23 c)

To relate the solutions (23a-c) to the polarization of
the sample, only the quantities U1 and Vx are needed
as seen with use of (11), (12), (15) and (20):
P = (N/y/ l ) fij-iiU1 cos cot — V1 sin cot].
Then, the polarization component
est here is given by

(24)

which is of inter

P, = (N/y/3) fift V1(0) exp[—r/T2(l)],

(25)

independent from the projection quantum number M
and describing exponential decay in the absence of
radiation.

I lie) General Case; Approximate Treatment
In the general case, both the effects of external
radiation and collisions have to be considered. This
may be done either by extending the treatment of
Sect. Ilia with inclusion of relaxation terms, or by
adding contributions from radiative interaction to the
equations for the state multipoles given in Section
Illb. In the first case, the density matrix equations
with different M-quantum numbers become coupled
due to collisional interaction of the molecules. In order
to simplify the treatment, it might be tempting to
neglect collisional coupling terms with AM ^ 0 and
thus treat each M-component separately. However,
such an approximation would not be very realistic
since M-changing and M-preserving collisions are
comparable in their contributions to the relaxation
process. This may be seen by inspecting the magni
tudes of the rate constants for collision-induced tran
sitions from rotational states | JM ) to | J'M '), defined

by
kjM. r AT= - V 'M ', J'M ' \A \JM , JM » ,

(26)

where further state labels y and y' have been omitted
for simplicity.
For example, the rate constant KJM 00, describing
collisional population transfer from an arbitrary state
| JM ) to the rotational ground state |00>, is shown to
be M-independent with use of (19):
, M , fo 0 0 \ / J J 0\
kjM, oo = ( ~ l)
(\0^ „0 J0 /( \M
w - M, , „U
0/ oo,,(0)
= ~ Aoojj(0)/(2J + 1)1/2.
(27)
Thus, in accordance with the symmetry properties of
the relaxation process, it is better to extend the treat
ment of Sect. III b with inclusion of radiative inter
action terms.
General differential equations for the state multipoles q„JK ) (n, m = i or / ) can be obtained from the
evolution equations (6a, b) with use of (16) and (17)
and have been reported previously [15]. For the pres
ent case of plane polarized radiation and electric di
pole selection rules it then follows that only even Kvalues (K = 0, 2, 4,...) are needed to describe non
thermal population terms Qu(K) and Qf f (k\ which are
denoted in the following shortly as nf and nf, respec
tively. On the contrary, only odd K-values (K =
1, 3, 5,...) characterize the sample coherence through
the linear combinations UK and VK (20, b) of offdiagonal tensor elements. Due to radiative inter
action, tensor elements of rank K are coupled with
those of rank K ± 1, e.g.
and n°f are coupled to Ul
and V1, which are in turn coupled to nf, n°f , nf and nj,
etc.
In general, the corresponding system of coupled
differential equations must be solved numerically. For
our purpose to discuss the influence of relaxation in
the course of short radiative interaction times it may
however be sufficient to use some approximations for
simplification of the problem. To do so, we first intro
duce the average level populations
ZQ ijM JM )
(ZJj + 1) M

(28)

with j = i, f. Using (15) and the properties of the
3 j-symbol, fij may be related to the population-type
tensor elements of rank K = 0, n®, according to
Hj = n]l(2Jj+1)1/2.

(29)

We now proceed by introducing the approximation
n j* e(jM JM ),
(30)
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which holds strictly only under thermal equilibrium
conditions. It then follows with (15) and an orthogo
nality relation for 3y'-symbols that
n? ^ 0 for

K > 0,

(31)

i.e. all population terms nf and nf with K = 2,4,...
are approximated by the corresponding equilibrium
values.
The important consequence of this approximation
is the decoupling of the differential equations for state
multipoles with K = 0 and K = 1, namely
V1
and Ul, from all others with higher tensor ranks.
Thus, since only V1 is needed to describe observables
in our experiments, the system of differential equa
tions to be considered reduced to
Ü1 = —Aw V1 —U1/T2(\),

(32a)

