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The microwave double-photon transitions J=3<«=2 and J=2+<0 have been observed for the
symmetric-top molecules CD;CN and PFj using high-power microwave double resonance. The
pumping of the J=2<=0 transition of CD;CN was so efficient in the low-pressure region that
a negative temperature was established between the J=1 and the J=0 levels, and induced
emission J=1—0 was observed. The pressure variation of the efficiency of the double-photon
pumping agreed quantitiatively with theoretical values calculated using the Goppert-Mayer
formula for the relevant dipole matrix element and Karplus and Schwinger’s formula for sat-
uration. The experiment provides interesting information on collision-induced transitions in

CD,CN.

I. INTRODUCTION

Although two-photon processes have been ob-
served in light scattering experiments for many
years, the observation of double-photon absorp-
tion is relatively recent. It is most easily ob-
served in the radio-frequency (rf) region! where
the virtual molecular level is fairly close to an ac-
tual level and where it is relatively easy to apply
a high radiation field. Double-photon absorption
has been studied also in the optical region since
the advent of lasers. (See Refs. 2 and 3 for sum-
mary.) However, no two-photon absorption has so
far been observed in the microwave region except
for the trivial cases where two resonant photons
are used. In this paper, the observation of micro-
wave double-photon absorption in rotational spec-
tra of CDsCN and PF; is reported. These mole-
cules have been chosen since they have intense mi-
crowave spectra in a convenient frequency region.

II. FUNDAMENTALS

The energy-level systems considered in this pa-
per are shown in Fig. 1. In the degenerate case
[Fig. 1(a)], where each level has a double parity,
the double-photon transitions can occur between
two levels whereas in the nondegenerate case [Fig.
1(b)], where each level has a single parity, a
third level is needed.

The theoretical treatment of the double-photon
transition given in the Appendix shows that we can
use the Karplus-Schwinger formula for saturation?
and Javan’s formula for the double resonance® by
replacing w ~ wgand {(@| uE| b)/% in their formula
by2w - wyand 2y, respectively, where for the de-
generate case

y={a|pE|B[(b|LE|b) ~(a|pE|a)] /4n% w, (1)

and for the nondegenerate case

| Do

y ={c|pE|d)(d|pE|e) /an? A w. (2)

These dipole matrix elements can also be derived
directly from the GBppert-Mayer® formula for two-
photon processes.

Since Zw or 7 Awis much greater than yE for
practical radiation densities in the microwave re-
gion, 2y is much smaller than the normal dipole
matrix element {a| uE|b) /7%, and the double-photon
transition is extremely weak. However the detec-
tion of the transition is possible using the tech-
nique of high-power microwave double resonance.
We use intense microwave radiation to “pump”
the double-photon transition and weak-signal radi-
ation, which is resonant to another transition, to
monitor the population change due to the pumping.
The effectiveness of this method in observing ex-
tremely weak transitions has already been demon-
strated on the molecule C,H;I, where very weak
eq @-induced A J =3 transitions have been ob-
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FIG. 1. Double-photon transitions discussed in this
paper, (a) degenerate case, (b) nondegenerate case.
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FIG. 2. Three level systems for CD3CN and PFj,
(a) degenerate case, (b) nondegenerate case.

served.”

The energy levels used in the experiment are
shown in Fig. 2. In the degenerate case [Fig. 2
(a)], the decrease of molecular population in the
J =2 level due to the double-photon pumping
J =3« 2 increases the absorption signal of the
J=2+1 transition; inthe nondegenerate case [Fig.
2(b)] the decrease of molecular population in the
J =0 level decreases the absorption signal of the
J =1+0 transition.

The efficiency of pumping ¢ is given by the
Karplus-Schwinger formula as follows*:

_ Np1 = Npy _ (2')’)2
ke e 77y (Y % SRR

where n, and n,, are molecular populations in the
lower and the upper levels, respectively, of the
double-photon pumped transition and the super-
script o denotes values at the thermal equilibrium.
The order of magnitude of the relaxation time of
saturation 7 can be estimated from the pressure-
broadening parameter Av. If the changes of popu-
lations in levels other than the pumped levels are
neglected, the relative variation of the signal

AT /I, which is expressed in terms of the molecular
populations of the signal levels ng and ng, as

AT /T=(ng —ng,)/ 0% - n2,) - 1, is given as
follows:

Degenerate case  [Fig. 2(a)]: AI/I =3¢, (4a)
Nondegenerate case [Fig. 2(b)]: AI/T=-3¢ . (4p)

In the nondegenerate case [Fig. 2(b)], the magni-
tude of AI/I is larger than 1 if ¢ is more than %;
in such a case a negative temperature is estab-

lished between the J =1 and the J =0 levels and in-

Do

duced emission J =1-0 is observed.

