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The highly sensitive method of infrared-radio-frequency double resonance inside a laser cavity has been
applied to the observations of “pure” nuclear quadrupole resonances of gaseous CH,l corresponding to the
transitions AJ = 0 and AF = 4 1. Radio-frequency signals with large signal-to-noise ratios (~ 10%) have
been observed for many CO; and N,O laser lines. The characteristic pattern of the radio-frequency spectrum
specific to each rovibrational level has enabled us to assign the rotational levels, the infrared coincidences,
and the associated far-infrared laser transitions unambiguously. From the radio-frequency ‘spectrum the
accurate vibrational and rotational dependences of the nuclear-quadrupole coupling constant and the values of
the spin-rotation coupling constants have been determined. Because of the high sensitivity of the method, it
was possible to observe collision-induced radio-frequency resonances as satellites to main line. This effect not
only increases the number of observable quadrupole resonances, but also provides information on the detailed
mechanism of rotational energy transfer. This method of observing “pure” quadrupole spectra of gases is
applicable to any polar symmetric-top molecule with hyperfine structure which has rotational levels with

double parity.

I. INTRODUCTION

The intensity of radio-frequency (rf) absorption
spectrum is very small for two reasons: (i) the
low energy of a photon kv, and (ii) the small popu-
lation difference in thermal equilibrium of Zv/kT.
In molecular-beam resonance methods, one suc-
cessfully avoids these points (a) by detecting mole-
cules rather than radiation, and (b) by using state
selectors to produce very nonthermal populational
distribution. The infrared-rf double resonance
in a laser cavity, used in the present paper;?
avoids these points (i) by detecting infrared laser
radiation rather than the rf radiation, and (ii) by
producing a nonthermal distribution by infrared
pumping.? The nonlinearity of the laser action
further amplifies the signal. Thus we obtain a
sensitivity which is several orders of magnitude
greater than the straightforward absorption me-
thod. This highly sensitive method is now applied
to observations of the rf nuclear quadrupole spec~
trum of gaseous CH,L

Nuclear quadrupole resonances are normally
observed in solid-state samples in which a great
number of nuclei give a few resonances.® An ex-
tension of this method to gases was first attemp-
ted by Sterzer and Beers®* based on the idea that,
although the density of nuclei is much less in
gases than in a solid, the electric dipole moment
rather than the nuclear magnetic moment is used
as the transition moment. However, because of
the two factors mentioned earlier, and because of
the large partition functions of rotational levels,
the observed signals were very weak in spite of
the use of a long (6 m) rf cell and a long time con-
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stant of detection. Also the appearance of many
lines corresponding to different rotational levels
made the spectrum very dense. This method
therefore has not been pursued further. The
double-resonance method which we exploit here
eliminates the last-mentioned difficulty because
the laser singles out a pair of rotational levels
associated with the pumping. A similar method
which uses microwave-rf double resonance has
been reported by Basov and Osipov® and by Osi-
pov.® (See also a proposal by Shimoda.”) During
the final preparation of this manuscript we also
learned of the work by Sakai which is very similar
to the work described in this paper. He observed
“pure” nuclear quadrupole resonances of CH,I,
CD,lI, and CH,Br.®

II. THEORY
A. Double resonance
The basic experimental set up to be analyzed is
shown in Fig. 1. A coaxial rf cell containing CH,I
at a low pressure (~10 mTorr) is placed in an in-
frared laser cavity. The infrared laser line co-

incident with the molecular absorption is chosen
by rotating a plane grating. For such a laser line
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FIG. 1. Basic experimental setup for ir-rf double
resonance inside the laser cavity.
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FIG. 2. Operation of infrared rf double resonance
in saturated regime.

the CH,I gas acts as a load. A powerful rf radia-
“tion (~ 5 W) is applied and its frequency is swept
while the output laser power is monitored. When
the rf frequency passes through a resonance, the
load characteristics of the gas changes and a
sharp variation of the laser output power is ob-
served. .

The response of molecules to the two radiations
can be understood using the energy-population dia-
gram shown in Fig. 2 [ see also Ref. 2(b)]. The
laser radiation with angular frequency Q- interacts
with a group of molecules with a velocity compo-
nent v which satisfies

Q.=2001zxv/c)=9, . (1)

Thus at a high-laser power and a low-gas pres-
sure such as those used in our experiment, two
symmetric “holes” are bleached in the Maxwellian
velocity profile in the ground state and two
“spikes” are produced in the excited state; this
causes large nonthermal populational distributions
between levels 1 and 2 and between 3 and 4 | Fig.
2(a)l. . :

When the rf frequency w is tuned to resonance in
the ground state w,, [Fig. 2(b)], it transfers mole-
cules from the level 1 to 2 thus increasing the load
characteristics of the gas. When the steady state
is reached, the load for the laser is due to relax-
ation, i.e., the supply of molecules from other
levels by collision. Such a supply is nearly dou-
bled when-the resonant rf radiation is present be-
cause the supply is made through two levels rather
than one.

When w is tuned to resonance in the excited state
w4 [Fig. 2(c)], the spikes produced in the level
4 are transferred to the level 3, again increasing
the load characteristics of the gas because of the
increased population difference for the infrared
transition. When the steady state is reached, the
load characteristics of the gas are larger because

of the doubled channel for drain of pumped mole-
cules. The double resonance occurring in the
ground state and that in the excited state give sig-
nals that are very similar.

In the discussions given above, the infrared

"pumping of the 3 -1 transition was neglected for

simplicity. If w,,# w,, but |w,, —w,|<Awp, where
Awjy represents the Doppler width for the infrared
transitions, the laser interacts with two groups of
molecules with different velocity components
through the two infrared transitions 42 and 3 - 1.
For this case we can use the same discussion as
above except that now the two groups of molecules
contribute to the signals. If, on the other hand,
w,, is equal to w4, within the homogeneous broaden-
ing of the transition, the laser radiation bleaches
holes in the levels 1 and 2 and produce spikes in

3 and 4 for molecules with the same velocity com-
ponent; the rf radiation then does not change pop-
ulations and no signal is obtained. This was dem-
onstrated by experiments for high J parallel
transitions where the hyperfine splittings are very
similar in the ground and excited states.

B. Rate equations

In the qualitative discussions given above, we
considered only variations in number of mole-
cules and their effect through absorption, that is,
coherence and dispersive effects were neglected.
Within this approximation, .the discussion can be
made more quantitative by using rate equations.
Similar treatments have been given by Takami®
and Shimoda® for infrared-microwave double
resonance [see also Sec. 5 of Ref. 2(b)], and by
Wormbecher, Harris, and Wicke' for optical-
microwave double resonance.

The rate equation can be written

20 =) k@, 0)- 0 +R@)E0), @)

where fi(v) is a vector composed of #;(v) which
are taken such that »;(v)dv represents the number
of molecules in the ith level with a velocity com-
ponent between v and v +dv. - The collision matrix
K'(v, v’) has off-diagonal matrix elements
k;;j(v")p;;(v,v"), which represents rates for the
collision-induced transitions { —j with a velocity
variation v - v’, where p;;(v, v’) is normalized by"!
e .