V1 = Aw U1 —x {Cfi n? - Cif n°f } - Vl/T2(1),

(32b)

np = x C f i V1/2 + kii An* + kfi An°f ,

(32c)

n°f = —x Cif Vl/2 + kff An°f + kif An?,

(32d)
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where x = Ax/y/3, W° is the M-independent thermal
equilibrium value of W, and changes of population
sum terms ni + nf from equilibrium have been ne
glected. The relaxation rates (35) are given by
1/T2 = 1/T2(1) = Re {Aifif(l)},

(36a)

1/7i = ± {ku + kff + kif B + kfi/B},

(36 b)

where B = [(2Ji + \)/(2Jf + \)]112, giving T, = 7\(0) for
Q-branch transitions.
We are interested here in the solutions of (35) for the
case of resonance (zlco = 0), which may be obtained by
the method of Laplace transforms. With the initial
conditions 1/(0) = K(0) = 0 and W(0) = W° at time
t = 0, the onset of the radiative interaction, we have
for t< 0
U(t) = 0 ,

(37 a)

V(t) ={W°jQ2) {exp( —r/T)

(37 b)

[(x/TJ cos Q0t - ( x 3 -\-5xlTJ sin Q0 f/ß0] —

(37 c)

W(t) = (W°/Q2p) {exp( —r/T)

where
Cfi = \ ! j l ( 2 J i + \),

},

[x2 cos Q01 + (x2/T) sin Q0 t/Q0] + 1/(T1 T2) },

Cif = 1 /^ 3 (2 ^ + 1 ),
where

x = fif i e/fi,
and the deviations of n° and n°f from thermal equilib
rium are denoted by An° and An°f , respectively. The
positive rate constants in (32 c) and (32 d) are defined by
ku = + AiUi(0),

(33 a)

kif = - W O ) ,

(33 b)

and corresponding equations for kff and kfi, respec
tively.
In order to derive (32), the general equations as
given elsewhere [15] have been used together with
approximation (31).
Introducing the variables
U = AU1,

(34a)

V=AV\

(34b)

W = (ni - nf )

(34c)

with A = {(J, + Jf + l)/(2 Jt + 1) (2 Jf + 1)}1/2, (32) may
be converted with use of (29) into the form of conven
tional Bloch-type equations for a two-state system
[14]:
Ü = -A w V -U /T 2,
(35a)
V = AwU - x W - V /T 2,

(35 b)

W = x V -(W -W ° )/T 1,

(35c)

\/T = \(l/T 1 + l/T2), Ö = \(\/T 2
Q; =\/{T1T2) + x2, and

im
Ql = X2 - ö 2.

In most cases of practical interest Q0 may be re
placed by x, the Rabi angular frequency, since it is
normally easy to fulfil the conditions x^><5. Further
simplification may be obtained under the condition of
high power and/or low pressure, where the conditions
x > 1/Ty and x p \/T 2 are satisfied. Then, (37) reduces to
U(t) = 0 ,

(38 a)

V (t)= —W° exp ( —r/T) sin x r ,

(38 b)

W(t) = W° exp ( - r/T) cos x r ,

(38 c)

which account for collisional damping from both Tr
and T2-relaxation in the exponential terms.
With neglect of contributions from relaxation for
sufficiently short times (r T), conventional pulse solu
tion as for a two-state system are obtained. In partic
ular, the observable quantity Pt is then given with (24),
(34 b), and (38 b) by
Pt = —(NW°/A v '3 ) ßfi sin x r .

(39)

It is interesting to compare the approximate solution
(39) for Pt with the exact solution (14) in absence of
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collisions given in Sect. Ilia for the case of a /-type
doublet transition. With the definitions of fifi,x,and A
we then obtain
P= ~

NW°

At/(2J + 1)

sorial Bloch equations, which then must be solved in
general numerically. However, as shown in the next
section, the treatments in Sects.Ilia and IIIb may be
used to describe the performed pulse sequence experi
ments for sufficiently low pressure.

v/3 J (i + 1)
sin

/

(40)

[y /3 J(J+ 1)
where ^ instead of has been introduced here to
discriminate from the exact solution (14).
In general Pt is different from Pt. However, for pulse
durations which are short with respect to the period of
a Rabi oscillation, i.e. (ns/h) t 1, we may linearize the
time dependence of Pt and Ph respectively. We then
obtain for P{
NW°
(41)
P,= - 3 J(J + 1) n l2(2J + l)(pe/fi)t,
and from (14)
P=-

