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The level crossing method is compared with current methods of laser spectroscopy. The compared
methods supplement one another in the solution of certain problems of atomic physics and are based on
quite different physical phenomena. The level crossing method is one of the simplest and most effective
methods for investigating the structures of atomic levels. It makes it possible to measure the separations of
very close atomic states that could not be resolved by classical spectroscopic methods. This is due to the
fact that the crossing signal is determined by the characteristics of the emitting state and is not masked by
the Doppler broadening that usually limits the spectroscopic resolution of close lines. For the same reasons,
however, the method does not permit one to investigate phenomena associated with the line shape. Special
laser-spectroscopy procedures have recently been developed (two-photon excitation and saturated
absorption spectroscopy) in which the resolving power is determined, as in the crossing method, by the
natural line width, and not by the Doppler width. This has made it possible in certain cases to achieve
high resolution of spectral components and to investigate phenomena taking place "under cover" of the
Doppler broadened line.
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1. INTRODUCTION

By now, methods involving the interference of atomic
states have been widely developed,cu the level crossing
method being the one most frequently used to determine
atomic and nuclear parameters. This method makes it
possible to measure extremely small separations of
atomic levels that could not be resolved by classical
spectroscopic methods. a l This is associated with the
fact that the interference phenomena are determined by
the characteristics of the emitting state and are not
affected by Doppler broadening, which usually limits
the spectroscopic resolution achievable in separating
two close-lying lines. On the other hand, for the same
reasons the method cannot be used to investigate phe-
nomena involving line shapes (e. g., Bennett dips) nor
to determine isotopic shifts.

Thus, the methods of optical spectroscopy were more
universal but less precise than the level crossing meth-
od. Recently, however, special methods of laser
spectroscopy have been developed (two-photon excita-
tion, saturation spectroscopy) in which, as in the level
crossing method, the limiting resolution is not determined
by the Doppler broadening, but by the natural line width.
This has made it possible in some cases to achieve a
very high resolution of spectral components and to in-
vestigate phenomena taking place "under cover" of the
Doppler line. It is accordingly of interest to compare

the level crossing method with modern methods of laser
spectroscopy; these methods supplement one another in
the solution of certain problems of atomic physics and
are based on essentially different physical phenomena.
The discussion of the level crossing method will be con-
ducted mainly through examples taken from studies
carried through in recent years at the Coherent-Optics
Laboratory of the Physical Institute at Leningrad
University. In reviewing the most recent achievements
of laser spectroscopy, the original papers have been
used, as well as communications presented by several
research groups at the Fourth International Conference
on Atomic Physics (Heidelberg, 1974).[33 We shall not
emphasize the theoretical study of physical phenomena,
which has been described in detail in monographs"'43

and reviews, C S 'M but shall devote most of our attention
to a discussion of the spectroscopic applications.

2. CURRENT LEVEL OF RESEARCH BY THE
LEVEL-CROSSING METHOD

Let us briefly recall the idea of the method. An ex-
ternal magnetic (electric) field lifts the degeneracy,
splitting the level into magnetic sublevels, and if the
levels are coherently excited, this results in depolariza-
tion of the fluorescence—the Hanle effect (the phenomenon
of crossing at zero field). In the presence of hyperfine
(fine) structure, the external field not only lifts the degen-
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eracy at#=O. but also leads to the appearance of new de-
generate states (crossing of levels), and this is ac-
companied by interference phenomena.

The widths of the Hanle and crossing signals bear in-
formation on the coherence time of the states (in the
limiting case this is equal to the radiative decay time)
and also depend (in a magnetic field) on the Lande1 g
factors and (in an electric field) on the Stark constant
βά, which determine the splitting of the magnetic sub-
levels. The broadening of the signal with increasing
pressure of the investigated or buffer gas provides a
means for investigating the cross sections for atomic
collisions that lead to additional depolarization of the
radiation. The magnetic field strengths at which the
levels cross are determined by the hyperfine structure
(HFS) constants for the magnetic dipole (A) and electric
quadrupole (B) interactions, as well as by the Lande
factors. In addition to depending on A and B, the cross-
ing position in an electric field also depends on the
Stark constant β}. Thus, the constants A and Β (when
gj andgt are known), the Stark constant 0Jt as well
as the lifetime τ and the cross sections for depolarizing
collisions can be evaluated from an analysis of the
crossing signals. A detailed study of the accidental and
systematic errors inherent in the method has shown
that such determinations can be made with high ac-
curacy.C7] The constants mentioned above are compara-
tively easy to determine for states for which the split-
ting of the hyperfine sublevels is large as compared with
the natural width. When the HFS is narrow the crossings
in nonzero fields are not resolved; then the experimen-
tal curve has a complex shape and the positions and
widths of the crossing signals can only be determined
by resolving the curve into components. Resolving the
curve involves difficulties and may introduce additional
errors .