S puwenan=1 @)
If we neglect velocity-changing elastic collisions,
we obtain formally for diagonal elements

pii0,v")=8(,0"), 4)

where 6(v,v’) is Dirac’s 6 function, and



ku(v)=‘f+w Z,k}i(v)pji(vla v)dv’

=-) k;(0)=-;). ©(5)
i

The radiative matrix R (v) does not change » and
for the situation shown in Fig. 2, has only four
pairs of off-diagonal elements and four diagonal
elements. The off-diagonal elements are

. _ i | uis|? E}
Riy(v) 2r* (Q,=wy,; P +7f;

EZ
R - 6)
(ﬂ_"wu)z"'?’izj) ’ : (
with (5,7)=(3, 1) and (4, 2) for the infrared transi-
tions induced by the traveling wave laser fields E,
and E_, and :

__vylw; PES :
Rg 217 (w = wy P +ydl : ' @

with (¢, 7)=(2,1) and (4, 3) for the transitions in-
duced by the rf field E,. The diagonal elements
are R;;=—2 /R;; withi=1, 2, 3, and 4.

C. Thermal bath model

The steady-state molecular populations are ob-
tained by solving Eq. (2) with n(»)=0. In order to
express the solution in analytical form, however,
a further simplifying assumption is needed. The
simplest model which is almost always used (see, .

for example, Ref. 12) is the “thermal bath” model.

In this model collisional transfer of the popula-
tional change .induced by radiation to other levels
is neglected. Mathematically, this amounts to
equalizing the molecular population »;(v) which are
not directly interacting with radiation to their
equilibrium value 7§ (v) and neglect k,,, k,,, etc.
compared with y. By using Egs. (3)-(5) and the
principle of detailed balancing

Ry py; (v, v’)n}’(v')=k,i(v)p,¢(v’,v)n?(v) ,  (8)

we then have

+ 0 N
2 Ry, 'm0
i

=y @@) - m@)]. Q)
Thus we have for our system the rate equations
ity = ~yo(ny =n3) + Ry (ny = n,) +Ryy (g = 1,) =0,
hy = =75 (ny = 13) + Ry (; =15) +Ryp(ny = 1,) =0,

. 10
Ny ==YoNg +R43(n4_n3)+R31(n1 _n3)=0 ) ( )

Ry = ~yony +Ryg(ng = n,) +R (1, — 1,) =0 .
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In Eqgs. (10) the velocity v is dropped from #;(v)
and y;(v) for simplicity, the equilibrium popula-
tions in the vibrationally excited states nJ and n
are neglected, and y; (¢=1, 2, 3, and 4) are as-
sumed to be equal to y,.

D. Molecular population

I |wyy =Wyl = [wg =Wy |>u,EM, v, we can
consider the group of molecules with the velocity
condition [Eq. (1)] for Q,=w,, separately from the
other for Q,=w,,. Solving the three steady-state
equations for n,, n,, and n,, withR;, =R ;=0 we
obtain the variation of the population difference
n, —n, (which determines the laser operation) with
and without the rf radiation w,, as

‘ _ Yo R /F
Alny@) = @)1 =7 TR0y, 1 +(1/'y(2)1+ 1;1*2)R21
n(v) = n2(v) ’
x (—l—% o ) a1

where the effective relaxation rate

- R, ()
I,=T,=v, <1 +%—+§4—2-®) (12)
has been introduced. The last expression in Eq.
(11) multiplied with y, represents the population
difference between levels 1 and 2 under infrared
pumping. In order for this to be large, it is es-
sential that T, is appreciably different from y,,
that is, from Eq. (12), R,,(v)Zvy,(infrared satura-
tion). However if the infrared radiation is too
strong (R, > v,) the first factor in Eq. (11) reduces
the effect of rf resonance. For »=n] the opti-
mum value of R,,(v) is ~v,/V3 .2® Equation (11)
also indicates that the rf saturation R,,= T, is es-
sential.

Similarly the variation of n, -~ n, by the rf
resonance in the excited state w,; can be obtained
as

_ Yo R43/ rz
Aln(0) =ny@)l =7 TR () /vo 1+ (1 /yo+ 1/T)R

Rp(w)  ny(v)
><y0+1242(1)) r, ° (13)

Since R, (v)/T, [y, +Ry () =1/y,-1/T,, Egs. (11)
and (13) are identical in the approximation #3(v)
=ny(v) and R,, =R,,; the rf resonance in the excited
state and that in the ground state affect the laser
operation in very similar ways and give almost
identical signals.

If the difference between w,, and w,, is of the or-
der of, or less than, the Doppler width Ay,, the
laser is also affected by A[n,(v) —n;()], which
now has a maximum at a velocity v different from



1378 E. ARIMONDO, P. GLORIEUX, AND TAKESHI OKA 17

that for the maximum of A[n,(v) —n,(v)]. The
value of Aln,(v) - n,y(v)] for the w,, resonance
is determined to be

_ “ Yo R, T
Alny @) =n0)] =7 TRy, (0) /v 1+ (1 /o + i/rl)R21
@) _ @)
« () _x ). (14)

which of course is identical with Eq. (11) except
that (2, 4) and (1, 3) are interchanged.

Unlike in microwave-optical double resonance,?* 1°
for which the difference between »? and n; is still
sizable, in rf-optical double resonance z{ and 73
are very close and we have to rely almost solely
on the difference between y, and I, (or T,) due to
infrared saturation [see Eqs. (11) and (14)].
Therefore. coincidence of the laser line with the
molecular absorption within the Doppler profile
is needed. The double resonance signals using
off-resonant laser lines which are clearly ob-
served in microwave-infrared double resonance®®**
are very weak.

If w,, =w,,, both levels of the rf transition are
strongly saturated for same velocity group of
molecules and we have to rely on the difference
between I', and I',. Since for most cases R;, ~R,,
for w,, ~ w,,, the signals in this case are very
weak.

E. Bulk susceptibglity

The variation of the bulk susceptibility of gas as
an in-cavity load due to the rf switching is given
by

Ay =AX42+AXF31 s (15)
with
pen e [T
4T 4p Q+kv —wy; +iy

-0

L)
+Q—kv—w,, +iy

x Aln;(w) =n;()]dv, (16)

where it is assumed that y,, =y, =v7. This varia-
tion of bulk susceptibility of the gas affects the
laser power. If we use the approximation nS(v)
=nd(), Aln;(w)=-n;(v)] is expressed as a product
of Lorentzian functions by using Egs. (6), (11),
and (12). Therefore the integral in Eq. (16) can
be performed by taking the Maxwellian distribu-
tion n,(v) out of the integral for the resonant vel-
ocity v; which satisfies Eq. (1) and using contour
integration. Thus for |Q —w;;[>y, we have for
the w,, resonance

AXH("")='Z} %%iz‘t (L;{E> <)—Z‘> olr, v, ¥ Iy i)
x (kg B, /7)°
(@ =wy )P +Y +(')’/7’o)(ﬂz1Er /)2’

where v; are resonant velocities satisfying Eq.
(1) for Q,=w;; and .

1

’ "
Y+y +'}’ (18)

oAy =
Oy e o )

with ,
L E\2712
' = 2+_7_'_ (.H_LL_> }
Y ['}’ Yo 7
and
Y= [.),2,*_1 Y M <-’J‘_I'J£‘>2]l/z'
27, Yo+2Ry 7

Equation (17) indicates that, as expected from the
qualitative discussions given in Sec. IIA, (a)
Ay;;(w) is purely dissipative, (b) only resonant
molecules contribute to the signal, and (c)
Ay;;(w) is Lorentzian except for a small de-
pendence of ¥” on w, in the approximation used
in this treatment. If [ - w;;|<y, saturation dip
has to be considered and formulas (17) and (18)
are slightly modified.