2 NW°
.
J
p. I (p. s/h) t Z M \
J \J + 1)
M= 1

(42)

which gives the identical result as (41) since X M2 —
J(J + 1)(2J + l)/6. It may also be shown for R- and
P-branch transitions with neglect of relaxation that
both the rigorous treatment in Sect.Ilia and the
approximate treatment in this section yield identical
results for P( as long as the time dependencies may be
linearized for sufficiently short pulses.
With consideration of collisional effects as might be
necessary for higher pressures, the two-state Bloch
equations (35) are also particularly useful to describe
the time evolution of the system for pulse durations
which are short with respect to the inverse Rabi fre
quency.
For longer pulses the corresponding solutions are
less accurate, as may be seen for example by compar
ing the results discussed in Sect. Ilia for an /-type
doublet transition with / = 1 and J = 1 or J = 10, re
spectively. Using the approximate solution (41) for Ph
the length of a "7r-pulse" is given by tn = v//3/2(/i/pe)
% 1.22 (h/p e) for J = 1 and tn%8.80 (h/fji e) for J = 10.
These times are somewhat longer than the previously
obtained values for 7r-pulse periods (h/p e and 7.5 (h/p e),
respectively) when treating the radiative interaction
rigorously.
The above results indicate that the exact treatment of
longer pulses requires both the inclusion of relaxation
and - due to the radiative interaction - the consider
ation of tensor terms with K > 1 in the coupled ten-

Illd) Effect of M-Degeneracy on "n/2"- and
"n,x, n/2"-Pulse Experiments
In a single ("n/2"-) pulse experiment, the observed
signal in the bridge absorption mode is proportional
to Pt after pulsed excitation of the molecular sample as
described by (25). The effect of M-degeneracy is only
contained in the initial conditions at the onset of the
transient emission signal. According to the consider
ations in the previous section, the signal amplitude is
depending on the length and amplitude of the micro
wave pulse and in general also influenced by colli
sional interactions. However, the decay behaviour of
the signal due to relaxation is purely exponential and
characterized by a single relaxation time T2(l). With
inclusion of Doppler dephasing [20] we then obtain
expression (2), which has been used for data analysis.
For the treatment of the ("7r, t, n/2"-) pulse sequence
experiment we proceed as follows: Assuming sufficient
ly short pulses, we may neglect collisional effects during
the pulse periods and then use the approximate results
of Sect. Ilia for UM, VM, and WM to describe the time
evolution of the system. In absence of radiation the
time dependencies of UK, VK, and WKare obtained by
solving the tensorial Bloch equations according to the
treatment in Sect. Ill b. In order to combine the results
from both treatments, it will be necessary to transform
from one set of variables into the other. For simplicity
we will consider here only Q-branch transitions as
applicable to the studied /-type doublet transitions.
R- and P-branch transitions are treated similarly,
essentially following the same train of thoughts.
For Q-branch transitions we have with (8), (15), (16)
and (20)

and the inverse equation
X„ = I ( - 1 ) j - m(2K + 1 ) " ^

_ Jm * ) * «

(44)

where X stands for U, V and W, respectively.
As stated previously, the coherence-type state
multipoles UK and VK vanish for even values of K,
whereas the population-type tensor elements WK
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vanish for odd values of K. In thermal equilibrium, UK
and VKvanish irrespective of K, and WKis zero unless
K = 0.
We now identify the times involved in the sequence
which starts at t = 0 with the system in thermal
equilibrium conditions (l/M(0) = VM(0), WM(0) = W°).
After the application of two pulses of length and t2,
respectively, with a delay time t between the pulses,
the signal is opbserved as a function of t, taking data
after a short delay time x with respect to the end of the
second pulse.
According to the experimental conditions, only the
resonant solutions of the Bloch equations (7) and (21)
will be considered. As consequence, the variables UM
as well as UKremain zero during the sequence and are
therefore omitted in the following.
Using (10b, c) and the initial condition at t = 0, we
obtain the following solutions for VM and WM at
f = t j , the end of the first pulse:
VM(tx) = —W° sin xMty,

(45 a)

WM(tl)=

(45 b)

W° sin xMt t .

