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épstgagt. ~ The present work investigates a highly sensitive
echuique of obtaining narrow resonances of saturated dispersion
detected by the mode beat signal of a double-mode laser with an
internal absorption cell which a}lows to register weak absorption
lines with the  ~ 10~11 cm~1 Hz"“2 sensitivity determined by the
natural frequency fluctuations of the laser. The resonances of
2,2 kHz HWHM have been separated in the 80 cm cell with the light
beam of the 30 mm in diameter in experiments on the He-Ne/CH4
double~mode laser ( \ = 3.39 mkm).

;gé;%ggﬁzggnL - o detect narrow spectral referance tramsitions vari-
ous techniqueg of sub~Doppler saturation spectroscopy have been wide—
1y used [ 1-3] +The narrow resonance in the registered laser intensi~-
ty (inverted Lamb=-dip) results from the saturation of the inhomogene-
ously broadened absorption line with the oppositevely directed radia-
tion waves of a one~mode laser (OMLR. To this end wvarious experimental
geometries from external or internal cells with an absorption gas to
beam sources have been applied.

5o far this teihnique has permitted to obtain a very high spec—
tral resolution in the optisal range and to separate Lamb-dips with
the g-factor of 1010 ~ 1011 £or the transitions of CH,, Cas 080
[4=7] + The detection of that high Q-spectral lines demftnds %he e
of atomic beams or molecular gases of low densities, The value of
inverted Lamb~dip (2-) is known to be proportional to p3.V. (where,L
is the pressure of the absorption gas and V. is the caustic volume
in the absorption medium) and to decrease %uickly with the drop of the

P- « As a result the value of 4. has a low contrast as compared to
the fbackground intensity' in the detector. This in turn enhances the
difficulties of detecting a signal among the noise due to the back-
ground intensity (the detector shot noise, fluctuations in the laser
intensity, etcs)e A few modified techniques of registration were
suggested to eliminate the influence of the background intensity on
the sensitivity of detecting Lamb-dips. In particular registering may
be performed with the hel{ of a change in the polarization_state of
the probe wave in the cell (vpolarization spectroscopy® [8] ) or with
a fluorescence signal from the upper state of the reference transition
[1] « The latter is especially efficient for beam experiments on atoms
when multiple fluorescence on the adjacent transition can be sometimes
ensured, For molecular lines multiple fluorescence is hardly realiz-—
able bedause of the complex structure of molecular energy states.

The enlisted resonance detection technigues may be called tampli-
tudet by znalogy with radio-technique as they all imply registration
of the intensity (or amplitude) of the light wave. However, it is
known that the satwation of an inhomogeneously broademed line can be
detected by the change of the phase~frequency characteristics of the
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laser radiation as the frequency as well as the phase of the laser
wave depends on the change of the refractive index in the absorption
medium, With the inhomogeneously broadened dispersion line saturated
by the oppositevely directed waves refractive index in the centre of
the absorption line undergoes resonance changes which in the external
cell can be detected by a phase shift of the wave with a grest accu-
racy by means of a frequency modulated method suggested in [ 9,10 ] .
The saturation of the dispersion line in a laser with an internal
cell is detected as a2 monlinear dependence of the laser frequency on
the tuning frequency of the tempty' cavity (the effect of a nonlinear
frequency pulling to the line centre [11, 12] .

In terms of Lamb's theory the frequency of a OML with an inter~
nal absorption cell at | -W-|~ - can be written as

- E— /f /2 J(‘ wl"w-
=

2
where -Q/ is the empty cavity resonmance frequency, E, is the mode
intensity, W) is the emission fregquency, W- is the centre of the
absorption line, O+ are the addends describing the linear (mon-
saturated) dispersion lines of the active and absorbing media and the
term 4 & describes the saturation of the dispersion line of the
active medium, The last term in Eq.(1) is a2 narrow resonance of a
dispersion kind pointing to the nonlinear fulling effect of the laser
frequency to the centre of the absorption line: K_ is the nonsa~
turated absorption factor per unit length, £ is the light velocity,
¢ - is the cell length, £, is the full cavity lemgth, A is Plank's
constant, ¢~ is the homogeneous width of the absorption line and
djp is the matrix element of the dipole moment of ihe transition.The
factor deE, /ﬁ- 34_2 = I is the parameter of the transition satu-
ration, -

For convenience we shall shorten the resonance dependence in
Bqe(1) to the tfrequency resgonance!' (FR) and the inverted Lamp dip
in the radiation intensity to the tamplitude resonance! (AR).

The PR in a OML with an internal absorption cell has been tho-
roughly imvestigated [13-15] o In [14, 15] it was used to stabilize
frequanoy of a He-Ne/CH, OML, From Eq. 1) i% follows that the value
of the FR ( AW =_CE€'/f,) in contrast to the AR is linearly de-—
pends on [P. and in addition as it was shown in [ 14 ] the frequency
stabilization of the PR reduces shifts of the stabilized frequency
due to the stray am;glitude modulation.

