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Sub-Doppler Spectroscopy of Xenon Laser Lines with a Saturated-Amplification Method.
Resolution up to the Natural Width

Ph. Cahuzac and R. Vetter
Laboxatoixe Acme Cotton, Centre ¹tional de la Recherche Scientifiqle, 91405-0xsay, I'mnce

(Received 30 January 1975)

A saturated-amplification method has been applied to the spectroscopic study of several
infrared 1aser lines of xenon. The experiment is characterized by the use of two lasers.
Linewidth at very low pressure, isotope shift, and hyperfine structure have been mea-
sured.

%e report here ultrahigh-resolution measure-
ments of atomic structures by means of a two-
laser saturated-amplification method. Saturated-
absorption techniques were first extensively used
in molecular spectroscopy for which homoge-
neous widths are very weak"; in atomic spec-
troscopy, although lifetimes of excited levels
are generally short and induce larger homoge-
neous widths, the gain in effective resolution re-
mains important and a few experiments have been
performed. "'

%e have studied several laser lines of xenon
in the near infrared. For these lines, we have
observed saturated absorption at high pressures
but also saturated amplification at low pres-
sures; both situations are fundamentally equiv-
alent in their principle. In order to obtain the
best possible resolution, we have systematically
performed the experiments at pressures as low
as possible, i.e., in saturated arnplification;
then the homogeneous width is nearly equal to
the natural one and is very weak compared to
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=3 &&10+ Torr,ordin obtained for a pressure =3pical recor ing o
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To improve the versatility ofthe Doppler one. o im "thethe experiment we have uused two lasers '; e
first one provi es'd the saturating beam and the

the robe beam. The fre-second one provides p
uency independence of the two beams al ows

s hich the longitudinal velocitystudy of atoms for w ic e
t-,'as in one-laser satura-is nearly equal to zero, a

ded-absorption experiments, a', as well as the stu y
or which the longitudinal velocity is

diff rent from zero; furthermore,
er which is sui a et bl for the probe beam allows

elthe use of a s or ash t 1 er and yields a relative y
large scanning range.

A schematic diagram of the p
'setu is shown in
rted here,Fi . 1. For the measurements reporFig. 1. or

f sin le mode and sta-the saturating laser is o si g
bilized at the Lamb dip. The p robe laser is

widths its intensitytunable over a few Doppler wi s; '

durin the scan-t bilized to a constant value '
gis 8 a ll

An external Fabry-Perot eta ion is usedning. n e
The two beamsto cali ra eb t the frequency scale. Th

osite directions along the amplif'llflca-travel in opposi e ire
the areb n the central part of which ey

s the satu-su erposed. As in other experiments,
h ed by a mechanical modu-rating beam is c oppe

rd onllockin detector is used to recor on ylator; a oc in
m which isdulated part of the probe beam wthe mo uae

e am lificationinduce y nd b nonlinear effects in the amp
e. As is well known, at low saturation pow-tube. As is we o

, the resonance signal has a LoLorentzian pro-er, e re
its width isfile an, ind, one-laser experiments, i s

nearly equal to the homogeneous one. In our ex-
f hich only the frequency of the

rded width isrobe beam is tunable, the recorded wi ispro e
mo eneous one; however, they

effective resolution is not f~ ~ ~fected since a s

tu es are also expanded yb the same factor.r
In order to test the quality of our experimeriment

we have performe rew d three kinds of measurements
on infrared lines of Xe I.

Linesvi dtk measurement s A =3.51 p, m; p
—5 '6p[ —', ],).—We have recorded the saturation
si ' tope at pressures as low

' nal of a pure even iso op
d t reduce the broadening byas possible in or er o r

collisions. e mTh easurements have been done
u

' '"X in the amplification tube asusing 99%%uq pure e xn

well as in the two lasers. A typical recording

homogeneous profile; the upper trace s ows
-Perot fringes whose spectral interval is

.5 MHz. The constant amplitude o e
h the intensity stabilization of the probeshows e i

laser and in icad d tes the limits of the scan g
zbran e which here is roh ' b oadened up to 300 MHz y

adding helium into the probe lasser. consequently
not centered on the satura-the scanning range is not c

tion profile.
Various recor ingsd' have been performed for

Thedifferent saturation and amp
'lification rates.

