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ABSTRACT

An electro-optic modulator, driven at a single radio-
frequency v, 1s used to create sidebands (vL'tv) on the
frequency Vi, of a CW single-mode CO, laser. Laser-Iinduced
line narrowing in molecular Stark spectroscopy is demonstrated,
using double resonances of the co-propagating waves at vL and
(Vl,iv) with pairs of coupled Doppler—broadengd transitions.
Doppler-free Stark spectra of the molecules PH;, '3CH3;F and
120H,F are used to illustrate the technique. For PH; 1t is
found that the electric dipole moment vibrational difference

|lu(v,=1) -u(v=0)| <0.005 D.



We report a form of optical saturation spectroscopy
for studying small splittings beﬁween molecular energy levele,
with a spectral resoiution far superior to thet imposed iQ
conventional spectroscopy by Doppler broadeningf our teéhnique
1s based on the wel1~establishecﬂl]‘_3 phenomenon of ieser;induced
line narrowing by dcuble resonance of two co-propegating laser
beams with a pair of coupled Doppler-broedened transitiOns.l
Early experiments of this type were performed either with a
single laser adjusted to oscillate simultaneously on two
modesl’2 or with two separate lasers 1ocked to_e constant
fregquency difference.3 In our experiments only a.single laser
frequency is used and the two optical frequencies, required to
achieve double resonance, are produced by modulating'the
amplitude of the laser beam to generate sidebands. Several
recent investigations of resonances in an amplitude—modulated
.1aser beam are relevaht to our study: ebservation of optical
hole burning in solid'r‘uby;l‘l 7eeman spectroscopy in Na
vapor;5 the Zeeman effect of resonance fluorescence from I,
vapor,6 using a technique originally applied with non—laser
light sources.7 These investigations all used visible or
ultraviolet light sources and most involved magnetically tuned
phenomena; In contrast, our application of the mocdulation
sideband techniguelinvolves infrared lasers and the Stark.
effects of molecﬁlar vibration-rotation levels. The usge of
frequency-modulation sidebands, generated by‘piezoelectric

modulation of the cavity length of an infrared laser, has been



briefly reported8 inzlstudy of the Stark effect of CH,. Murther
applications of modulation sidebands are proposed in recent
theoretical work on saturatioﬁ‘spectroscopy.g-

A schematic diagram of our apparatus is shown in

Fig. 1. Linearly polarised infrared radiaticn from a CW CO,
laser passes through an electro-optic modulator, consisting
of a CdS waveplate, GdTe eleotfo—optic crystal and linear
polariser. The.modulator is driven at a fixed radiofrequency
v which can range from 0.2 to 30 MHz; a RF power amplifier_
and resonant step-up transformer produce voltages of 1-2 kV
p-p across the CdTe crystal within this fredquency range,
yielding a peak optical retardation of /10 - /5 rad. The
remainder of the apparatus is of the type usedlo for conven-
tional laser Stark spectroscopy. Phase-sensitive detection
at the modulaﬁionrfrequency of the Stark field produces |
essentlally Doppler-free resonances in deriVativé form as the
voltage ramp 1s scanned.

A novel aspect of our technique is the capability
of optimising features tn the Stark spectra bﬁ adjusting either
the angle ¢, between the retardation axis of the waveplate
and the polarisation vector of the incident laser radiation,
or the angle 8, by which the linear polariser is uncrossed
with respect to the incident radiation. In the simplest case,
where ¢ =0 =O°,'virtua11y all of the radiation-reaching the

Stark cell is concentrated at the two sideband frequencies



(vL-+v) and (vL-—v), apart from a small'amount_of radiation
transmitted at the carrier frequency va due to optical
imperfections. If the Stark field is directed parallel to
the original polarisation vector of.the laser beam, thé
sidebands will excite a pair. of perpendicular trahéitions
naving AM = *1, yielding the overall selection rule [AM| =2
and the resonance condition that the two Stark sublevels
differing in M by 2 should be separated by a frequency diffevence
of 2v. TFor a level (J,K) of a symmetric-top molecule having
electric dipole moment p and displaying a fir§t~order Stark
effect, the electric field at which this '2v-type' resonance

11 Alternatively, if the linear polariser

cceurs is hv J(J + 1)/ukK.
ig displaced from § 500, or if an optical bias is applied by
rotating the waveplate away from ¢ = 0°, further strong
resonances appear, involving the carrier frequenéy V1, and
either of the'sidebands vaziv); the Stark sublevels coupled
by the radiation field in this case differ by v, so that the
v-type resonant electric field for a symmetric top is

lhv J(J +1)/pK. Such effects are illustrated in Fig., 2,
showing results for the v, Q(14,12) transition of phosphine,
PHs, which lies close (v 30 MHz) to the 10.16 um R(34) COz
lager line. Linewidths of ~ 0.5 MHz fwhm are cbtained,
corresponding to'lOO~fold iaser-induced line narrowing with
respect to the normal Doppler linewidth.1?