The best way to process complex level crossing sig-
nals is to compare the experimental results with a quan-
tum mechanical calculation in which account is taken of
the changes in the energies of the Zeeman sublevels, in
the probability amplitudes of the transitions, and in the
coherence, as the applied external fields are altered.
This method is being used successfully in our labora-
tory.

A detailed description of the application of the level
crossing method to the determination of atomic con-
stants has been given in a review article12-1 in which
sodium and cesium atoms were used as examples. Here
we shall discuss the determination of the atomic con-
stants of rubidium by the level crossing method under
the simultaneous action of external magnetic and elec-
tric fields. This question was not discussed in the
review article cited above.

As we mentioned above, the level splitting in an
electric field depends on the Stark constant β}, and this
constant can be determined by analyzing the crossing
signals. In this case, however, the levels cross only
in strong fields, the production of which involves
definite experimental difficulties. In addition, the
experimental results are difficult to interpret: the elec-
tric field not only splits the levels, but also shifts the

center of gravity of the term, and consequently shifts
the absorption line with respect to the line used for ex-
citation. The observed dependence of the intensity on
the electric field strength is therefore due not only to
the interference effects, but also to a change in the ab-
sorption of the exciting light.

The Stark constant of the 62i>3/2 term of rubidium
was therefore determined inL 8 ' e ] under the simultaneous
action of parallel electric and magnetic fields on the
atoms. Even comparatively weak fields (2—3 kV/cm)
considerably alter the interference signals, not only
shifting the crossing signals on the magnetic-field scale,
but also deforming the entire depolarization curve.
The interference signals are seen against a background
that increases monotonically with increasing magnetic
field strength and arises from the dependence on the
magnetic field strength of the transition probabilities,
and hence of the part of the intensity due to incoherent
scattering. The electric field also alters the transition
probabilities, the changes in this case being dependent
on $s; hence the entire curve turns out to be sensitive
to the value of the Stark constant.

Figure 1 is a block diagram of the experimental setup.
Resonance cells containing internal electrodes to pro-
duce the electric field were employed. The cell was
mounted at the center of a pair of Helmholtz coils, which
produced an adjustable magnetic field. The components
of the laboratory field were compensated by additional
coils. In the experiments on rubidium fluorescence,
the illumination direction, the observation direction,
and the direction of the applied fields were mutually
perpendicular. The light source was an electrodeless
lamp of the Bell-Bloom type. The exciting light was
linearly polarized and coherently populated the AmF

= ±2 magnetic sublevels. With this geometry, the in-
terference signals have a Lorentz profile. The fluo-
rescence passed through a rotating polaroid and fell
onto a photo multiplier; the alternating component of the
photocurrent, which is proportional to the intensity dif-
ference between two orthogonal polarizations, was
registered with a phase sensitive detector.

Depolarization curves (Fig. 2) were recorded point-
wise for different values of the magnetic field strength
(at a fixed value of the electric field strength). The
Stark constant was determined by comparing the experi-
mental signals with calculated ones (the parameter

FIG. 1. Block diagram of apparatus
for observing crossing signals in
magnetic and electric fields. 1—
resonance cell with internal elec-
trodes, 2—Helmholtz coils, 3, 4—
compensating coils, 5—Bell-Bloom
rubidium lamp, 6—high frequency
oscillator, 7—polarizing prism, 8—
lenses, 9—rotating polaroid, 10—
photomultiplier, 11—phase sensitive
detector, 12—recorder.
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FIG. 2. Experimental curve (circles) obtained in a 2.125 kv/
cm electric field, and the best-fit theoretical curve calculated
with the parameter values A =8.16 MHz, B= 8.20 MHz, τ
= 97 nsec, and β}= 0.260 MHz/(kV/cm)2.