F. Collision-induced signals

The sensitivity of the rf spectrometer using a
laser cavity is so high that signals are often ob-
served on levels which are not directly pumped by
the laser but are affected by collisional transfer
of Bennett holes or spikes from the pumped levels.
The energy-level scheme for this effect is shown
in Fig. 3. The Bennett holes (or spikes) produced
in the level 1 (or 3) by the laser pumping are

—
L

Laser 92

| ZAN
NN

a

FIG. 3. Operation of double resonance on levels where
a nonthermal population distribution is transferred by
the collisions.
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transferred by collisions to levels ¢ and b (or ¢
and d). Because of existence of selection rules
for collision,’ the efficiencies of the transfer
from the level 1 to a and that from 1 to b are dif-
ferent and thus create a very nonthermal distri-
bution between the levels a and 5. When the re-
sonant rf radiation is applied, the populations in
the levels @ and b are equalized and this effect is
transferred by collision back to the level 1, thus
affecting the laser output power.

In order to discuss the collision-induced rf sig-
nals using the rate equation [Eq. (2)], we have to

extend the “thermal bath” model described in Sec.

IIC. We use the simplest extension in which the
molecular populations of the four levels involved
in the collisional and radiative transfer n,(v),
ny(v), n, (W), and n,(v) are considered in detail but
the populations of other levels are assumed to
remain at their equilibrium value. By using

+ %
f K, v") 1°@’) dv’ =0 (19)
for the equilibrium value nj(v’), and considering
on;(v)=n;(v) = nf(v), we obtain the following four
steady-state equations:

n,(v) =f+” [R10(0")014 (0, 080, (0") +Ey, (0" )Py (0, 0" )01y(0")] AV’ = Ry, ()2 (0) + 60, (v) = By (0)] = y,0m,(0) =0 ,

#5(0) =R 5, (0)[72(0) + 61, (v) = 515(v)] = ,0m5(0) =0 ,

(20)

,")= fw (ka1 (0")Pa 1", v")07m,(0") +F g (V" )pas(v’, 1701, (0" )] V" = R g [074 (07) = B0, (0" )= yo00,(v7) =0,

-0

;lb (U')= j - [kb l(v”)pb 1(1},? v”)nl(v”) +kba (v”)pba (U" U”)pba (’U")] d'l)” +Rba[6na(v’) - an(‘l)')] - ‘)10511,,(11') =0 ’

-co

where R,,(v) and R,, represent the infrared and rf pumping given in Eqs. (6) and (7), respectively. In
deriving Eq. (20) the approximations n) (v)=#) (v), n3(w)=0, and y,=y, =y, =7, =7, have been used. Since
on, (v) and 6n, (v) are much smaller than 6x,(v) and 61,(v), Eq..(20) can be solved by iteration. We first
solve the first two equations neglecting 6%, (v) and 6n, (v) and obtain 6x,(v) and 6#,(v), which represent

the Bennett holes and spikes, respectively. We then substitute the value of 5n,(v) in the latter two equa-
tions and obtain 6n, (v’) and On,(v’), which represent the effect of collisional transfer of Bennett holes.
From these expressions we can determine the variations of 6%, (v’) and 6x, (v’) by rf switching. These
variations are then substituted to the first two equations to find Aln,(v) - n4(v)], which determines the var-

iation of the laser power due to rf switching. We find

1 1 Ray
Yo+2R5 (V) o +kap Vo+ka +2Ry,

Aln, (v) = ng(0)] =

< 7 [T a0 o) =y 0N e s0) = 0oy 0,0 a7, ") R ),

-0 —-c0

Inderiving Eq. (21) we assumed p, (v, v’) = p,, (v, v")
and pg,(v,v")=6(v,v’). The evaluation of the
integral in Eq. (21) depends on the analytical form
of p,, (v, v’), which gives the variation of the vel-
ocity resulting from the collision-induced transi-
tions a-—1. Based on the experimental demon-
strations that some collision-induced transitions
occur without much change of velocity,!’ 1*~1° we

70'*‘ 2 R31(l)”)

(21)

r

express
Pia (v, v’)=§1a 3(v, UI)"‘p{a (v,v"), (22)

where p;, is a slowly varying function of v and v’,
and £,,<1. We see that p, (v,v’) does not contri-
bute much to the integral in Eq. (21). Neglecting
plq (@, v’), we have
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Eaal Brg () =Ry (0)] >2
Yo +kab

R.,(v)

X
[7’0+2R31(v)]2

X Rba
1 +2Rba/(70 +kab)

Aln, (v) =ny(v)] = (

). (23)

A comparison of Eq. (23) with Eq. (14) indicates
that, at resonance, the collision-induced signals
are weaker than the direct three-level signalsap-

proximately by a factor of

)3 _ 2

This supports the intuitive arguments at the be-
ginning of this section that, in order to see colli-
sion-induced signals, we need (i) selective colli-
sions, that is, k,, # k,;, and &, or k,, is not much
smaller than y, +%,,, and (ii) velocity-conserving
collisions which transfer the Bennett holes, that
is, £, 1. The factor n is similar to that for four-
level microwave double resonance!® except for the
square of the expression in the bracket and the
presence of £,,. The square is needed because
two steps of collisional transfer 1-a anda—~1
are involved in making the collision-induced rf
signals observable. This is essentially because
the laser radiation is working as the pump as
well as the monitor radiation. In the microwave
double-resonance experiment the pump and moni-
tor are entirely separate and only one step of col-
lisional transfer is needed for a collision-induced
signal. '

Takami and Shimoda® 2° have reported collision-
induced double-resonance signals in an infrared-
microwave double-resonance experiment on H,CO.
In their case, because of the sizable population
difference for the microwave transition (at
48.285 GHz) and the weakness of the laser power,
the signal was caused mainly by the one step pro-
cess similar to microwave double-resonance ex-
periments. The experimental evidence for the
occurrence of two step processes in our work will
be given in Sec. IIL

Some of the collision-induced signals reported
in this paper are caused by cascading collisional
transfer of Bennett holes. For discussions of
such effects we have to include more levels in the
rate equation. More detailed discussion on such
processes and elucidation of collisional proper-
ties of molecules will be given in a separate paper.

G. Intracavity arrangement

The variation of bulk gas susceptibility due to
rf resonance such as that given in Eq. (17) is de-

tected as a variation of the laser output power.
Because of the intracavity arrangement and non-
linearity of laser oscillation, the effect is greatly
amplified and increases the signal-to-noise ratio
of the spectrum. This arrangement is similar to -
nuclear and electronic magnetic-resonance ex-
periments-except that the laser oscillator is re-
quired to saturate the molecular absorption. Just
as in a magnetic-resonance experiment, the signal
is amplified by the @ factor of the oscillating cir-
cuit. Even larger signal gains can be obtained if
the laser is operated near threshold. In such a
region the absorption as well as the dispersion of
the gas become important. However the effect of
dispersion tends to be decreased when an inte-
gration is made over the Doppler-velocity profile.