' th 6v, = 10.5 + 1 MHz,smallest recorded wld
& rec

correspon s od t a pressure of xenon approximate-
ly equal to 10 ' Torr. The homogeneous wi

v„,~ natural width increased by collision e-
fects can e e ub deduced from the following expres-

9,10,sion'

5 v„, = 5 v„,[1+(1+y)'i'] ',

which herewhere g isis the saturation parameter
5v = 5.01 t d as 0.25. This leads to v„,m=

+0.5 MHz. The natural width 6v», w ic
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Xe.

e an

deduced from 1'~1'~ctime measurements and theo-
retical evaluations" "is 5v =4.
Thee small difference between 5v„, and v„„is

a, a such lownot significant and indicates that at h

pressures, one practically re h thac es e natural

Isotope-shift measurements (A. =3.51 m .—
These have beeen done with a mixture of '"Xe

s = . pm).—
(84%%uo) and "4Xee (15'%%uo) in the amplification tube
and pure '"Xe in the two lasers. A typical re-
cording is shown in Fig. 3 it has b
un er the same conditions as the linewidth
suremments. The lower trace shows the struc-

wi mea-

ture. Here the frequene f thy o e saturating beam
corresponds to the center of the Do
related to "'X

o e oppler profile
a e o Xe and to the wings of the r f'1

re1ated to "4Xe.
e prox e

the '"Xe
Xe; consequently the inte t fnsxy 0

is t
e component is reduced. Wh th'en is effect

is aken into account, the ratio ofra io o intensities is
equal to the ratio of isotopic abundances. %e
have verified that this result ' '

du is in ependent of
the saturation parameter. The
o e structure is

recorded value
re is 72 MHz corresponding to the

isotope shift

5p(136, 134)=36.0+0.6 MHz.

the hi h res
This direct measurement h' h, m ic is allowed by

e high resolution of the experiment
a rgreement with a value dedu d f

imen, is in good
uce rom earlier

measurements: 37.5 +2.5 MHz "
Hyperfine-structure studies (X = 3.36

—,]2- P 6PLa],).—For hyperfine studies,
we have used 98%%uo pure '"Xe '

h
tube as m

e in the amplification

at336 m e
e as mell as in the tmo lasers. F thor e line

p. m, earlier measurements and calcula-

0
l48 MHz ~l

FIG. 4. ~ =3.36 pm.Pm. H~erfine structure of
I=q) for two saturation rates: (a) g=4 and ™

Notice the varI. at f Iion o re ative intensities.

tions" " indicate th at the hyperfine constant of
the upper level is not well determined. T
recordin s ofg o the structure are shown in F

rmine . Typical

onl the twy o intense components can be
own xn Fxg. 4q

because the
an e recorded

lar el o
e frequency of the saturat bxng earn is

g y outside the Doppler profile of th
corn onent

ieo e third
p . Normally the measured struetu

is hidden b Do ey oppler broadening and cannot be
s rue re

obtained b me
The valu

y ans of a classical exper' t.rimen .
value of the splitting is vv((-' —' - —' —'

z. one assumes, in accord with the
theoretical results proposed

' R f .in e s. 16 and 17
that the hyperfine constant of the loweth '

an o e lower level is

ield
z ~

= —1320 M z, our measureme t
y a value for the constant of the u

ns

of A(5p55d -'
o e upper level

Ref. 17.
» ———822 MHz, in agreeme t 'thmen wit

The tw o recordings shown in F 4 hig. ave been
one for the first one at h hig saturation (X =4

and for the second one t 1a ow saturation (X =0.5
one can notice the broadenin b sag

ra e evolution of relative intensities; as
already quoted, ' the weake we er component is re-
duced at low saturation.

Conclusion. —In
can

thxs class of experime t,en s, one

trosco m
perform ultrahigh-resol tu xon atomic spec-

roscopy measurements on excited levels. The
preliminary results which we r

a e resolution of our experim t 'imen is practi-
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cally limited only by the natural width of the
transitions. This resolution has been obtained
with high signal-to-noise ratios.

Linewidth, isotope shift, and hyperfine struc-
ture have been measured; we plan now to study
Zeeman patterns at low magnetic fields and
pressure effects at very low pressures. Further-
more we plan to apply the experiment to the study
of atoms with large longitudinal velocities and to
the study of three-level systems, studies which
are allowed by the use of tw'o-laser saturated-
amplification techniques.