values A = 8.16 ±0.01 MHz, £= 8. 20±0. 010 MHz, and
τ= 97± 3 nsec were found by analyzing the crossing
signals in a magnetic fieldc i o ]). The theoretical curves
were calculated on a computer, account being taken of
the presence of two hyperfine components of different
intensities in the exciting light (the splitting of the 52S1/2

ground state of Rb8S amounts to 3036 MHz). In calculat-
ing the theoretical curves, the Stark constant β} was
varied so as to obtain a theoretical curve (and conse-
quently a value of β}) that agreed best with a given ex-
perimental curve. The value of β. obtained this way
from 12 experimental curves is 0.260 ±0.007 MHz/
(kV/cm)2. The indicated error characterizes the re-
producibility of the experimental results and illustrates
what was said above about the high precision of the level
crossing method. The systematic error in determining
the Stark constant by this method is composed mainly
of a 2.2% error due to the error in measuring the elec-
tric field strength (this error is composed of a 0. 5%
error in measuring the applied potential, a 0.1% error
in measuring the distance between the electrodes, and
a 0.5% error due to the nonuniformity of the electric
field; the resulting 1.1% error becomes an error of
2.2% in ,8̂  because the latter is quadratic in the electric
field strength), a 1% error due to the nonlinearity of the
recording system, a 0.17% calibration error, a 0.07%
error due to nonuniformity of the magnetic field, and a
0.12% alignment error; the over-all systematic error
is accordingly about 4% or 0.01 MHz/(kV/cm)2.

Until recently, the level crossing method had been
used in studying alkali metal atoms only for investigat-
ing the first ZP states. This is due to the fact that only
these states can be directly populated with adequate ef-
ficiency by optical excitation since the ZS—ZP transition
probabilities fall off rapidly with increasing energy of
the Ρ level and the usual optical excitation sources are
not efficient enough. In individual cases 2S and ZD states
have been populated by cascade transitions from ZP
states, but this mechanism for populating ZS and 2D
levels is limited to the very lowest states. There have
been individual experiments in which an electron beam
was used to excite high-lying states.£ 1 2 ] Electron beam
excitation, however, is complicated by a number of

technical difficulties; moreover, such excitation is not
very selective. The coincidence of the λ = 388.865 nm
helium line with one of the hyperfine components of the
8 2 P 1 / 2 -6 2 S 1 / 2 (F=4) Cs transition was used in [ 1 3 ] to
populate the 8ZP1/2 Cs state by the light of a helium
lamp and to observe the corresponding crossing signal
at zero field.

Laser light can be used very effectively to excite
certain high-lying atomic states. For example, the
depolarization of the spontaneous emission from certain
Ne levels excited by laser light has been used in our
laboratory to determine the lifetimes of these high-lying
levels. Below, we shall also describe experiments on
the excitation of cadmium levels by the light from a
pulsed laser whose active medium was cadmium vapor.
However, the validity of such measurements requires
more detailed discussion, to which we now turn.

The first observations of the depolarization of the
spontaneous emission from a gaseous laser in longi-
tudinal magnetic field were described in three indepen-
dent papers. [ 1 4 - 1 6 J The widths of the Hanle signals were
determined in the experiments for fixed values of the
parameters of the medium and intensity of the laser
light. However, it is difficult to analyze the signals to
obtain the lifetimes and the cross sections for depolariz-
ing collisions. The trouble is that laser light of com-
paratively high intensity must be used in order to obtain
a sufficiently strong interference signal. Complicated
nonlinear processes therefore take place, and one re-
sult of these is that the crossing signal for the spon-
taneous emission from one of the levels bears charac-
teristics of the other state associated with the investi-
gated stimulated emission. Transfer of coherence from
other levels associated with the investigated spontaneous
transitions also plays a definite part.