The detection of weak absorption by intracavity:
measurements has been investigated from both
theoretical and experimental points of view.2!"23
We use here the simple approach based only on
populational considerations given in Ref. 21. From
the solution of the rate equations for the popula-
tions of an active medium in a single-mode laser,
the number of photons g in the laser output is writ-
ten as a function of the gain @ and the loss 7 in-
side the laser cavity as

g=y/Bla/n-1), , : (25)

where B is the Einstein coefficient for the laser-
stimulated emission and y is the relaxation rate.
A more detailed expression can be derived from
the semiclassical treatment of Holt,2? but Eq. (25)
suffices for the present discussion.

From Eq. (25) the enhancement factor £ can be
obtained as

R Ag/g = —1)"1
E—Ah;pl:lo an/n (a/m)a/n=1)"", (26)

which indicates an increase in the detection sen-
sitivity for an intracavity setup in comparison
with a single-pass measurement. Near threshold
a =~ 17 and we have

£=(1/ma/n=-1)". (27
This equation demonstrates our previous argument

that the signal is enhanced by the @ factor of the
cavity (1/7) and the threshold character of the laser

" emission [(a/n - 1)1].

Because of the intracavity arrangement, and ‘the
double-resonance operation, the intensities of ob-
served rf signals are complicated functions of
conditions. Therefore care has to be taken in
comparing relative intensities of the rf signals.

III. HYPERFINE SPLITTING

In the CH,"'I molecule a hyperfine splitting oc-
curs because of the interaction of the iodine nu-



clear quadrupole moment and the gradient of the
molecular electric field at the nucleus position.
We use T for the iodine nucleus angular momentum
(I =3); § and K for the rotational angular mo-
mentum and its projection along the molecular
symmetry axis, respectively; and F=J +T for the
total angular momentum. The nuclear quadrupole
energy for the iodine nucleus on the axis of the -
symmetric top is**

3K
JJ+1)

Wo(l,d, F)=eqQ ( 1) f,J,K)

vpp €L po CAOF (3

where eqQ is the quadrupole coupling constant,
f(I,J,K) is the Casimir function, and E2, EY
are the coefficients for the second- and third-
order perturbation contributions arising from the
off-diagonal quadrupole Hamiltonian matrix ele-
ments. Moreover, we have to consider the rota-
tional dependence of the nuclear quadrupole cou-
pling constant due to the centrifugal distortion of
the molecule. This is composed of the normal
rotational dependence of any physical quantity

qQU, K) = eqQy +xyJ (J +1) +xK? (29)

and a distortion term which has to be included in
the energy expression of

K?%(4K%-1) :
‘-j(—JTl‘)-—_f_(I,J,K) . (30)

OWo =Xa
The latter is the term which was introduced by
Hougen for explaining the quadrupole hyperfine
splitting anomaly in NH,.?®

An additional term needed for the analysis of
the hyperfine structure is due to the magnetic in-
teraction between the iodine nucleus and mole-
cular rotation which is

1 K?
W =5 <CN+(CK—CN)J——(J+1) )

x[F-(F+1)—J(J+1)—I(I +1)], (31)

where Cy is the principal value of the nuclear cou-
pling along the symmetry axis and Cg the princi-
pal value normal to that axis. Magnetic interac-
tions involving the hydrogen nuclei (I ;=3 or 3)
have not been observed in our experiment and they
will not be included in the data analysis of the
present investigation. The energy formulas given
above are exactly the same as those used by Burie

et al.?® in the analysis of their molecular beam
CH,I spectrum, '

. The dipole selection rules AK=0 and +~— — for
rotational transitions in a symmetric top mole-
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FIG. 4. Splitting of a set of vibration-rotation levels
of CH,lI by the quadrupole interaction of the iodine
nucleus.

cule allow transitions with AJ=0 and A F=1 be-
tween the hyperfine levels of rotational states
with K #0, because these states have a double
parity. In Fig. 4 the quadrupole splitting in the
lower and upper states of an infrared transition
are schematically shown. Five rf transitions

(s B, ¥, B, €) are allowed in each state. Because
the hyperfine splitting has a similar pattern in the
lower and upper 'state,' the infrared transitions
with A F=AJ are close in frequency, spanning a
frequency range comparable to the Doppler width
of the methyl iodide vibrational transitions. Thus
the laser line can often pump all these transitions,
producing holes and spikes in the Doppler-velocity
profile for each of them, and all the five reson-
ances are observed in both states. The A F#AJ
infrared transitions have a larger spread in fre-
quency, and if the laser has a coincidence with one

" of them, not all hyperfine level are pumped inside

the Doppler-velocity distribution of the molecules.
As a consequence only a few rf resonances are
observed, and that provides information on the
laser coincidence with the molecular transition.

IV. EXPERIMENTAL APPARATUS

The experimental setup, similar to that used in
previous double-resonance experiments,'*2” had
the absorption cell containing CH,I at a pressure
between 2 and 40 m Torr inside the laser cavity.
The cell, approximately 1 m long, was a coaxial
50-Q transmission line terminated at one end with
a dummy load. It was sealed with NaCl windows at
the Brewster angle and placed inside the laser
cavity near the grating. The rf radiation, amplitude
modulated through an on-off switch, was amplified
up to 10 W by an ENI 510L amplifier while the fre-
quency was swept by a sawtooth voltage over the
resonance values. The flowing gas CO, or N,O .
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(Continued)

TABLE I.

+1 (10um band)

Perpendicular infrared transitions AK

&'

ﬁl
127.800

13CH,I line

Laser line

2co,

263.774

143.586 .

278.950

267.848

'146.128

129.100

283.545
106.080
257.844

Vg0
Vg0
Vg“‘o

"R(38, 5)
"Q(8,4)

P26
P29
P31

7.444
125.601

3.475

31.850

14.488
229.335

61.256
142.218

22.831

38.443

32.799
93.880

N,0
N,0
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197.268

86.204

218.955

0 (9.4 um band)

"R(12,3)

Parallel infrared transitions AK

2CH,I line

R (53,3)

Laser line

9R16

281.748°¢
277.866

149.718°
150.798 ¢
152.718°¢
'146.153°
144.474

9.724
13.416

138.222°¢
134.550
135.032
129,977
124.764

294.510°

281.748°¢
278.196

149.718¢
150.798 ¢
152.718°
146.153°

138.222¢ 9.848
13.148
144.192

134.856

294.510°

2r3«—0
2v3+—0

2c0,

L2co, P(41,3)

9P34
9P4

279.725
268.802

14.572°¢

279.505.

14.572°¢

134.840
129.488
123.825

3v3—vg

R(37,2)

13.575°
16.092

284.240

267.916

13.575°¢
16.492

283.688
277.446

3rg— v

%R (38,5)

2¢0,
2¢0,

oP4

278.634

259.224

3vg~—uvs

2co,  R(31,5)

oP6

2The CO, laser lines belong to the 00°1-[10°, 02°0]; band (10.4 pm for 2CO, and 10.9 um for 13C0O,) except those with 9P or 9R belonging to the 00°1-[10°, 02°0];;

(9.4 pm) band and that with zP belonging to the 0111-[11%0, 03!0] (10.8 um) band.

YThese frequencies have larger uncertainties and were not included in the least-squares fit.

®Unresolved doublets.

=2.
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laser, containing a 2.5-m gain cell, had a 5-m
radius concave mirror at one end and a 10-um
blazed grating at the other. The output power of
the laser was monitored by a Pb-Sn-Te detector,
whose output was amplified, processed through a
phase sensitive detector and registered onan X-Y
recorder versus the scanning sawtooth voltage.
In order to measure accurately the position of the
resonance maximum, the detector output and the
beating signal of the rf source with a stable rf
oscillator were observed simultaneously on a
dual-beam scope.