In order to describe the system evolution during the
delay period between the pulses, we have to use the
appropriate treatment of Sect. III b which gives with
(23 b, c)
VK(t1 + t) = F K(t1)exp[-T/T2(K)],

(46a)

WK(t1 + t)= WK0 + {WK(tx) ~ WK0) exp[-r/T ^K )],
(46 b)
where the initial conditions K * ^ ) and WK(t1) are
obtained with (43) and (45 a, b) as
V*(tl) = - M / ° £ ( - 1 ) j - m'(2K + 1)1/2
M'
J
J
K
sin xM. ty (47 a)
M' - M ' 0
for odd values of K, and
WK{tl) = W ° X ( - l)J ~M'(2K + \)112
M'
J
J K
cos xM.ty
M' - M ' 0

(47 b)

for even values of K.
The second pulse of length t2 achieves conversion of
population difference to polarization, which is related
to the observables in our experiments. Thus, we must
consider only the solution for VM under resonant
interaction during the second pulse, which is given
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with (10b) at time t = t l +x + t2, the end of the pulse,
by
VM(tx+x + t2)
= VM{t1+ z)cosxMt2 - W M(t1+ z)sin x Mt2. (48)
The initial conditions VM(tt +T) and WK(tl + t) are
given with (44), (46 a, b) and (47 a, b) by
V»i{ti+*)
= - W ° Z Rmm.k exp [-T/T2(K)] sin xM. t , , (49 a)
ATK
^ (fi+ t)
=

(49 b)

Z Rmm-A 1 + e x p [-t/T 1(K)](cosxM,r1-l)}
M'K

= W° + W° E RMM.Kexp[-T/T1(K)](cosxM, t , - 1),
MK
where we have introduced the short notation
f W K= ( - l ) M~M(2K + l)
7
'
M -M

J
0 J \M ' - M '

0

,50)

and an orthogonality relation of 3^-symbols (X Rmm k
= 1) has been used. According to the properties of VK
and WK, the sums (49 a) and (49 b) are restricted to
odd and even values of K, respectively.
The transient emission signal which follows the sec
ond pulse is proportional to P( and probed after a
short delay time r' with respect to the pulse end. We
therefore need Pi(tl + T+ t2+ x'), which with (25) is
given by
Pi{t1+x + t2-\-x')
= (N /\/3) fifi V1(t1+x + t2) exp [ —t'/ T2(1)], (51)
where, according to (43) for K = 1
Vl (t1 + x + t2)

(52)

= {J(J + \)(2 J+ \)/3 } ~ i'2ZM VM(t1+x + t2).
M
Since the pulse lengths tlf t2 and the delay time x'
remain fixed in the course of one experiment,
Piity +x + t2 + x') will be denoted shortly as /?(t) in the
following and is given with (48), (49 a, b), (50), (51) and
(52) by
Pi(x) = D \ X i4*exp[-t/7i(K )]
j KgO
(even)
+ Z BKcxp[-x/T 2(K)] + c \ ,
K^ 1
f
(odd)

(53)
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where
D (= - NW0 ßfil y / j ( j +1) (2 J +1) exp [ - x'/T2(1)])
is independent of r, and the constants AK, BK and C
are given by
AK= £ MRmm k(cos xm tj —1) sin xMt2,
MM

(54 a)

Bk= £ MRmm k sin XM' h COS XM12■
>
MM

(54 b)

C = X M sin xMt2
M

(54 b)

sition and are characterized by the lengths rt = h/pe
and t2 = h/2pe, respectively. Then, using (54a-c) for
the evaluation of zi0 (= -8/3), A2 ( = - 4/3), B1 (= 0)
and C ( = +2), we obtain with (55)
P{(T)= -N W °n { 1—(4/3) exp[-t/7i(0)]
—(2/3) exp [ —r/T-l (2)]}. (56)

with Ak = 0 for K odd and BK= 0 for K even, respec
tively.
Both Ak and BKdepend on the lengths t x and t2 of
the two pulses, whereas C depends only on the length
of the second pulse. With inclusion of Doppler
dephasing, which contributes only to the coherence
decay terms [17], (53) is of the form of the general
expression, (1), for the description of the observed
signal in the pulse sequence experiment.
It is interesting to see that, because of M-degen
eracy, more information about collision dynamics can
generally be obtained in the form of the relaxation
parameters T: (K) (K even) and T2(K) (K odd) by
using a "n, t, 7r/2"-pulse sequence. However, due to
the limited accuracy of the experimental results, it was
only possible to determine "effecticve" ^-values for
the investigated transitions as described in Section II.
This point may be illustrated somewhat more quanti
tatively with inspection of the theoretical expression
for Pj(z) for the example of /-type doublet transitions,
given with (53) by