Owing to the presence of comparatively intense laser
light, the weak-field approximation corresponding to
second order perturbation theory is not entirely ade-
quate, so terms up to the fourth order were included
in the theoretical calculation of the signals. In most
cases such a calculation leads to satisfactory agree-
ment between theory and experiment, but some ob-
served effects have not yet found their explanation.11Ί1

The method has been used in our laboratory to inves-
tigate the spontaneous emission from neon-helium lasers
generating in the visible at 0.63 μηι and in the infrared
at 1.15 and 3.39 μΐη. α 8 ' 1 9 ] An axial magnetic field,
produced by Helmholtz coils, was applied to the investi-
gated part of the discharge. The spontaneous emission,
polarized perpendicular to the magnetic field, was ob-
served through the wall of the discharge tube. The re-
quired spectrum line was isolated with a monochroma-
tor. To record the crossing signal, which amounted to
only a small fraction of the light incident on the photo-
detector, the generation was modulated at low frequency
and a phase sensitive detector was used to register only
the alternating part of the photocurrent. The lifetimes
of the corresponding levels and the cross sections for
depolarizing collisions could be determined from the
width of the recorded signals after extrapolation to zero
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FIG. 3. Intensity of the 359.3 am line vs magnetic field
strength.

pressure and zero field power. As an example, the
crossing signal from the 3/>4 level of neon is shown in
Fig. 3 against the background of the Doppler width,
which is relatively small in the infrared region. By
extrapolating the width of the Hanle signals to zero
pressure, data could be obtained on the cross sections
for depolarizing collisions and lifetimes for virtually
all the active Ne levels." 1

The level crossing effect at zero field has recently
been successfully observed with pulsed metal-vapor
lasers. Ε 0 ' 2 1 ] Apparatus consisting of a cadmium-vapor
laser, an optical cell for observation, and a system for
separating and recording the crossing signals, was
assembled for the experiment.

The cadmium-vapor laser had a number of strong
pulsed lasing modes in the afterglow (at 1.912, 1.648,
1.398, and 1.433 μπι). The duration of the lasing ac-
tion, measured at half height, was 50-70 μεβα. The
leading edge of the lasing pulse was delayed by 40-50
μββο with respect to the current pulse. A quartz
prism was mounted within the resonator containing the
active medium so that the light from any signal lasing
mode could be extracted. The spontaneous emission
was observed through the side walls of the cell in two
mutually perpendicular directions. A continuous dis-
charge in a mixture of cadmium vapor and a buffer gas
was maintained in the cell. The interference signal
amounted to only a small fraction (from 5x 10"5 to 5
x 10"3) of the total intensity of the observed line. The
duty factor for the pulses was 0.025. A recording tech-
nique based on amplitude coding of the signal and sub-
sequent accumulation was used to observe the small in-
tensity changes. All the results were processed on a
computer.

The theoretical calculations for the interpretation of
the results were made, as in the case of the continuous
laser, in the fourth order of perturbation theory, tak-
ing into account the nonlinear effects associated with
the high intensity of the laser field, which in this case
is especially important since brief but extremely strong
excitation takes place in the pulsed laser. As a result
of this, all the effects discussed above manifest them-
selves here in full force. Thus, for example, Fig. 4
shows the results of measurements of the crossing sig-
nal for the 53£>3—5SPZ transition in cadmium, which il-
lustrates the effect, mentioned above, of the mixing of
the two interacting levels.

The results of calculating the crossing signal to
fourth order terms in the field strength show that the
curve can be resolved into two Lorentz curves whose
widths are due to the Hertzian coherence times of the

upper and lower laser levels generating at 1.648 μπι,
Resolution of the contour into two components with
widths ya and yb makes it possible to determine the
lifetimes and the cross sections for depolarizing col-
lisions for the 53Z>3 and 43-F8 i 3 i 4 levels of cadmium. The
latter are in good agreement with published data obtained
by different methods; this shows that the approximations
made in the study and in performing the extrapolations
are correct . B 1 :

The highly excited states investigated in the studies
enumerated above are laser levels, and of course there
is only a limited number of such levels. It would seem
promising to investigate the alignment of atoms in a
discharge, t 2 2- 2 3 ] in which the Hanle effect could be in-
vestigated for many high-lying levels; here, however,
we cannot give a detailed discussion of this technique,
which was proposed by Chaika1*41 and has been de-
veloped in recent years. The group of states that could
be investigated would obviously be considerably en-
larged if one should use a frequency-adjustable exciting
source capable of populating any level that might be
considered by optical means. A tuneable laser is such
a source.