The precision of the frequency measurements
depends on the possibility of locating the maximum
of the resonance line with a reproducible accuracy.
Thus an effort was made to reduce the resonance
linewidth by operating at low-sample pressure
and low-rf power. The accuracy depends also on
the available signal-to-noise ratio; the precision
attained in the measurements at 5 mTorr on reso-
nance lines with a good signal-to~noise ratio was
~40 kHz. The limiting factors of the precision are
saturation broadening and the ac Stark shift caused
by the laser and by the rf radiation. This was un-
avoidable because of the double-~resonance opera-
tion near the saturation regime, and because of the
intracavity arrangement. Thus the present method
increases the sensitivity greatly but not the pre-
cision. In order to do higher-resolution rf spec-
troscopy, it is necessary to place the cell outside
the laser cavity, use much lower gas pressure to
reduce preSsure broadening, expand the laser
beam to reduce the transit time broadening and
reduce the laser and rf power. If all this is done
the ultimate rf linewidth should be equal to the
Doppler width corresponding to the rf frequency,
that is ~1 kHz. o

V. EXPERIMENTAL RESULTS
A. Double resonance

Double-resonance signals on the hyperfine struc-
ture of methyl iodide have been observed for in-
frared irradiation with the 10-um bands of *CO,
and N,O, the 9.4-um band of **CO, and the 10.9-
pm band of **C'*°0,. The laser lines for which
quadrupole resonance has been observed and the
rotational quantum numbers and the vibrational
states have been definitively assigned are sum-
marized in Table I.

The “pure” quadrupole resonances obtained with
the 10-um band lines of CO, and N,O lasers have
been thoroughly investigated and some typical
spectra are presented in Figs. 5 and 6, From
the measured positions of the A F=1 transitions
between hyperfine levels of the lower and upper
rovibrational states and from a rough estimate of
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27/5-25/5 Gs

35/2-37/2 Vg
3%, -35, 6s

FIG. 5. An example of
the observed resonances
for CH,;I. A coincidence
of the CO, P(32) 10.72-
pum line with the v,+0
"R(15, 5) transition was
used. Sample pressure
~10 mTorr. Note the
pairs of quintets for the
ground state and the ex-
cited state, very simi-
lar in shape.’

1 1
100 150

RF FREQUENCY. V

the quadrupole coupling constant, the (J,K) rota-
tional numbers of the states connected by the laser
pump have been derived. The observed spectrum
does not tell us which hfs transitions belong to the
lower rovibrational state and which to the upper
one. However, previous infrared investigations of
vibrational spectra® in CH,I show that laser lines
in this spectral region excite perpendicular bands
with AK=1. Based on this information the in-
frared transitions in Figs. 5 and 6 are identified,
respectively, ag "R(15,5) and "Q(11,9).

X 100

o © Dlew e ffl DYy
o By ' ' '
e D) Jlew
Qe ey
1

Al Qe

X100 ©
Qe

2

Qe

25 _23
2

Qe Nl

-

200 MHz

In the spectrum of Fig. 5 the ten hyperfine reso-
nances have intensities of the same order of mag-
nitude, proving that the laser pump is efficient for
all the hyperfine levels. The spectrum of Fig. 6
shows strong signals on only four resonances and
weak signals on all the remaining resonances. By
looking at the hyperfine levels involved in the strong
resonances we find that the laser line is near
resonance only with the F'=19/2+~ F"=19/2 trans-
ition, thus AF= AJ for this infrared rovibrational
absorption. The intensities of the other double

~ FIG. 6. An example of
double resonance spectrum
where strong resonances
and weak signals were
observed. For the second
trace on the upper-left
corner the sensitivity has
been increased 100 times to
record the double-resonance
signals from the two
S remaining hyperfine
transitions. A coincidence
between the CO, P (4) 10.44
pm line and y;=—0 ' @(11,9)
transition of CH,I was used.
Pressure ~8 mtorr. Time
constant of detection ~30

. msec.

) 1
400

L !
200 300

RF FREQUENCY V

MHz
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-

FIG. 7. (a) An example
of double resonance signals
for high J. rotational levels
in a parallel infrared band

o 100 200
RF FREQUENCY V

of CH3l. The excited-state
resonance and the ground-
state resonance appear very
close. A coincidence
between the CO, P (34)
9.68-um line and the 2v;—0
9P (41, 3) transition was
used. Pressure ~5 mTorr.
(b) Recording with an
expanded frequency scale

for a doublet of excited-

and ground-state resonances.
Pressure ~2 mTorr. Time
constant of detection 30 msec.

1
300 MHz

1
278.0

resonances are explained by comparing the posi-
tion of the infrared absorptions lines to the Dop-
pler linewidth. - The nearest transition is that con-
necting the F’= 2% to the F”= % level and is shifted
in frequency by +52 MHz. Because the half width
at half maximum (HWHM) Doppler width of the
infrared lines of CH,I is ~26 MHz, the few mole-
cules in the far wing of the Doppler profile can ab-
sorb infrared radiation for the F'=2 - F"=%
transition. The F’=2% - F”= Z transition has a
Doppler shift of + 76 MHz and this explains the

low intensity of the rf transitions F'=2 — F"=%
in both rovibrational states. However the inten-
sities of the observed double-resonance signals

1
278.5 MHz

are larger than expected on the basis of the num-
ber of molecules involved in the infrared transi-
tions. This is partly due to the collisional effect
discussed later. By tuning the laser frequency in-
side the laser-gain profile it is possible to change
the relative intensity of the observed rf lines.

The double-resonance spectra observed by ir-
radiation with the 9.4-pum band of CO, have coinci-
dences with infrared absorption in the 2v, -0 par-
allel band.?® The typical spectrum, reported in
Fig. 7(a), presents five pairs of very closely

* spaced doublets that disappear at a sample pres-

sure larger than 10 m Torr. These components of
a doublet are separated by about 100-500 kHz and
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resolved under higher resolution as shown in Fig.
T(b). The infrared transitions investigated in this
region have AJ=+1, AK=0, and J =30-50. The
quadrupole coupling constant differs only slightly
between the ground and v, vibrational states, and
the quadrupole splitting depends very little on J at
large J numbers. As the pressure is increased the
homogeneous broadéening of the infrared transi-
tions occurs and a double-resonance four-level
scheme (Fig. 1) with ©,,~Q,, and w,, ~w,, is
realized. Because of the destructive interference
phenomenon previously described the rf radiation
does not change populations and no double-reso-
nance signal is obtained. For the AJ=0 and AK=0
transitions in the 2v, -0 band, because of the
small change in the quadrupole coupling constant
with the v, vibration, this destructive interference
phenomenon is always present and hyperfine dou-
ble-resonance signals are not observed.

In the spectra of Figs. 5-7 a signal is observed
when the rf field is swept over the zero-frequency
value. The line shape of the observed signal is
deformed by the low-frequency cutoff of the rf
amplifier., The modification of the infrared ab-
sorption by the rf electric field produces this
signal.

The zero-frequency double-resonance absorp-
tion indicates a near coincidence of the laser with
an infrared transition in a molecule with double-
parity levels, as can be derived from the double-
resonance theoretical treatment of Ref. 2b.

