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A new method of frequency-modulation spectroscopy of a three-level gas, whose
resolution is virtually not restricted by transit effects and by the technical
fluctuations of the radiation frequency, is proposed and realized experimentally.
Using a medium with absorption of 3 10™* cm ™! and a length of 15 cm, a
resolution of 3 X 10° was achieved.

PACS numbers: 07.65.Eh, 51.70. +f

1. A new high-sensitivity method of laser spectroscopy—frequency modulation
saturation absorption spectroscopy—was demonstrated in Refs. 1-3. The method con-
sists of recording the amplitude modulation signal, arising as a result of the interaction
of the frequency-modulated radiation with a two-level gas, in which a countermoving
saturating beam propagates. Since the modulation frequency can be quite high (up to
the microwave range), the minimum recordable signal is determined only by photon
noise. However, the resolution of the method,'~ as also the resolution of traditional
methods of nonlinear laser spectroscopy, is limited ultimately by transit broadening of
the investigated line and broadening of the laser radiation spectrum, associated pri-
marily with technical fluctuations of its frequency.

In this work we proposed and experimentally realized a new method of frequen-
cy-modulation spectroscopy of a three-level gas, whose resolution is essentially not
limited by transit broadening and technical fluctuations of the radiation frequency.

We shall examine the interaction of a frequency-modulated traveling wave
€lz,t) = €,exp X [i27(t — z/cjv — i cos 27 ft ] + c.c. with a three-level system and, in
addition, we shall assume that the frequency spacing v,, between levels 1 and 2 is
much smaller than the Doppler width of the allowed optical transitions 1-3 and 2-3.
For simplicity, we shall restrict ourselves to the case 4 €1. The field &(z,¢) can then be
assumed to be a superposition of three traveling waves: a strongly saturating wave
with amplitude €, and frequency v and two weak probing waves with frequencies v + f
with amplitudes €, = €_ = — i/4¢,. The variable part of the wave power P, on pass-
ing through a weakly absorbing medium with length L, is

AP/P =38 cos2nmft + &, sin2nft, (1)

disp
where Buiep =4 TW/C)LA (K", + K —2K,), Bups = 4 (v/c)LA K", — K" ),
K, =K', +ik" is the polarizability of the medium for the weak wave € , in the
presence of the strong €, and «, is the real part of the polarizability of the medium in
the field €,. A calculation of « with the help of the well-known technique for solving
the equations for the density matrix in the field of three waves €, and €, (see, for
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example, Ref. 4) shows that with unequal dipole moments of the transitions 1-3 and 2—
3 d}, #d 3, the quantities «, and «_ are different and, therefore, in passing through
the medium, the frequency-modulated wave becomes an amplitude-modulated wave
(Gabs Baisp 70). Without going into details of the analysis, which will be presented in a
more detailed publication, we shall only give the final result in the two most interest-
ing cases. For vibrational-rotational transitions in low-pressure molecular gases, when
the relaxation of the density matrix may be described sufficiently accurately with a
single relaxation constant ¥, we have in the Doppler limit and with y<w,:

A - f—v

abs disp )

where

d2
Ax) = ay b — ————— —_— ), 4 = ,
! ANy L+ 1+l ar, + d2,

Lji=1,2;

a, is the unsaturated absorption coefficient, I =1, + I, I, = d }|€,|*/#*y” is the satu-
ration parameter of the transition j-3. In the case of electronic transitions from the
ground or metastable level to the upper short-lived level, for §,,, + i8,,, we have (2),
where ¥ is the relaxation constant of the nondiagonal element p,, of the density ma-
trix.

As is evident from (2), the amplitude modulation signal varies in a resonant man-
ner upon variation of f for v,,. The antiphase component J,,, represents the difference
between two field-broadened Lorentzian contours with different amplitudes. The re-
sulting contour with weak absorption has a nearly Lorentzian shape with a peak at
JS=v;, and width ~y. Analogously, 8, has a nearly dispersion shape with a zero at
f=wv,, and width ~y. We note that with the help of synchronous detection, it is
possible to record 8, and J,,, separately.

Expression (2) was obtained for the case of a monochromatic plane wave. Inclu-
sion of drift effects and fluctuations of the carrier frequency v requires a special analy-
sis, which will also be performed in a future publication. Here, however, we note that
as is evident from (2), the amplitude modulation signal with weak saturation 7<1 arises
only in second order with respect to the intensity of the saturating field. This indicates
that the transit effects do not lead to broadening of the resonance (2), since due to the
anomalous contribution of slow molecules to the polarization of the medium, the
nonlinear second- and higher-order resonances are not subject to transit broadening.’
The effect of the fluctuations of the laser radiation frequency on the width of the
resonance {2) is likewise greatly weakened, since the frequency v does not enter into (2).
The contribution of fluctuations of the freugncy v to the width of the resonance (2)
depends on the shape of their spectra. Thus, for example, slow technical fluctuations
under the condition y7>1, where 7 is the correlation time of the frequency fluctu-
ations, have virtually no effect on the width of the resonance (2).
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2. To realize the experimental method, we used the Zeeman effect in the F§
component of the vibrational-rotational transition of the methane line (1 = 3.39 um).
In the presence of a magnetic field, the transition J,-J, represents a superposition of a
series of three-level systems: for example, two magnetic sublevels m + 1 and m — 1 of
the lower state J; and the magnetic sublevel m of the upper state J,, etc. The difference
between the dipole moments of the transitions Am = + 1 and 4m = — 1, which is
required for the existence of the signal in the frequency-modulation spectroscopy, can
be obtained by using elliptically polarized laser beam. Solving the system of equations
for the density matrix of molecules in the field of the plane waves €, and €, resonant
with the transition J,-J,, in the presence of an axial magnetic field in fifth order with
respect to the field €, and first order with respect to €, , the signal §,,, + 84, Wwith
JiJ,3>1 can be represented sufficiently accurately in the form