By now several studies have been published1·25'26·1 in
which dye lasers have been used to achieve two-stage
excitation of high-lying S, D, and F levels in Cs and Rb
atoms, and crossing and double resonance signals from
these levels have been observed. The experiment is
performed as follows: A s cattering cell containing an
alkali metal is placed in a magnetic field. In the first
stage of the excitation, the resonance light from a
powerful lamp lit by a high frequency oscillator falls on
the cell in the direction of the magnetic field and ex-
cites the atoms to the first ZP state. Then the atoms
are brought to high-lying 2S and ZD states by means of
a laser beam directed perpendicular to the external
magnetic field and tuned to the frequency of the desired
transition. The sequence of 2£> states with principal
quantum numbers η = 8-14 and 2S t / 2 states with η =9, 10,
11 of Cs, as well as the ZD states with n = 6, 7, 8 and
2Si / 2 states with n = 8, 9 of Rb87, have been successfully
populated using rhodamine-6G and rhodamine-110 dye
lasers pumped with an argon laser. It is interesting
that the absorption of radiation at the resonance transi-

/,arb. un.

-20 J\o; \w

FIG. 4. Level scheme for cadmium (a), and the experimental
crossing signal for the 53D3-53P2 transition (circles) with
resolution of the contour into two components (b).
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FIG. 5. Level crossing signals for the Rb87 62J53/2 and 72D3/2

states.

tion plays a positive part in the two-stage excitation
process—it increases the population of the first excited
state.

All of the ZD3 / 2 states have been investigated by the
level crossing method and the values of their HFS con-
stants have been determined or estimated. Figure 5
shows a recording of the crossing signals from Rb87 for
the 62£>3/2 and 72D3 / 2 states. The values of A and Β
found from the positions of the signals are as follows:

62£> :• 3 / 2 ·

-'3/2 ·

A\ =7.72(20) MHz, \B\ = 0.6 (4) MHz (B/A>0) ,

A =4.55(15) MHz, | #1=0.36(18) MHz (B/A>0).

It may be assumed that when this method of investi-
gating high-lying levels is further developed, it will be
possible to determine the atomic constants characteris-
tic of the above described applications of the level
crossing method with high accuracy. It should be
emphasized that requirements on the width of the ex-
citing line from the tuneable laser play no important
part in studies of atomic levels by the crossing method.

3. HIGH RESOLUTION LASER SPECTROSCOPY

The term laser spectroscopy is frequently used to de-
note extremely varied phenomena. In this review we
shall use the term to denote all the methods of investi-
gating the spectra of atoms, molecules, and condensed
media that involve the use of laser light. The most at-
tention will be given to the laser spectroscopy of atoms.

As we already noted, the most important obstacle in
the path of the experimental solution of the problems of
optical spectroscopy is the Doppler broadening of the
spectrum lines. This broadening limits the resolving

1 1 I 1 Na beam

I I I ^
Collimator

r.uoo

Photomultipiier

Attenuator

Ar+- Laser! 1 Tuneable
Π laser

Recording
system

20 MHz

F-1-F

V V ->

a b c
FIG. 7. Hyperfine structure of the Na 32P3n-32Sl/2 (F = 2)
transition (D2 line) as calculated for the natural line widths
(a) and recorded experimentally at low Intensities of the excit-
ing laser beam (b) and at an exciting-beam intensity of several

"><*• m W / m m 2 (c ) .

FIG. 6. Block diagram of equipment for a laser-excited
atomic beam experiment.

power of the traditional methods, in which the con-
tours of the spectrum lines, i .e . , the frequency depen-
dences of the emission (or absorption) intensity, are
investigated in some way or other.

The methods of high resolution laser spectroscopy
discussed below are closely related to classical spec-
troscopy, since here, too, one usually investigates line
contours; here, however, the limiting resolution is not
determined by the Doppler broadening, but by the natural
line width. The high resolution is achieved by so
arranging the experimental conditions that only atoms
having a definite velocity component in a specified di-
rection contribute to the observed effects.