B. Two-photon transitions

At high rf power, double-resonance spectra in-
clude transitions involving the simultaneous ab-
sorption of two quanta of the electromagnetic
field, either an infrared and a rf quanta or those
involving two rf quanta. In both cases a three-
level scheme is required and the energies of the
absorbed photons are algebraically added to match
the energy separation between initial and final
levels. An intermediate virtual level lies near a
real one and the transition probability of the whole
process depends inversely on the energy mismatch
A E between the virtual and real levels.

The ir-rf two-photon processes occur when laser
and rf frequencies satisfy the relation

Q,+w= 2+ W, . (32)

Such a transition can occur for instance between
the levels 1 and 4 of Fig. 2. In a double-resonance
spectrum where the rf field frequency is swept,
these transitions appear with the width of the Dop-
pler broadening, because of the thermal distribu-
tion of the molecular velocity appearing in Eq.
(32). The center of the absorption depends upon

] ! I |

+—t T T
0 1253 47.4960.08 122.56 MHz

FIG. 8. Double-resonance spectrum observed for the
coincidence between the 13COZ P (36) 11.33-um laser line
and a ®P (4, 3) transition of CHgl. The resonance line at
60.08 MHz is atiwo-photon transition between the
F’ =5« —F " =% hyperfine levels of the (/= 4, K = 3)
rotational state. :

the position of the laser frequency with respect to
the molecular transition, In the spectrum of Fig.

5 a double-quantum ir-rf process is observed

near 150 MHz, while in Fig. 6 the broad pedestals
below the strong resonances are two-photon transi-
tions of this type.

The rf two-quantum processes are F— F+ 2
transitions in the hyperfine levels of a rotational
state and involve in the intermediate step a virtual
level quasiresonant with the F+1 hyperfine level.
These transitions have a radiative rate (u; E,/

A E)? smaller than that of a single-quantum transi-
tion [Eq. (7)], A E being the energy mismatch be-
tween the virtual level and the real one. These
transitions appear as narrow resonances in the
double-resonance spectrum. An example is shown
in the spectrum of Figure 8 for the hyperfine
transitions in a (J=4,K =3) rotational level. The
transition at 60.08 MHz is a rf two-quantum transi-
tion. In this case, where not all the hyperfine
transitions are observed, the rf two-quantum tran-
sitions provide information on states not directly
pumped by the laser radiation.

C. Collision-induced transitions

Several recordings show, beside the main reso-
nances in the states (J/,K’)~ (J”,K") pumped by
the laser radiation, other resonances with a smal-
ler intensity and distributed in the frequency range
over both sides of the principal resonances. An
example is shown in Fig. 9 for the higher-fre-
quency hyperfine transitions in the (v, J'=15,K"’
=6)and (0, J”=16,K”=5) states. From an analysis
of the resonance frequencies we have been able to
identify these transitions as connected to states
(J'+n,K') and (J”+m,K"), where through colli-
sional processes the nonthermal distribution
created by the laser pumping is transferred. The
collisional processes involved in all the observed
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N |

J,K=6 F=y+¥2 13 14 5] .

D uK:s Fru-%2

14 15 |GI l|7 |Ia I'S 2]0 LK=5 F=J+5/2

FIG. 9. An example of traces showing collision-induced quadrupole resonances. The normal resonance associated
with directly pumped levels are off scale. The many smaller signals which appear as satellites to the main lines are
collision-induced signals. A coincidence between N,O P(25) 10.90-pm line and the v(+0 "P(16, 5) line of CHsI was used.

Sample pressure was 20 mTorr.

double-resonance signals satisfy the selection
rule AK =0 valid for dipole-type collision in axially
symmetric molecules.!® All the collision pro-
cesses that we have observed obey the selection .
- rule AF=AJ. If we suppose that during the colli-
sion the iodine nucleus is not perturbed, any change
in the F quantum number is connected to a change
in the J rotational number. Thus the transitions
with AF=AJ have the largest transition probability
for collisional transitions, as for radiative transi-
tions. This behavior was observed earlier by Co-
hen and Wilson®® using microwave double resonance
and has also been applied to interpret the results
of ir-microwave multiple-resonance experiments
on ammonia.3!

The collisional transfers occur between the
(J,K, F) level and the (J+#,K, F+n) level. This
is evident from the double-resonances spectrum
of Fig. 9, where the levels with F=J+ 3 and F=J
~ 3 are pumped by the laser in both lower and up-
per rovibrational states. The same levels in other
rotational states have a nonthermal population
distribution because of the collisions and produce

double-resonance signals.

The fact that the collision-induced signals are
produced by two-step collision rather than one
step, asdiscussedinSec.II F, is obvious because
if the latter was the case, the collision-induced
signals in the excited state would be much weaker.

Collision-induced transitions have been useful
to identify the quantum numbers of the rovibrational
transitions pumped by the laser. The frequencies
of the measured collision-induced hyperfine reso-
nances are summarized in Table II and have been
included in the data fit for deriving the hyperfine
constants.

D. Hot bands

The high sensitivity of the method enabled us to
observe not only the signals associated with the
fundamental band v+ 0 and the overtone band 2v,
-~ 0 starting from the ground state but also other
signals associated with hot bands. The infrared
transitions which have been assigned are sum-
marized in Fig. 10. It is interesting that the in-
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TABLE II. Frequencies for collision-induced hyperfine resonances in 120H31 (in MHz).

Laser line ’ State 2 el € Others
R2 2¢o, (0,21,11) 64.660' 59.926 B=28.387
R2 2c0, (0,23,11) 104.334 95.530 - 5=54.900
P32 2¢co, (0,13,5) e 157.150
P32 2¢co, (0,14,5) 198.700 172.700
P32 2¢co, (0,16,5) 222.400 196.500
P32 2¢co, (v, 14, 6) e 150.600
P32 L2co, (vg, 15, 6) 170.075 149.250
P32 2co, (v, 17, 6) e 177.100
R12 N,O (0,16,8) 90.430 80.080°
R12 N,O - (0,18,8) 134.145 120.312
R12 N,0 ~ (0,19,8) e 136.000
R12 N,0 (v6,16,9) 33.050 29.522
P25 N,O (0,15,5) 212.145° 186.012°
P25 N,O (0,17,5) 231.373 205.835
P25 N,O (vg, 13, 6) 127.209" 109.131
P25 N,0 (ve, 14, 6) 150.600 131.295
P25 N,0 (vg,16,6) e 164.708
P40 2¢o, (vg, 25, 6) e 232.608
P22 2¢o, (v5,22,8) 188.560° .o 6=99.603
P22 2co, (v3 + vg, 22, 9) v 6=83.535
P22 2co, (vs + Vg, 23,9) 5=89.868
P38 L2¢co, (vs,17,5) 231.228 205.476"°
P38 2co, (vg + v, 18, 6) 209.904 187.792
P38 2¢co, (vg + vg, 20, 6) 226.656 e

2The notation (v;,J,K) defines the vibrational and rotational assignment of the state.
®These frequencies have larger uncertainties and were not included in the least-squares

fit.

tensities of the double-resonance signals associated
with the hot-band transitions are much stronger
than expected from the Boltzmann factors of the
lower states of hot bands which are about &, 5,
155, and & for the v,(533.2 cm™), v,(882.7 cm™),
2v,(1059.9 cm™), and v,(1250.8 cm™) state, re-
spectively. We think this is partly because of the
heating of the gas by the laser and partly because
of the nonlinearity of the sensitivity with respect

—* cm
—

Vot Yp—f—
2776 - 3000
2000 |-
23+ g
2y —5—
By —5—
3 vs
v3+g - 2000
Vp——
1000 2v3
Ve~ —
— 1000
Vs

o

FIG. 10. Vibrational energy levels and transitions
studied.

to the number of molecules. Many resonances
which have not been assigned may be associated
with even higher hot-band transitions.