Note that Pt (t) - 1- 2 exp [ - r/T J if Tx(0) = T2(2) = Tx
is assumed, which corresponds to the result obtained
for two-level systems without M-degeneracy [22] or
with + M-degeneracy in case of static Stark fields [12].
Deviations from single exponential decay behaviour
would thus indicate a difference of the two Tr rates for
this transition.
In case of the J = 10—10 transition, terms up to
K = 20 in (55) must generally be considered. Numerical
calculations indicate that the magnitude of the coeffi
cients Ak and BK decreases rapidly with increasing
tensor rank K. For example, choosing t1Kl.5(h/pe)
for an effective 7r-pulse and t2 %3.5 (h/p e) for an effec
tive 7r/'2-pulse, which achieves maximum polarization
(see Fig. 1), one obtains AK/J(J +1)% -1.07, -0.30,
-0 .0 8 ,... (K = 0,2,4,...) and BK/J(J +1)%0, 0.27,
0.01,... (K = 1, 3, 5,...). Terms with higher K are not
quoted since they are too small (< 10-3) to signifi
cantly contribute to the observed signal as described
theoretically by (55). This result may be used to justify
the asssumptions made for the analysis of the investi
gated /-type doublet transitions with J = 9 and J = 10,
respectively, namely the consideration of only one
term in the sum for population decay and neglect of all
coherence decay terms which are additionally damped
due to the Doppler effect.

N W °ul ,

+ Z Bk exp [ - t/T2(K) - t 2/4 q2] + C J,

(55)

where we have assumed t' = 0 for simplicity and
Doppler dephasing has been included in the coherence
decay terms.
For t —>oo the sums in (55) vanish and P{(r->oo) is
then given by solution (14) for single pulse excitation.
For finite t-values, two /-type doublet transitions
(/ = 1) with J = 1 and J —10, respectively, may be con
sidered as an example.
According to the discussion in Sect. Ilia, true n- and
jr/2-pulses can be achieved only for the J = 1 —1 tran

IV. Results and Discussion
The experimental values for the coefficients ß l and
ß2 to describe the linear pressure dependence of \/Tx
and 1/T2, respectively, according to (3 a, b) are given
in Tables 1 and 2 together with the resonance fre
quencies for the investigated transitions. Table 1 con
tains the results for the rotational transition J = 0 —1
of HCCF in the pure gas and for /-type doublet transi
tions in the (Ol^-state of HC15N with J = 9 and
J = 10 in the pure gas and mixtures with H2, D2 and
He. The Table gives also the theoretical values com-
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Table 1. Experimental and theoretical values of the coefficients ßj and ß2 for the linear pressure dependence of 1/Tj- and
l/T2-decay rates for the J = 0 —1 rotational transition of HCCF and two /-type doublet transitions of HC15N at room
temperature in the range from 298 K. to 303 K. Errors in parantheses are in the last digit given and twice the standard
deviation.
System

Transition

Absorber

Perturber

hccf
h c 15n

hccf
h c 15n
h7
d2
He
h c 15n
h2

h c 15n

Frequency

7 —0—1
1-doublet
j = 9, t?2= 11

19 412.361
19 055.300

j = 10, v2= \ 1

23 284.616

ß{ [|is 1mTorr

He

ß2 [(is 1mTorr

Experiment

Theory

Experiment

Theory

0.0443(15)
0.074(11)
0.011 (1)
0.010(1)
0.009 (2)
0.067 (9)
0.012(2)
0.010(1)
0.009(1)

0.0616*
0.162
0.018
0.015
0.008
0.162
0.018
0.015
0.008

0.0410(8)
0.216(3)
0.032 (4)
0.026 (4)
0.012(1)
0.214(1)
0.033 (5)
0.025 (5)
0.011 (1)

0.0488*
0.229
0.036*
0.030*
0.015*
0.227
0.036*
0.030*
0.015*

* Unnormalized approach [10], others normalized.