Figure'3 displays a further example of the technique.

The infrared double resonance Stark spectrum of the v R(4,3)



transition of 13CHaF, which differs in frequency by -25.8 MHgz

from the 9.66 wum P(32) CO, laser line,L°

13

was studiled by Brewer
et al., using two lasers locked to a fixed freqﬁency difference.
Our results, obtained with just a single lasef beém_amblifﬁde—'
medulated at 24.205 MHz, faithfully reproduce the‘brevious

results, >

including the appearance of collisionfinduced
resonances a, b, d and £, Fig. 3 shows that the v-type
resonances (a, b, ¢,...) are greatly enhanced with respect to
the 2v-type signals {(a', b', c¢',...) when the polariser is
rotated from P =0° to e::goO,ll The weak resonance labelled c"
is a 2v-type, |AM]| =1 signal due to a pair of AM=0 and AM=+1
transitions, produced by uncrossing the polariser. The strong
zero-field 1eve1—crbssing slgnal, which always achmpanies the
optical double resonance signals, is also shown in Fig. 3.12
The modulation sideband technlique has also been
applied to the vs Q(1l2,2) Stark resonance of 12CHiF with the
9.55 um P(20) CO; laser 1line. BSeparate signals from v =0 and
vs =1 vibrational states are clearly resolved, in good agreement
with the results of Brewer's two-laser technique.3’13 In contrast,
our results for the v, Q(lu,12)'transition of PH: (Fig. 2) do
not show any separatioh of contributions from the two vibrational
states; thils places an upper limit of 0.005 D on the electric
dipole moment difference, |u{vy =1) -u(v=0)|. Other applications
of the modulétion sideband technique include the determination

of u(vy =1) for '®NH; from the quadratic Stark effect of the

ve asR(2,0) transition and studies of extremely small (~ 107°D)




rotationally induced electric dipcle moments such as those of
- the tetrahedfal‘molecule GeH,; these will be reported in detail
elsewhere.

Finally, we wish tc stress the advantages and
potentialrscbpe of this new technique. .It is capable of sub-
MHz resolution  of atomic and molecular level splitﬁings,
without imposing severe demands on stabllity and calirvration
of laser frequency, as only the difference between carrier
freguency VI, aﬁd sideband frequencies (vL:tv) is critical.
Furthermore, the technique empleys only a single laser and
does not require that two spatially separated laser beams be.
used. As an adjunct to conventional laser Stark spectroscopy,
the optical double resonance method is hest applied to very
small Stark effects and to transitions which lie so close to
the laser frequency that thelr Stark pattern would not be
resolved at the small electric fields required tq achieve a
single-photon resonance. It has the advantage of giving
separate Stark shifts for upper and lower étates and, 1in the
case of a first-order Stark effect, of producing a muéh
simbler spectral pattern than that from conventional Stark
spectroscopy. The technique is by no means restricted to
infrared laser frequencies or to investigation of the Stark
effect, and should find extensive application in studies of
neeman effects, collisional processes, hyperfilne structure,

eto, associated with transitions throughout the optical spectrum.



We are grateful to A. Karabonlk for valuable
technical assistance, and to U, Andresen and W. Kreiner for

- some prellmlnary. experimental wdrk.

Note added in proof:

We have recently improved our linewidth to ~0.10 MHz
fwhm, enabling us to resolve the two vibrational components of
the PH; v Q(14,12) resonance and yielding lu(ve=1) —u(v=0)| =

0.0028 £ 0.0005 D.
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FIGURE CAPTIOCNS
Block diagram of the apparatus.
Tnfrared double resonance Stark spectra for PHy at
n 6 mtorr pressure, Stark modulation 10 V em™! at
10 kHz, and optical modulation frequency v =2U4.198 MHz,
illustrating the éffects of zpplying an optical bias
(waveplate retardation n /4 rad, orientation ¢) and
of polariser orientatlon é. The v, Q(14,12) transition
of PHy 1s in résdnance with the 10.16 um R{34) CO,
laser line. The assignment of the w- énd 2v=-type
regsonances 1s discusséd in the text.r The time constant
of detection is 0.3 s.
Trnfrared double resonance Stark spectra for 130H,F
at ~ 5 mtorr pressure, Stark modulation 5 V em™! at
10 kHz; zero optical bias, and optical mcdulation
frequency v =2L,205 MHZ; showing the zero-field
levélfcrossing signal and both direct and collision-
induced Stark resonances. The vi R(4,3) transition of
130H,F is in resonance with the 9.66 um P(32) CO. laser
line; The resonances are 1ébelledia, b, ¢, ... 1in the
styié'of ref, 12, a prime being used to distinguish
the 2v-type resonances (optimised at 8 =0°) from the
v-type resonances (optimised at 6 = 20°). The resonance
labelled ¢" is discussed in the text. The time constant

of detection is 0.1 s.
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