' Ap? e(1 — €*)?
Gabs+ l&disp & aOL (1+62)3
2 1 2 ' 1
X + 2 — - 2
20-f 2Q-f 2Q+f L2Q +f )
1+ i 1+i— 1-i T+ i——
2y ¥ 2y 2y

(3)
where € is the ratio of the principal axes of the polarization ellipse of the laser field,
and 2 is the Zeeman splitting.

The experimental arrangement is shown in Fig. 1. A single-mode He-Ne laser 1
with output power of 250 u'W was used. The radius of the beam at the neck of the
caustic was 0.1 cm. The frequency of the laser radiation was modulated by applying a
sine-wave voltage with frequency f= 200 kHz to the piezoceramic, to which one of the
cavity mirrors is attached. To eliminate the parasitic signal of amplitude modulation
resulting from the difference between the frequency of the laser radiation and the top
of the gain line, the laser frequency 1 was fixed with the help of the automatic-frequen-

AFT Laser 1 ’ CHy M
HE-NE P
) Qg » - PD SA
PD ) 7 7
mathane 0,
stabilized =1 AP mod wu: [
ring laser
Laser 2
ASPD 0: >|SD
DP : 200 kHZ K
- ) J

Fig. 1. Diagram of the experimental setup. AFT, automatic frequency tuning; PD, photodetector; P,
quarter-wave plate; M, solenoid; CH, methane cell; SA, selective amplifier; SD synchronous detector; O,
audio oscillator; ASPD, automatic system for storing and processing data; AP, automatic plotter; DP,
digital printing setup; MOD, modulator.
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Fig. 2. Amplitude modulation signal 8,,, as a function of the magnetic field. The orientation of the magnetic
field reversed when the level H = O was crossed. The solid curve represents the dependence constructed using )
Eq. (3) with y =41 kHz. : 4

cy-tuning system to the frequency of the ring laser 2 stabilized on the methane line,
described in Ref. 6. The required ellipticity of the radiation was fixed by appropriately
positioning a quarter-wave plate. The methane absorbing cell with a length of 15 cm
was placed in an axial magnetic field. The signal from the output of the photodetector,
after synchronous detection, entered the automatic system for storing and processing
data. To increase the signal-to-noise ratio, the high-frequency modulation was inter-
rupted with a 10-Hz frequency followed by synchronous detection.

Figure 2 shows a typical amplitude modulation signal §,,, as a function of the
intensity of the magnetic field. Each point was obtained by averaging 100 measure-
ments. The methane pressure was Pcy, = 2.8 Torr and the ellipticity of the beam was
€ = 0.3. The minimum recordable amplitude of the resonances (with a signal-to-noise
ratio equal to 2) was 5 1078, This amplitude was determined by the residual ampli-
tude modulation of the output radiation. Resonances with amplitude exceeding
5% 107® were observed in the range of methane pressures from 1.7 to 3.3 mTorr; the
maximum amplitude 3X 107 was achieved at 2.5 mTorr. The decrease in the ampli-
tude with Pcy, > 2.5 mTorr is due to broadening of the line and decrease in the satura-
tion parameter 7/ oc(PCH4)_2, while the drop at low pressures is associated with the
decrease in the linear absorption @,« Py, and the number of slow molecules
o« (Pcy,)” contributing to the resonance.
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FIG. 3. Dependence of the homogeneous line width on the methane pressure. The solid line represents the
straight line y = (2.5 + 14.2 Py ) kHz.

The signal 8, (H ) represents a resonance, whose peak, according to (3), fixes the
Zeeman splitting £2 = gu  (H ), which is equal to f /2. This ratio gives a g-factor for the
F% components g = 0.31 + 0.01, consistent with the data of Ref. 7. Figure 3 shows
the dependence of the homogeneous line width ¥ on the methane pressure, obtained by
analyzing experimental results using Eq. (3) by-the method of least squares. The depen-
dence is described well by the expression y = ¥, + kP, with a coefficient of propor-
tionality k=~14 kHz/mTorr, which coincides with the well-known collisional broaden-
ing constant for the methane line* and with the constant y,~2.5 kHz. This
dependence ¥(Pcy,) indicates that the broadening of the resonance is determined by
collisional broadening, while transit effects, in spite of the large transit broadening
{~100 kHz) and fluctuations of the laser frequency (width of the spectrum ~ 10 kHz)
have essentially no effect on resonance broadening.

Thus, in this work we proposed and realized a new method of frequency modula-
tion spectroscopy, which has high sensitivity and resolution. Using an extracavity
absorbing cell with linear absorption 3X 10™* cm ™' and length 15 cm, a resolution of
3X 10° was achieved without broadening the laser beam.
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