Table 2. Experimental and theoretical values of the coefficients and ß2 for the linear pressure dependence of 1/Ti- and
1/T"2-decay rates for different rotational transitions of S02 at room temperature in the range from 298 K to 303 K. Errors
in parantheses are in the last digit given and twice the standard deviation.
Transition*
J(K _,K+)-J'(K '_,K '+)

Frequency
[MHz]

5(2,4) - 6(1,5)
8(2,6) - 9(1,9)
12(3,9) -13(3, 12)
21(5,17)-22 (4, 18)
24(4, 20)-23 (5,19)
35(6, 30)-34(7, 27)
37(8, 30) —38(7, 31)

23 414.250
24 083.348
20 335.405
24 039.616
22 482.558
25 049.443
19 637.045

[|is-1 m T o r r ß2 [|is~1mTorr"
— ------ ---------------- — — -----This work
Ref. [24]
0.0801 (54)
0.0870 (40)
0.0970(18)
0.0903 (28)
0.0907 (40)
0.0793 (62)
0.0679 (60)

0.0972 (34)
0.0966 (28)
0.1014(30)
0.1096 (22)
0.1062 (46)
0.1010(52)
0.0949 (78)

0.0933(14)
0.0969(10)
0.1068(10)
0.1088(22)
0.1082(24)
0.1007(10)
0.0932 (10)

Upper energy level first.

puted from the theory proposed earlier [10]. Table 2
gives the experimental results for seven rotational
transitions of S 0 2 in the pure gas. The results for ß2
in this work agree well with previously determined
values [24], using a MWFT spectrometer with hetero
dyne detection of the transient emission signal at an
intermediate frequency of about 30 MHz.
According to the discussion in Sect. Ill, the theoreti
cal values for the pressure dependence of 1/Ti and
1/T2 may be related to the elements of the relaxation
supermatrix A. As far as the Tt-rates are concerned,
ßl p may then be expressed as a sum over rate con
stants kjM yM' for collision-induced transitions from
states |jM} to |j'M'} as defined by (26). Explicitly,
using the definition (36 b) of 1/Ti and properties of the

/l-matrix [14], we then obtain straightforwardly
hp = \ £
+

1
2J, + 1

1
m,/M' ^/M', ;M+ £ kiM jM)
2 J, TT
+1 (^liW./M' + ^/M'.iM^ j*i,f
+ £ kfM, jM
j*i,f

. (57)

From the principle of detailed balancing, it follows
that kiMtfM. = kfM. iMexp (—# eo0//cT)« kfM. iM since
the energy level difference for the investigated transi
tions is small with respect to kT.
Then, (57) may be somewhat simplified to yield a
result identical to the expression given elsewhere [25]
which was based on a different definition of 1/TiWith inspection of (57) we see that there are no contri-
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butions to Ty from pure phase changing collisions
since all rate constants describe a change of state.
Further there are no contributions to from reorien
tation collisions, i.e. collisions of the type jM -> jM '
which change only the projection number M of rota
tional angular momentum. Finally, comparing the
contributions from rates for collision-induced transi
tions to levels outside the energy levels under consid
eration (iM ^jM ', fM-+jM', + f ) with those from
rates from population transfer between the two levels
(/M<-»/M'), it follows that the latter contribute approx
imately with twice the weight. For Q-branch transi
tions the weight ratio is exactly 2.
Relating the pressure dependence of 1/T2 to ele
ments of A according to (36 a) leads to a more compli
cated expression, since it contains contributions from
rates for collision-induced level changes, reorientation
collisions and state-preserving phase-changing colli
sions, and the sums over M and M' contain M-dependent weight factors [25]. We will consider here only the
result for a J = 0 —1 transition which, identifying the
state labels i,f and j only by the rotational quantum
numbers 0, 1 and J, respectively, gives [26]