The values of 2y /27 are calculated by substitut-
ing numerical expressions for the direction cosine
matrix element® as follows:

Degenerate case [Fig. 2(a)]:
y/m=u*E?/21(35)"%12B,

Nondegenerate case [Fig. 2(b)]: ®)
v/m=u2E%/16(5)" 2528,

For a microwave electric field of E =200 V/cm, a
dipole moment of ©=3.92 D,® and a rotational
constant of B=7857.93 MHz, %y /7 is calculated to
be 120 kHz for the degenerate case and 550 kHz
for the nondegenerate case. Therefore, if we es-
timate the value of 1/27r from the pressure
broadening parameter of 100 MHz/Torr, ° we see
that a ¢ of 0.5 can be achieved at a pressure of
1.2 mTorr for the degenerate case and at 5.5
mTorr for the nondegenerate case.

III. OBSERVATIONS
A. Experimental

The apparatus used is similar to the one used
for other high-power microwave double-resonance
experiments.” 1° The K-band microwave power of
about 20 W generated by an Elliot-Litton 12 TFK2
klystron was used as the pumping radiation. This
power gave an average microwave field of the
order of 200 V/cm in the K-band Stark modulation
cell. OKI 30 V 10 and 17 V 10 klystrons were used
for signals and the signal was observed by a
125-KHz Stark modulation and phase-sensitive de-
tection. The pressure of the gas was measured
by a MKS Baratron pressure meter.

B. J=3«<2 Double-Photon Transition in CD;CN

The J =3+ 2double-photon transition is observed
as shown in Fig. 3. The observation was made by
fixing the frequency of the signal radiation at the
maximum of the absorption for the J =2+ 1 transi-
tion (at 31431.50 MHz) and sweeping the frequency
of the pumping klystron. The possibility that the
second harmonics of the pumping microwave radi-
ation might be pumping the transition was checked
by inserting a low-pass filter at various points of
the microwave circuit. '* A low Stark-modulation
field (of the order of 2-10 V/cm) was applied so
that only those lines corresponding to KM=x+1
were observed. An increase of the signal was
observed when the frequency of the pumping power
was 23573. 6 MHz which is exactly 3 of the fre-
quency of the J =3+ 2 transition. The double-
photon transition was observable only at low pres-
sure, i. e., a few mTorr. From the observed
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FIG. 3. Observed increase of the J=2+1 absorption
(31431.50 MHz) due to the J=3 << 2 double-photon
pumping in CD3CN. $vy=23573.6 MHz. Pressure of
the sample is 3 mTorr.

relative change of the signal AI/I =13.6%, Egs.
(3) and (4), and calculated values of y/7, the re-
laxation time of the saturation, is determined to be
T~6X%X 1077 sec for a pressure of 3 mTorr which
corresponds to the value of 1/277,~ 85 MHz/Torr.
Since the pressure was so low, this value must
also contain the effect of wall collisions.

C. J=2<<0 Double-Photon Transition in CD;CN

Since an efficient pumping can be achieved for
the J = 2+ 0 double-photon transition, this transi-
tion was easily observed on an oscilloscope for a
sample at relatively high pressures. The observed
changes of the signal corresponding to the J=1-0
transition (at 15715.9 MHz) at various pressures

P(inmTorr)= 28 22 7 1

—— PRESSURE (m Torr)
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FIG. 5. AI/I versus pressure. Curves are drawn
according to Eq. (6).

are shown in Fig. 4. In each picture, the upper
trace gives the normal absorption of theJ=1-0
transition (AM=0), while the lower trace shows
the absorption under the double-photon pumping.
In the lower-pressure region (p < 20 mTorr) the
pumping is so efficient that emission is observed.
The expected splitting of about 500 kHz in the
signal was not observed because of a large line
width due to pressure broadening (0.94 MHz at
10 mTorr)® and to the inhomogeneity of the micro-
wave electric field along the waveguide. The
latter broadens the line through the inhomogeneous
second-order Stark shift of the line.