VI. ANALYSIS

A. Rovibrational assignment

The rotational quantum numbers of the ob-
served double-resonance signals have been as-
signed by using their resonance patterns. Be-
cause the pattern is characteristic of each J and
F, it was often possible for lower rotational levels
to assign these quantum numbers even if the quad-
rupole coupling constant is not precisely known.
The value of K was then assigned from the spread
of the pattern. For higher levels, the resonance
pattern does not depend on quantum numbers as
much (a variation of a few parts in thousand is ob-
served when J is increased by one) and the assign-
ment needed the value of eq@ with a medium ac-

curacy.

The vibrational assignment was done by using
the results of previous infrared investigations
which gave approximate information on the laser
coincidences. The results of Ref. 28 (v;+ 0, v,+ v,
~0), Ref. 29 (2v,+-0), and Ref. 32 (v,+v3+0, v,

- 0,v,+0) proved useful. For other states such as



2vg, 3v,, and 2v, + v, which have never been studied,
we used extrapolation from lower states. The
vibrational dependence of the quadrupole coupling
which is later listed in Table IV was also used for
the vibrational assignment. This was particularly
useful for assigning vibrations with v, and 2y, be-
cause this vibrational mode showed large variation
of eqQ. For an initial guess, the vibrational de-
pendence of eq@ reported by Hirose and co-work-
ers® was useful. '

Some double-resonance signals observed in the
10.4-um region have been identified as due to
13CH,I in natural abundance, based on the infrared
work by Duncan and Allan.** These assignments
were confirmed by using a.10% *°C enriched sam-
ple.

Based on the recipe given above and by using the
computer programs of Burie ef al., the assign-
‘ment and analysis proceeded as follows. About
one third of the double-resonance signals observed
in the 10.4-um region were easily assigned as
due to the v+ 0 transitions of *CH,I. The calcu-
lated infrared frequencies based on the constants
of Matsumura and Overend?® agreed well with las-
er lines within the uncertainty. From the analysis
of these resonances using the parameters of Burie
et al, for the ground state,?® we obtained accurate
hyperfine constants for the v, state. During this
process we also improved the value of y, over that
reported earlier.?® We then calculated the values
of eqQ for each resonance pattern by using other
constants fixed at the ground-state values or at
v, state. The assignment of the 2v,~ v, was done
by observing (i) very good agreement of the pattern
in one state with the calculated values using v,
constants, and (ii) the rather large variation of
eqQ (~12.4 MHz) from the ground state.

For the v,, v,, and v, excitation, the variation
of eq@ was not so large and the assignment of the
Vg+ Vg V3, Vy+Vg+V,, and Y +~ v, was done with
calculated frequencies using the results of pre-
vious work.?®3* The v, - v, transition gains in-
tensity because of the Fermi interaction between
Vg+ vy and v..3% The group of resonances which -
have eqQ very close to that of the ground-state
and infrared frequencies shifted by —14 cm™ from
the v, + 0 transitions were assigned to 2v,+ v,

+ 2v,. The anharmonicity shift observed in v+ v,
and 2v; could give extrapolated value for the 2v,
+ V4 level which agrees with the observed shift.

In the 9.4-um région, most transitions were
assigned to the 2v,+ 0 transitions on the basis of
previous infrared work.?® The remaining transi-
tions have been identified as 3v,- v, giving the
frequency shifts expected from the extrapolation.

Although we could assign most of the observed
lines, some transitions were left unassigned. The
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double-resonance spectrum shown in Fig. 8 is an
example. The rotational assignment for this pat-
tern is definite and the infrared transition must
be ?P(4,3). The value of eqQ for the lower state
is ~1933.3+ 1.0 MHz. The resonances for the up-
per state are observed at 1.33, 2.54, and 3.08
MHz. However its vibrational assignment is not
known.

B. Hyperfine constants

The “pure” quadrupole resonances measured
and assigned are presented in Table I, and the
collision-induced transitions in Table II. A least-
squares fit has been applied to derive the quadrupole

~ and spin-rotation interaction constants. The mea-

surements have been weighted on the basis of the
signal to noise obtained in the double-resonance
spectrum. For the ground-state fit the eq@ con-
stant has been fixed at the very accurate value de-
rived in the molecular-beam experiments.?®3 The
ground-~state quadrupole centrifugal corrections
and the spin-rotation constants resulting from the
fit of hyperfine transitions measured in the present
paper together with Osipov’s rf-microwave double-
resonance measurements® are shown in Table III.
The precision is higher than that obtained in the
molecular-beam experiment,?® because of the large
number of measured hyperfine transitions. More-
over, states with K number up to 11 have been ob-
served so that the correlation factor between the

X g and x, constants is only 0.7 as compared to the
0.998 obtained in the molecular-beam experiment.
The standard deviation of the least-squares fit

was 54 kHz. "The hyperfine frequencies in the
states with K=J =10 have a deviation systematic-
ally larger than all the other measurements; this
behavior is due to the infrared and rf ac Stark
effects larger in these states than in others. The
analysis of resonances in the v, state has produced
the six hyperfine constants as shown in Table III.

TABLE III. Quadrupole coupling constants, spin rota-
tion constants, and rotational dependence of quadrupole
coupling constants for 0 and vg vibrational states of
12

CHgl.

Ground state vg state

eqQ (MHz) —-1934.136% ~1940.50(60)

Cy (KHz) 17.6(10) 17.3(21)
" Cg (KHz) 17.0(46) 29.9(69)

Xs (KHz) -1.63(22) —~1.32(64)

xx (KHz) —38.2(61) —44(12)

Xa 22.9(23) 23.5(34)

3Fixed at the value of Ref. 36. The uncertainties
shown in-parentheses in units of the last digit are three
times the standard deviations. i
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TABLE IV. Vibrational dependence of quadrupole coupling constant.

eqe. 30 A
(MHz) : (MHz) (obs — cale) Ref.
L2cH,1 Ground state = —1934.136 0.015 e 36
vy —~1934.52 0.34 0.22
v —-1940.50 0.60 0.10
25 . —1934.80 0.61 0.33
vy - —1936.37 1.84 -0.32
vg+ v - -1940.57 0.87 ~0.02
vy ~1934.5 3.0 e 33(b)
3vg -1934.48 0.39 -0.16
2vg ~1946.59 1.14 -0.11
2v3 + Vg —1940.32 1.44 —-0.44
o+ Vg —1944.64 4.32 +1.67
vy ~1937.06 0.09 e 35
13CH,1 Ground state —1934.12 0.80
ve —1941.06 0.69
6 (MHz) 30 (MHz)
2CHgI 5(eqQ), -2.92 0.09 35
5(eqQ), —-2.55 1.69 '
6(eq@)s -0.17 0.14
6(eqQ); -0.4 3.0
6(eq@)g —6.28 0.48

For the remaining vibrational states less data were
available. Thus only the quadrupole coupling con-

spectrum is affected because of the variation of K
which appears in the factor 3K2/J(J+1) - 1.in Eq.

stant has been derived from the fit, all the other
constants being fixed to the average of the ground
and v, results. The quadrupole coupling constants
measured in this experiment and in the remaining
vibrational states in other previous investigations
have been collected in Table IV.