A. Laser excitation of an atomic beam

The technique most closely related to traditional
optical methods is to use a laser to excite an atomic
beamC27:l (Fig. 6). This method differs from the clas-
sical method in that the fluorescence of the beam atoms
is excited by a frequency tuneable practically mono-
chromatic (frequency spread ~7 MHz) laser beam.
Thanks to the use of an excitation source with a nar-
row frequency spread and controllable frequency, it is
no longer necessary to include a Fabry-Perot interferom-
eter in the observation channel. The recorded signal
is the integral fluorescence power as a function of fre-
quency. In this case we have the simplest conditions
for the observation of both the absorption and fluores-
cence spectra, and the signal strength depends in a sim-
ple linear manner on the laser-beam power. The ob-
served line width at low laser powers is close to the
natural width. Moreover, there are no pressure shifts.
The use of this technique to solve spectroscopic prob-
lems is facilitated by the fact that at low laser powers,
the intensities of the investigated lines are proportional
to the oscillator strengths. It is important to emphasize
this, since in the nonlinear techniques considered later
(saturation and two-photon absorption) the intensities
are proportional to the squares of the oscillator
strengths. However, the use of this method brings its
own difficulties: For example, the beams must be high-
ly collimated for optical recording of the signal, and
limitation of the laser-beam power leads to recording
difficulties.

As an example of the high resolution attainable by this
method, Fig. 7 shows the structure of the Na 3 2 P 3 / 2

433 Sov. Phys. Usp., Vol. 19, No. 5, May 1976 V. N. Grigor'eva et al. 433



Up

"Upper
level /

βy
"Lower

level «/

J
." Upper

tevel /

^->. a

\

Λ
c

Λ

ω

"ζ

ν .

FIG. 8. Scheme illustrating the
production of saturation resonances
in a laser.

term as revealed by examination of the 3 2 P 3 / 2 -3 2 S 1 / 2

(F= 2) transition. The experimental lines are about 15
MHz wide (Fig. 7, b). Figure 7, c shows what happens
when the power of the optical-pumping laser beam is
increased. A detailed discussion of the atomic beam
method with laser excitation will be found in a review
article by Jacquinot. m i

B. Saturated absorption spectroscopy

Let us briefly consider the physical idea underlying
saturated absorption spectros copy. A detailed theoreti-
cal treatment will be found in other review articles. i i < 5 1

In saturated absorption spectroscopy one uses two
light beams: a saturating beam, which "prepares" the
set of atoms having a definite velocity component in the
direction of the light field, and a probe beam, which
analyzes this set of atoms.

It is convenient to begin our discussion of the effect
with the processes that take place in a laser. The
standing wave of the laser field in the cavity can be
expressed as the sum of two oppositely directed traveling
waves of the same frequency. If the profile of the active
line of the working substance is not uniform (Doppler
broadened because of the motion of the atoms), only
those atoms will interact resonantly with the laser field
whose velocities satisfy the equation ω ί = ωο(1 -n-v/c),
where ω^ is the proper frequency of the cavity, ω 0 is
the frequency of the atomic transition, and η is a unit
vector normal to the laser wave front (Fig. 8, a).

One of the waves (the one traveling in the direction of
the ζ axis) interacts with atoms having negative velocity
components ν, , and the other, with atoms having posi-
tive v, . Thus, the laser field interacts with two groups
of atoms characterized by opposite signs of vt and
burns two "holes" (Bennett dips) in the contour of the
active line (Fig. 8, b) at equal distances from the cen-
ter of the l ine. t 2 9 1 An excess of atoms in the lower
level of the active transition having these values of vt

will obviously be produced—"ears" will appear on the
velocity distribution of these atoms (Fig. 8, c). When
the resonant frequency of the cavity is adjusted to the
center of the active line, both waves will interact with
the same atoms (those for which vt = 0) and the two
Bennett dips will reduce to a single dip at the center of
the line (Fig. 8, d). The width of this dip is determined
by the natural width of the line corresponding to the
given transition (in general, as broadened by collisions
and by the action of the field power) and may be several
orders of magnitude smaller than the Doppler width.

Detailed experimental studies of Bennett dips" 0" 3 2 3

were published several years after the dips were dis-
covered, and the use of Bennett dips in high resolution
spectroscopy was proposed. C 3 3 · 3 4 3 Spontaneous emis-
sion at 6368 A from the 3s2 laser level was investigated
inC323 (generation took place at λ = 3.39 μηι on the 3s 2 -
3̂ 4 transition) and a Bennett dip was observed at the
center of the line contour, in" 0 · 3 1 3 spontaneous emis-
sion from the 2/>4 lower laser level was analyzed (gene-
ration took place at λ = 1.15 μηι on the 2s2-2/>4 transi-
tion) and "ears" were observed on the Doppler broadened
line; moreover, saturation resonances were first used
to determine the isotopic shift of Ne lines inC313. More
careful recording of the line structure in [ 3 5 3 made it
possible to detect the asymmetry of the saturation reso-
nances associated with the correlation between stimu-
lated and spontaneous emission of photons.