The pressure dependence of the observed AI/I
is plotted in Fig. 5, together with the calculated

FIG. 4. Comparisons of the
normal signal (upper trace) with
double-photon pumped signals
(lower trace) for various pres-
sures of CD3CN. J=2«<0
K=M=0 transition was pumped
while the J=1+0 K=M=0 tran-
sition is monitored. Note that
emissions are observed for lower
a pressures of the sample.

—
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values using Eqs. (3) and (4). Equation (4b)
exact resonance 2w =w, is written

AI/T=-% K3/ (p? + K2). (6)

Here p is the pressure of sample and k =2y 7, (in
Torr), where 7, is the relaxation time of saturation
in sec Torr. It is seen that the observed values of
AI/T agree with the calculated values when k~ 30
mTorr. If we use the value v/m=550 kHz, 7, is
determined to be 7,~8.8x107® sec Torr or
1/277,~18 Mc/Torr. The disagreement between
this value and the pressure-broadening parameter
and between the observed and calculated values

in the low-pressure region in Fig. 5 will be dis-
cussed in Sec. IV.

The double-photon transition J =2+ 0 can also
be monitored by the absorption of the J=2«1
transition. In this case by using a suitable Stark-
modulation voltage we can choose any of the four
different lines corresponding to (a) (K =M =0),

() =0, M=+1), (c) K=+1, M=0), (@)
(K=M=%1), and (e) (K=- M= + 1) as the signals.
The first line changes its intensity by about — 75%
since this transition is directly connected to the
pumped transition. The lines (c), (d), and (e)

are not affected by the pumping since they are not
connected to the double-photon pumping either
directly or indirectly through collision-induced
transitions. ! However, the line (b) correspond-
ingto J=2+1K=0, M=+1 decreased its intensity
by about 4% when the double-photon pumping was
made. This change is interpreted as partly due to
the inhomogeneity of the Stark field in the wave-
guide which causes AM =+ 1 pumping and partly
due to the collision-induced effect. However, in
view of results of other experiments on M selec-
tion rules in OCS and NH,, *? the former effect can-
not be so large as to change the sign of the latter.
Therefore, it is concluded that collision-induced
transitions produce negative AI/I . The implica-
tion of this result is discussed in Sec. 1V.

D. J=2<<0 Double-Photon Transition in PF;

Since the dipole moment of PF, (1.025 D°) is
about § of that of CD4CN, the value of y for PF,
is about & of that of CDCN. Therefore, the rel-
ative change of the signal is much smaller than in
CD,CN. An example of the observed signal is
shown in Fig. 6. The pressure dependence of
AI /T is plotted in Fig. 5. The value of k was de-
termined at the higher pressure region to be
k~10 mTorr. The deviation of the observed values

from the calculated at lower pressures must be
due to the wall collision. If we use the value y /7
=120 kHz, 7, is determined to be 1.3X 10~ sec Torr
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FIG. 6.0bserved decrease of the J=1< 0 absorption
(15639.8 MHz) due to the J=2<+0 double-photon
pumping in PFs. v,/2=23459.7 MHz. Pressure of the
sample is 25 mTorr.

or 1/2n7,~12 MHz/Torr.
IV. DISCUSSIONS

The observed intensities of the double-photon
transitions agree quantitatively with the theoretical
values. Although only symmetric-top molecules
have been studied in this paper, similar experi-
ments can be performed with linear molecules or
with asymmetric-top molecules. Also the two
pumping photons do not need to have the same fre-
quency. We can pump a transition by using two
radiations of frequency v, and v, provided that they
are sufficiently intense and that v, +v,=v,.

An interesting use of the microwave double pho-
ton transitions for the study of collision-induced
rotational transitions ! ** ¥ jg that we can estab-
lish by this method a non-Boltzmannian rotational
distribution which cannot be established by the
normal single-photon pumping, as for example the
negative temperature between the J=1 and the J=0
levels. Among various results described in Sec.
III, there are three results which provide interest-
ing information on collision-induced transitions in
CD,CN; they are (a) the negative change of the J
=2+ 1, M= 1signal due to the J=2++ 0, M=0double
photon pumping, (b) the fact that the value of AI/I
is less than — 1.5 in the low-pressure region in
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Fig. 5, and (c) the observed value of k(=2y 7,)~30
mTorr which is much larger than the value expected
from the pressure-broadening parameter.