A Pfrequency adjusted laser~heterodyne [ Jpet) detecting FR by
the beat signal at the frequency Wihet= [Wi - Whetl is needed to
observe FR in a OML, In this case the noige level iz determined by a
relative stability of a beat frequency (pet « As the technical
frequency fluctuations of the Wo; are not corrélated by those
of the laser under investigation even at the absolutely perfect hete-
rodyne stabilization the noilse level be high as the achived laser
passive &aser frequency stability cannot be mere than
103 + 10'Hz.Hz-"2 . This forbids an efficient application of FR
in the OML.

2. This work investigates a more efficient technique of detecting
¥R when they are separated by a beat signal of a double-mode laser
2DML) with an internal absorptiom cell [16, 17] . The physics of
he mechanism of the FR in a DML is similar to that of a OML where
the second mode is used as a theterodyne'! to detect a beat signal
which reduces technical frequency noise +to several orders, This
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method may be defined as tdouble frequency intracavity spectroscopyt.
From [11, 16] it can be seen that the frequency difference of the
two modes in the laser with a nonlinear absorption at Iw,—w_l~dt.

is represented as

Wiy = W, - Wy == (£, —.Q2)+A5:, +A-P+(E/21 E:) *
ow-cl 1. _¢(w-w) @
Z, T g2+ (w-w)p

where the second and third terms show the influence of the limear
and nonlinear parts in the dispersion of the active medium and the
factor of "2n is related to the second mode parameters. Eq.(2) does
not take into account small non-resonance additions of the absorbing
medivm, If the frequency difference of the empty cavity satisfies
the condition

g« - Ry « 1, KL we
ctive
(where (% KL ~ nomogeneous and Doppler widths of the medium)
it is not difficult to prove that the influence of technical fluc~
tuations due to the addends of the active mediwn may be neglected,
In thils case the frequency noises of mode beats are related only to
the technical fluctuations of frequency difference in the empty ca~
vity, As the techmical fluctuations of S/ and S22 occur in a
correlated way then their contribution to the noise is a few orders
of magnitude lower than in a OML with an external heterodyne., As is
shown in [17] +the contribution of other noise sources (in particu~
lar additive noise of the photodetector) is small and natural fre~
uency fluctuations in the mode frequency become a dominant noise
%aetor. Estimates made for the HgNe/CH, system (the value of the FR
AW ~10° Hz_at methane pressure A~1 f Torr, %~ 1) show that at
the spe%tral dgnsity of patural laser :tre%ueney fluctuations
(10~1 = 1072 ) Hr.He"72 +the proposed technique allows tomegister
the absorpﬂ.on ggfefficients for the weak lines with the sensitivity
of ~ 1011 cem~1 ,H52~2

+

eriment - An experimental inyestigation of narrow FR was
made in a He~Ne laser with an internal methane cell, The experimen-
tal arranfiement shown in Fig,1 consisted of three lasers: a DNL
e

with a telescopic light beam expander (the coustic diaéxeter d_of
30 mm, the cell length £_ = 0.8 m, the gavity length /£, = 1.8 m),
a referance DML (d. = 3 mmy £. = 0,7 my Fp,= 1.6 m) with a narrow

radiation spectr ~ 10 Hz) and a laser-heterodyne one-mode operat-
ed and 0.6 MHz shifted from the reference IMLe T0 reduce the line~
width of the lasers the freqttssxey of the referance DML was stabiliz~
ed alon% the non-resolved F methane component ( p.= 3 m Torr,

4~ ~ 200 kHz) by a broadbafid two loop AFC system, The AR of the
reference DML worked as the discriminatar of the *slow! loop, while
the tfast' loop used the FR [17] . The frequency bandwidth of the
combined system was about 20 kilz. The marrow radiation spectrum of
the referance DML by means of the laser frequency coupling systems
was transmitted via the laser-heterodyne to the DML with telescopic
expander,

e The stable two-mode operation in both He~Ne/CH, lasers was en-
sured by a Fabry-Perot cavity with two A/4 phase p‘.tates. The pro-
perties of such a cavity were investigated in [ 19,20] o [ 20,21]
showed that when the angle 8 between the optical axes of the plates
approximates zero or /2 , them at A = 3,39 mkm Ae +transition
a stable generation of two modes of the same transverse structure
with the mutually orthogonal linmear polarizations occurse. The dis~
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Figele ~ The schematic view of the full experimental set-up.

tance between modes (W72 ) is adjusted by the angle 8 in the ran~
ge 0.2 MHz and greater, This readily permits to fulfil the necessary
requirement (3) for the investigated laser, as Klia, 3 > 100
lHz. The difference of this scheme from the one in ["17 ] is that the
active medium of the DNML with telescopic beam expander was in the
weak transverse magnetic field and the methane cell design incorpo-
rated liquid nitrogen cooling. The registration scheme of the FR
and its derivatives in a DML is shown in Fige.2.