neglect of molecular velocity effects [16, 19] and
microwave field inhomogeneities [17], assumption of
pure exponential T{-decay [12], etc., the small difference
between the two rates is thought to be not very mea
ningful. This result of very similar Tr and T2-rates has
also been found for rotational transitions of
linear molecules in low J-states, like OCS [22, 27],
HCN [28] and HCCCN [12, 29]. On the contrary, as
seen from the further results in Tables 1 and 2, signifi
cant differences between the rates for Tr and ^-relax
ation were found for the investigated systems with
HCN and S 0 2 as absorber molecules. Except for the
HCN —He system, the coefficients ßy for the pressure
dependence of 1/Ti are significantly smaller than the
corresponding experimental values for ß2. With refer
ence to the present discussion, the observed differences
of Tx- and T2-rates indicate a predominance of adiabat
ic collision rates which contribute only to 1/T2, over
the rates for collision-induced transitions between the
levels of consideration which contribute more effec
tively to 1/7;.
The results for the J-dependence of
and ß2 for
the rotational transitions of S 0 2 in Table 2 are illus
trated in Fig. 2, indicating an increasing difference be
tween the rates for increasing J. The maximum of
\J±O.M'
J+1.M'
J
the interpolating curves reflects mainly the maximum
H L k10_lM + \(k 00 + klo), (58)
of the Boltzmann distribution of perturber states,
AT=t=0
weighting the most effective inelastic collisions with
where the last two terms account for "adiabatic" colli
near resonant exchange of rotational energy.
sions without transfer of energy, characterized by the
The theoretical results given in Table 1 have been
rate constant
obtained by using the modified Murphy-Boggs
^oi = i X
IM' + i(koo +
(59) theory [30] with consideration of long-range (dipole-,
M'=t=0
quadrupole-, induction- and dispersion-) intermolec
The first sum in (59) describes reorientation collisions ular interaction. For the computation of inelastic rate
within the J = 1 level, and k00 and k10 are rate con constants which enter into expression (57) for 1/T1; the
stants to describe collisions which change only the normalization procedure as proposed earlier [10] has
phase of the wave functions for the states |00> and been used except for the results indicated with sub
110), respectively.
script (*) where the value of Nt is chosen to be 1 in
Comparing (58) with (57), the difference between the (A 8) of [10]. The molecular parameters for HC15N,
rates ß Yp and ß2p is given by
H2 and He are given in [10]. The rotational constant
for
D2 is given by 917.87 GHz [31], and all other
ßi P - ß 2 P = -2 T. Ko. IM- + £ * 10.00 - K i , (60)
M'
parameters used were the same as for H2. The param
i.e. collision-induced transitions between the two levels eters used for HCCF were 9.70617 GHz for the rota
increase 1/Ti whereas adiabatic collisional transitions tional constant, 0.75 D for the dipole moment and
increase 1/T2. The same arguments hold also for transi 7.94 DA for the quadrupole moment as given else
where [32],
tions involving higher J-states.
The observed T2-rates are generally better repro
As seen from Table 1, the experimental value for ßy
for the J = 0 —1 transition of HCCF is only about duced by the theoretical results than the correspond
8% larger than the corresponding value for ß2. With ing Tx-rates for which the agreement is in general
regard of the assumptions made in the analysis, e.g. poor. This indicates the limitations of the exponential

S. C. Mehrotra and H. Mäder • Study of 7\- and T2-Relaxation by Microwave Pulse Techniques

467

[ps-1 mTorr-1 ]
a

e

0.10 -

Fig. 2. Experimental values of
the coefficients /?, (i = 1,2) for
the linear pressure dependence
of 1/Tj and 1/T2 for R- and Pbranch rotational transitions of
S02 vs. rotational quantum
number J of upper energy level.
Circles: ß,, squares: ß, (this
work), triangles: ß2 (Ref. [24]).
Dotted lines: interpolating
curves for the ./-dependence of
ß, and ß2.

T T

0.0510

20

approximation for the non-diagonal matrix elements
of the time development operator in [10]. Thus, to
understand the observed differences between the T1and T2-rates more quantitatively, a nonperturbative
approach or higher order perturbation treatment of
collisional scattering dynamics is essential.

V. Conclusion
Summarizing the results of this paper, we conclude
that values for the coefficients of the linear pressure
dependence of 1/Tt and 1/T2 have been determined for
various molecular systems with transitions in K-band,
using a superhet bridge-type spectrometer. For the
measurement of both decay rates, identical conditions
of pressure and temperature have been used. Except
for the J = 0 —1 rotational transition of HCCF, Txwas
found to be significantly greater than T2 for 1-type
doublet transitions of HC15N and rotational transi
tions of S 0 2. These results indicate the importance of
adiabatic collisions which contribute only to T2. Such
collisions may result from "weak" but also from
"strong" collisions, which are not properly treated in
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