The collision-induced transitions which contrib-
ute to the results (a) and (b) mentioned above are
shown in Figs. 7(a) and 7(b), respectively. The
transitions @, and @, are of dipole type (parity
+ <= —) while ¥, and ¥, are of quadrupole type
(parity + =~ +, — == =). The fact that the signal
decreases by the double-photon pumping [result
(a)] indicates that

Ray +Ry,>Ray+Ry, (7

where 2’s represent the rate constants of the col-
lision-induced transitions. It is known that the
rate constants for the dipole-type transitions are
larger than those for the quadrupole-type transi-
tions'?~%; therefore, Eq. (7) indicates

o, >k, - (®)

%y

This can be explained from the fact that the dipole
matrix element for the ¢, transition u/y6 is
larger than that for the @, transition u/(30)"2, ®
The fact that AI/I is less than —1.5 [result (b)]
in the system described in Fig. 7 (b) indicates that
not only the pumped levels J=2 and J=0 but also
the level J =1 now has different molecular popula-
tion from that in the equilibrium state. The three
collision-induced transitions shown in Fig. 7(b)
contribute directly in establishing the steady state
under the strong double-photon pumping radiation.
The transition @ j makes the value of AI/I more
negative whereas the transition @{ makes the value
of AI/I less negative. The observed result (b) sug-
gests that

kaé >ka1’ . (9)

Since the dipole matrix element for the transitions
of and @ are nearly equal [p/V3 and 2p/(15)"2
respectively], a detailed analysis will be needed to
explain Eq. (9).

The result (c) provides direct experimental evi-
dence that the relaxation time of saturation is dif-
ferent from the relaxation time determined from
the pressure broadening.® *  As discussed in
Sec. IIIC, the observed value of k=30 mTorr
when combined with the calculated value of ¥ gives
a value of 1/277y = 18 MHz/Torr, which is very
much smaller than the pressure-broadening pa-
rameter Av=94 MHz/Torr ® measured for the
J=1+0 transition. The absolute value of 1/277,
determined may not be accurate because it depends
on the estimation of the microwave electric field
in the waveguide; however the agreement between
the pressure-broadening parameter and the value
of 1/2 77, determined for the J = 3 ~+ 2 double-pho-
ton pumping (Sec. IIIB) convinces us that the re-
laxation time for saturation fortheJ =2 << 0 tran-
sition is appreciably smaller than that for the 3+ 2
transition. Presumably, this is due to the fact
that the two levels are connected directly by a di-
pole-type transition in the latter transition while
they are not in the former transition. Pressure
broadening would not differentiate between these
two cases since it is the simple sum of uncertain-
ties in the two levels and does not depend on wheth-
er the two levels are directly connected by a colli-
sion-induced transition or not.

The results of this paper suggest that if we can
measure the microwave electric field accurately,

Q) (b)

M=0
FIG. 7. Collision-induced tran-
sitions discussed in the text. Wa-
M=0 vy arrows indicate collision-in-
duced transitions. Energy levels
M= 1| are only schematic.
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a saturation experiment such as those described
provides useful quantitative information on colli-
sion-induced transitions which cannot be obtained
otherwise.
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APPENDIX

We consider the time-dependent Schrodinger
equation in a strong microwave field E, * 18
zﬁgtg =(Hy- LE coswt)¥ , (A1)
where 2w ~ w,.
A. Degenerate Case [Fig. 1(a)]

Under the influence of the pumping radiation,
the wave function for the molecules in the pumped
levels is expressed as a linear combination of the
stationary wave functions of levels a and b:

V= a(D)¥, +b(t)¥,. (A2)

Substituting this expression into Eq. (A1), we ob-
tain the following equations for a(#) and b(¢):

(A3a)
(A3Db)

a(t) =i coswt[a(t)x,, + b(t)x,y evieot) ,
b(t)=i coswi[b(t)xy, + alt)xy,et@ot]
where
xi= (i | LE| /1.