The eq@ dependence on the vibrational state can
be expressed as

eq@y,, = €aQe+ 2 5(eqQ) ;- (33)

A least-squares fit of this vibrational dependence

produces the 6(eqQ); constants and deviations shown

in Table IV.

C. Effect of vibration-rotation interaction

The quadrupole resonance for higher vibrational
states are sometimes affected by coupling between
different vibrational modes through vibration-ro-
tation interaction. Although this interaction leaves
J a good quantum number, the other quantum num-
bers such as K and / are mixed. The quadrupole

(28). The vibrational angular momentum [ is not
“felt” by the nucleus whose orientation is space

. fixed and, as in the case of Stark or Zeeman

Hamiltonian does not appear in the energy expres-
sion.

A good example is provided by the quadrupole
resonances associated with the "R(20, 2) v, - v,
transition, which is coincident with the N,0 R(9)
laser line. A straightforward analysis of the reso-
nances corresponding to the upper state produces
eqQ value of -1902.7+ 2.2 MHz which is very dif-
ferent from the value —1934.5+ 3.0 MHz for the v,
state previously obtained by microwave experi-
ment.?*™ This is explained as due to the strong
Coriolis mixing between the |v,J, k=43, 1=x1)
state and the |v,+ vy, J,k=+4,1=%1) state which is
enhanced because of the accidental near degen-
eracy.®® This mixing makes the effective X value
larger than 3.

Considering also the strong Fermi interaction
between the v, and the v,+ v, states, we can write
the wave function for the upper state as a linear
combination;

a|vg, J,xk, 1=21)+ Bl vy+ Vg, J, £k, 1=£1)+ ¥| vy, J,£(k+1),1=F1) + 6| v + vy, J,£(k+1),1=F1),

where the coefficients «, B, v, and  can be derived from an analysis of Fermi and Coriolis interactions.
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The quadrupole energy is then given by

3(k+1)

[(ca@u,af+eaq, .| BF)( % -1) +(eqQ,,|vP+eqq, ., |0 lz)(m —1)]. F(1,d, F).

The available values of |a[*=0.59+0.08, |af
=0.0410.02, |y[*=0.13+0.04, and |5 |2 =0.24+0.06
for the ]vs, J=20,k=+3,1=x1) state are not suf-
ficiently accurate to determine the value of eqQ,,

but explain the observed frequencies satisfactorily.

D. FIR laser lines

‘The CH,I molecule has been used for obtaining
infrared laser emission by pumping with CO, las-
ers in the 10.4 and 9.4-pm region.’”% For the
three observed lines reported first, Graner gave
assignments using the observed FIR wavelength
and rovibrational constants for the v, —0 and 2v,
-~ 0 bands.*® Graner’s assignments have been con-
firmed in the present work. In Table V we sum-
marize all the FIR laser lines observed for CH,I
[except for the cascading transitions on the
10P(18) line] together with the molecular infrared
transitions assigned in this work. For most lines
the FIR wavelength corresponds to the AK=0
transition in the upper state. -

Although both FIR laser and the ir-rf double
resonance (PQR) require near coincidences, other
requirements are different and these two observa-

tions are sometimes complementary. The laser

" lines with which FIR but not PQR signals are ob-

served are probably off resonant. For the FIR
experiment in which higher gas pressure and
higher laser power is used, the infrared pumping

‘is realized because of pressure broadening or

saturation broadening. An example is the P(36) -
laser line at the 10.76 um which pumps the
"P(39, 8) v -0 line and gives FIR. This laser
line is separated from the molecular transition by
0.017 cm™ and does not produce a PQR signal. On
the other hand, those laser lines which produce
strong PQR signals but not FIR are resonant to-
relatively low J transitions. The wavelengths for
rotational transitions associated with these low J
transitions are too large togenerate FIR efficiently.
Many new coincidences detected and assigned in
this paper, listed inTableI, canbe used for future
FIR generations.

VII. DISCUSSION

The results described in this paper demonstrate
the very high sensitivity of the method of incavity
double resonance. The signal-to-noise ratio for

TABLE V. Assignment of far infrared lines of CHl.

CO,

A (pm) pump lines Reference ir assignment? ir coincidences in PQR?
377.45 9R16 37,38 R (53, 3)2v;+— 0 Same

390.53 10P42 37,38 R(53, 9)v3 + vg-— v; Same; "Q(15, 5)vy + v+ vy
392.48 9R14 38 None

447.17 10P18 37,38 "R(44,5)vg— 0 Same

459.18 ~ 10pP8 38 TR(9,8)vg+0
477.87 9P26 38 None

508.37 9P34 38 "P(41,3)2v;+— 0 Same

517.33 10P14 38 None

525.32 9P4 38 R (38, 5)3v;~ v, Same; ‘R(37,2)3vy+ v,
529.28 10P36 38 ['P (39, 8)vg-0]" TR(9, 5)2vg+ vg
542.99 10P26 37,38 "R (38, 5)vg~— 013CH,I Same

576.17 10P16 37,38 "R(34, 8)2v5+ vy Same

578.90 10R34 38 TR(34,11)v; + vg~— vy Same

583.87 9pP4 38 See A=525.32 um
639.73 9P6 38 ‘R (31,5)3v3+v; Same

670.99 10P28 38 None

719.30 10P22 37,38 See A=964 um
964.0 10P22 37 "Q(21, 8)vg + vg+v3 Same

1063.29 10P38 37,38 "R(18, 5)vg + vg-— vy Same

1253.73 10P32 37,38 TR(15,5)vg~— 0 Same

2ir lines of 12CHSI molecule, unless otherwise specified.

P Tentative assignment only.
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/
~ direct double-resonance signals are often more
than 10* at a time constant of 30 msec. Even the
weaker collision-induced resonances and hot bands
are observed with large signal-to-noise ratios.

Compared with the molecular beam electric
resonance method, the double-resonance method
has the following advantages: (i) the apparatus
is simpler and less expensive to build and the
method is applicable to many molecules; (ii)
studies of molecules in higher rotational and vi-
brational states are possible; (iii) keeping mole-
cules in the normal gaseous state enables us to
study collisional effects; and (iv) many multiphoton
processes involving ir and rf radiation can be
studied.

The limitations of the method are as follows' (a)
the molecule has to have transitions in the 9-11-
um region of the CO, or N,O laser. If a CO laser
is available the 7-5-um region can also be used;
(b) we have to rely on chance coincidences of a la-
ser line and a molecular transition; and (c) the in-
herent requirement of infrared saturation reduces
the accuracy of rf measurement through power
broadening and ac Stark shiit.

These considerations indicate that the method
of double resonance is most useful for relatively

heavy molecules for which many coincidences are
expected.

The high sensitivity of this method has already
been applied to the study of multiphoton proces-
ses,? “forbidden” rotational transitions,* A -type
doubling of NO,* K doubling of H,CO and HDCO,*
and I doubling of CD,F.*3 It may be possible in the
future to use this method for observing unstable
molecular species such as free radicals, mole-
cular ions and charge transfer complexes. The -
characteristic pattern of hyperfine structure may
help the assignment of the spectra.
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