uble-Mode Laser —
— )
active absorption -
Ei medium cell ﬂi m O }
)/ (He-/t/e) /CH(,:) J/q £2 . a)z
derivative phase F
signaés sensitive con/vl:rtar |
C[B‘ detector
Wy,
radio
- generator {+5 A/ I Ay, ~10%Hz
MHz for ImTorr
. CHy  pressure

Fig.2s =~ The registration scheme of the frequency resonances and
its derivatives in a double-mode laser, The double~mode ope=—
ration of the laser may be possibly determined by the two
phase plates inside the cavity (see the text).
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Fig.3 gives the spectrograms of the first and second derivatives of
the PR for the F*z’methane line obtained at the gas pressure

- = 60 mkTorr, <7 = 77°K, the saturation parameter of the separa-
ted component of MHPS JF, ~ O.4 and radiation frequency deviation
1500 Hz peak-to-peak(modulation frequency 400 Hz)e. With these para-
meters the HWHM of the detected resonances was minimum and about
2.2 kHz (the spectrograms was processed with the account of the
doublet split of each coewmponent of the MHPS due to the recoil ef-
fect [ 354 ] o The spectrograms in Fige4 point to the influence of

the saturation parameter on the spectral component resolution,

2-nd MIVATIVE/L ‘
2 \fc/ v w0 f;‘yz

UENGTH OF THE CELL - 80em
1-st DeRIVATIVE BEAM DIAMETER ~ 30mm

METHANE PRESSURE ~ 60uTorr

MOD. FREQ ~400 Hz

INTEGRATION CONST - {sec

TIME OF RECORDING — Smin

TEMPERATURE —?7°K
AWV

4 \ / 10 \/\ffk’xﬂz

Fige3e = The signals of the first and second derivatives of the
frequency resonanceg)in the double-~mode He-Ne/CH, laser,
The MHPS of the F2 methane line is resolved.

It should be stressed that cells of congiderably greater length
and transverse dimensions are used to obtain AR signals in the OML
with the similar resolution and signal-to-noise ratio., To ensure
the low level of the saturated power the DML was operated with a
considerable difference between intensitles of the first and second
modes, The intensity difference in the modes was provided by a
$ransverse magnetic field along the polarigation of the second
gheterodyne) modes The calculabion and experiments proved that owing

o the Zeeman line split of the gain curve at 6 and 77 components
the first mode saturating the centre of the absorption line is redu—~
ced while the second mode increases, The theoretical interpretation
of the behavour of the mode intensities in the magnetic field is gi-
ven in Fig.5.

E§5>Ef
Thef{experiment qualitively verified this dependence. Hence the rela-—
tion’for a stable laser double-mode generation can be obtained. AT
the same time the natural nolse of the fregquen a?d intensity inc-
rease negligibly (approximately two times for £/£° ~ 100) which
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Figelts — The same signals as in Fige3 under different saturation
parameters of the first mode (7, ) coincident with the
absorption line centre,

13
6;*6-22 bouble -Mode operation % One-Mode operation
1.0+ e —
/./
He-Ne Laser P
= ~
(A=3.39 um) y
/ —_ 2
al S AE e
/ ﬂ,_ Ez

0.6
s dischdrge tube 2
crossection

04

02

10 20 30 40 50 H ¢

Zaperation
paint

Pige5e — The theoretical dependence of the mode intensities in the
double-mode He~Ne Easer ( A = 3439MKkm) via transverse
magnetic field. The direction of the magnetic field
coincides with the polarization direction of the first
(weak) mode saturating the methane line centre,
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may be accounted by the deep saturation of the gain curve by a strong
eneration at the frequency close to that of the heterodyne mode

§ was chosen in a range 1-§ MHz)e. In the case of a OML ‘the
ecrease in the saturation parameter requires as a rule an applica-

tion of large telescopic systems,

Qggi%ggigg;fr The developed technigue of the double frequency intra-—
cavity spectroscopy based on the freguency detection of the signal
is shown to be highly sensitive and promising in laser gpectroscopy
and in particular for the detection of narrow reference lines. The
application of frequency resonances of the double-mode laser as an
ogtical frequency discrimator ensures small technical shifts,high
short~term and long-term stabilities and an efficient reduction of
the field broadenhing. The application of the above technigue in the
He~Ne/CH, laser provided optical referance lines of ~ 2,2 kiz width
when usifig the cell of 0.8 m length, the beam diameter of 30 mm and
the time of 1 sec for the signal integration,

This technique is multi-purposed and might be extended to other
types of lasers for providing supersensitive linear as well as non~
linear laser spectroscopye
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