Contrary to the single-photon case where w~w 0
we have 2w ~w, and therefore the right-hand sides
of Egs. (A3)do not have any explicit low-frequency
term. The low-frequency terms are supplied by high-
frequency parts of a(¢) and b(¢). We shall divide a(#)
and b(¢) into the sum of the low-frequency part a,(t)
and b, (#) and the high-frequency part a,(¢) and b,(¢):

a(t)=a,(¢) +a,(t) , (Ada)

b(1)=0,(t) + b, (0) (Adb)

The magnitudes of a,(¢) and b,(f) are much smaller
than those of @,(¢) and b, (¢), but the magnitude of
a,(t) and b,(¢) are of the same order as those of
dy(t) and b, ().

We can derive the high-frequency parts of a(¢)
and b(¢) by integration of Eqgs. (A3) to be as follows:

a,(t) = %[Zia,(t)xu sinwt/w

ilw=wg)t e-i(w-l-wo)t‘
+b;(t)<e - )xab] )

+
w wo

(A5a)

=
=
—~
A
N2
1}
o=
o
=,
S
-
—
~
N2
=
<
Sl
w0
e
j=3
€
~
<
€

ilwrwg )t
+a,(t)<e +

w=-wq

ei(wo-w )t

)x,,,,] . (A5b)

Wo—w

Substituting these equations into Eqs. (A3) and re-
taining only low-frequency terms we obtain the fol-
lowing equations:

a(t)=i [a(t)s +b(t).yei(2w-w0)t] , (A6a)
b(2)=i[-b1)5 +a(t)y*e i 20t |, (A6Db)
where we have
6=2 l Xab ‘ 2/30) 0, Y= xab(xbb_xaa)/zw 0> (A7)

when w is approximated by 1/2w,. The subscript
! is omitted in Eqs. (A6).

Proceeding as in Ref. 16 and imposing the ini-
tial condition that a(o)=1 and 5(0)=0, we obtain
the following solutions:

a(t)=e*“*% "[cosQt - ic/Q sinQt],
b(t)=iy*/Qe ¢ * % sinqt,

(A8a)
(A8D)

where we have

€=3(2w-wy-26) , Q=[e+ |y[?]V2.

If we place the second-order Stark shift 67 into the
energy term in the stationary-state wave functions,
we see that the solutions above are exactly analo-
gous to the case of the single-photon transition if
w-wy and {a | LE|b)/7 in the latter are replaced by
2w—wo - 25 and 2y, respectively.

B. Nondegenerate Case [Fig. 1(b)]

The wave function is expressed as a linear com-
bination of the stationary wave functions of levels
¢, d, and e:

V=c(t)¥,+d()¥, +e(t)¥,. (A9)

Proceeding as in Sec. A of the Appendix, we ob-
tain the following equations for the time-dependent
coefficients:

¢ () ==ilc@)5, + elt)yyet Pomen’?],

d (1) =i(5,+06,)d(t), (A10)
¢ () = —i[e()5, +c(t)y *e™t €u=wo¥t],
where
8, = | g | Hw-Dbw)/28w(w y-bw),
b = | %o |P(w + Aw)/ 28w (wg + Aw), (A11)

Y= Xy Xgo/ 40w,
It is seen that the level d is merely shifted by the
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second-order Stark effect but no time modulation
is introduced. The similarity of the equations of
c(#) and e(#) in Eq. (A9) with those of a(t) and b(¢)
in Egs. (A6) shows that we have similar results
as Egs. (A7) except that the expression of ¥ is dif-

ferent as shown above and -

€=3(2w — wy—8,+5,).

The expressions of ¥ in Egs. (A7) and (A11)
are used in the text.
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Pure correlation effects on the hyperfine structure of atomic boron were investigated and
found to be important. A natural spin-orbital expansion of the well-correlated 187-term wave
function of Schaefer and Harris was used. Pure correlation effects are those contributions to
an expectation value obtained when the wave function is improved beyond the best possible

Slater determinant (the best overlap determinant).

Our results indicate that the unrestricted

Hartree-Fock method yields valuable information about the orbital and spin magnetic dipolar
and electric quadrupolar terms, but gives unreliable results for the Fermi contact term.
Utilizing both experimental and theoretical results, the Fermi contact term f was estimated
as 0. 096a0 » and the quadrupolar nuclear-shielding factor vy as 0.093.

INTRODUCTION

Correlation effects have proven to be important
in some cases for the explanation of experimental

atomic hyperfine-structure parameters. Calcula-
tions of hyperfine structure for the boron atom
have been made by Schaefer, Klemm, and Harris.
Their two wave functions, the polarization wave