We wish to thank Professor S. Y. Brochard for
helpful discussions and suggestions during the
course of the experiences and M. M. Freville for
his technical assistance.

See V. S. Letokhov, in Proceedings of the Esfahan
Symposium on fundamental and Applied use~ Physics,
197~, edited by M. S. Feld, A. Javan, and N. A. Kurnit
(Wiley-Interscience, New York, 1973), p. 335; J. L.
Hall, ibid. , p. 463; A. L. Schawlow, ibid„p. 667.

See Ch. Horde and J. L. Hall, in Proceedings of the
Laser Spectroscopy Conference, Vail, Colorado, 1973,
edited by R. G. Brewer and A. Mooradian (Plenum, New
York, 1974), p. 125.

P. W. Smith and T. Hansch, Phys. Rev. Lett. 26, 740
(1971).

Ph. Cahuzac, Physica (Utrecht) 67, 567 (1973).
O. V. Shank and S. E. Schwarz, Appl. Phys. Lett. 13,

113 (1968).
Im Thek-de, S. G. Rautian, E. G. Saprikin, G. I.

Smirnov, and A. M. Shalagin, Zh. Eksp. Teor. Fiz. 62,
1661 (1972) [Sov. Phys. JETP 35, 865 (1972)].

7A. T. Mattick, A. Sanchez, N. A. Kurnit, and A. Ja-
van, Appl. Phys. Lett. 23, 675 (1973).

J. Brochard and R. Vetter, J. Phys. B: Proc. Phys.
Soc., London 7, 315 (1974).

S. Haroche and F. Hartmann, Phys. Rev. A 6, 1280
(1972).

~OE. V. Baklanov and V. P. Chebotaev, Zh. Eksp. Teor.
Fiz. 62, 541 (1972) [Sov. Phys. JETP 35, 287 (1972)].

M. Aymar, Physica (Utrecht) 57, 178 (1972), and
private communication.
' M. Tsukakoshi and K. Shimoda, J. Phys. Soc. Jpn.

26, 758 (1969).
~3L. Allen, D. G. C. Jones, and D. G. Schofield, J.

Opt. Soc. Amer. 59, 842 (1969).
R. Vetter, Phys. Lett. 31A, 559 (1970).
J. S. Levine, P. A. Bonczyk, and A. Javan, Phys.

Rev. Lett. 22, 267 (1969).
S. Liberman, J. Phys. (Paris) 30, 53 (1969).

~M. C. Coulombe and J. Sinzelle, to be published.
Ph. Cahuzac, These de Doctorat d' Etat, Universite

Paris-Sud, Centre d'Orsay, Orsay, 1974 (unpublished).

Measurement of the Stark Effect in Sodium by Two-Photon Spectroscopy*
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I

We have observed the Stark effect in the 5s S&~2 and 4d D3~2 5~2 levels of sodium. Shifts
as well as splittings were measured by use of two-photon spectroscopy in a short atomic
beam. It was possible to separate uniquely the contributions from the neighboring p andf levels. The polarizabilities were found to be, in MHz/(kV/cm)2, (a) 5s 2S,q„uo ——5.2(3),
(b) 4d D3i2 ~0=155.3(1.7) and 0'2=-38.5(7), and (c) 4d Ds/2 +0=,156.1(1.3) and 0-'2
=-53.2(5). From this the oscillator strengths f«» ——0.274(29) and f4~ 4&

——0.018 85(24)
are obtained.

In this Letter we report the first direct obser-
vation of Stark shifts and splittings in highly ex-
cited states of the alkalis with resolution high
enough to observe the individual fine-structure
components. The 4d or 5s level in sodium was
excited by use of a two-photon process which
eliminates Doppler broadening and allows the fine
structure or hyperfine structure to be resolved. "
It was possible to use comparatively small elec-
tric fields to produce an easily resolved Stark
splitting or shift of these levels. Absolute fre-
quency shifts were then measured by use of a

thermally isolated 1.2-m confocal interferometer
as a frequency reference. Previous work utiliz-
ing the level-crossing technique in crossed elec-
tric and magnetic fields' and in pure electric
fields' has yielded information about differential
Stark splittings. Highly excited states have been
studied with a two-step process. ' In the present
work, however, both the Stark shifts and the
splittings may be obtained. This additional infor-
mation allows the contributions from the p and f
states to be uniquely separated in the Stark shifts
of the 4d level. Also states such as the 5s, which
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