In all of these experiments, the line contours were
recorded with a Fabry-Perot interferometer and the
spontaneous emission propagating along the laser beam
or at a small angle to it was analyzed. These studies
were further developed i n " 6 " 3 " . A beam of 1.15 μηι
radiation (analyzing beam) from a short frequency-
tuneable He-Ne laser was sent through a long single-
frequency He—Ne laser generating at 6328 A (saturating
field). The strong 6328 A saturating field led to the
formation of "ears" (Fig. 9) on the velocity distribution
of the Ne atoms in the 2/>4 state, as a result of which
the amplification of the weak 1.15 μηι probe beam de-
creased. The intensity of the transmitted infrared
radiation was recorded as a function of its frequency,
and this reflected the shape of the Bennett dips.

The use of absorption cells made it possible to em-
ploy low pressure discharges and thereby to avoid the

FIG. 9. Coupled transitions in Ne and a scheme illustrating
the probing of saturation resonances.
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pressure broadening of the resonances. On introducing
an absorption cell into the laser cavity, a narrow peak
appeared on the frequency distribution of the output
power of the laser. The causes for the appearance of
this peak are similar to those that lead to the produc-
tion of the Lamb dip. Such a resonance was first ob-
served experimentally ini39'i0i, in which an He-Ne
laser generating at 6328 A was used with an absorption
cell containing Ne2 0. The width of the peak varied in the
range ~ 15-35 MHz, depending on the experimental con-
ditions. InC 4 1 ], a resonance of width of the order of
0.1—0.3 MHz was observed on putting an absorption
cell filled with methane into the cavity of an He-Ne
laser generating at 3.39 μπι. It was suggested in [ 4 2 3

that resonance saturation be used for selfstabilization
of a laser frequency, and higher frequency stability
and reproducibility was achieved'431 than with the usual
practice of using the Lamb dip for laser frequency
stabilization.

The range of problems that can be solved by experi-
ments of this type is limited by the laser media. The
range of problems accessible to study by saturated ab-
sorption spectroscopy can be considerably extended by
using tuneable lasers. In1·443 the authors investigated
the structure of the sodium resonance lines at \l = 5896
A and λ2 = 5890 A by saturated absorption spectroscopy
(in the foreign literature this technique is frequently
called the Lamb dip method), using a tuneable pulsed
dye laser. The experimental setup is depicted in Fig.
10. Two light beams (the probe and saturating beams)
of the same frequency but differing greatly in intensity
(0. 5 and 50 mW) propagate in opposite directions through
a cell containing sodium vapor, and the change in the in-
tensity of the weak probe beam due to the presence of the
strong saturating beam is recorded. A saturation reso-
nance is observed only when the probe and saturating
beams interact with the same atoms, whose velocities
are perpendicular to the light beams, i. e., when the
laser frequency is tuned to the center of the atomic
transition.

A laser containing a 20 :1 mixture of rhodamine 6G
and rhodamine Β and pumped with a nitrogen laser was
used in the experiments. The width of the laser radia-
tion was reduced from 300 to 7 MHz with the aid of a
piezoelectric Fabry-Perot interferometer. The laser
pulses were 30 nsec long and the pulse rate was 100
sec-1.

The intensity of the probe beam was compared with

1003 ZODO MHz iooo ZODO MHz

Na-vapor cell

FIG. 10. Experimental setup for study of the fine structure of
sodium lines by saturated absorption spectroscopy.

FIG. 11. Experimental recordings of saturated absorption
signals for the Na 3 2 P 3 / 2 and 3 2 P 1 / 2 states (a) and the theoretical
structures of the lines (b).

that of a second probe beam which traversed a path of
the same length through the sodium cell but did not
cross the saturating beam. This avoided effects due to
the fluctuation of the laser field amplitude.

Figure 11 shows the HFS of the sodium D lines. The
splitting of the close components (192 MHz) represents
the HFS of the 32i>1/2 level, while the 1772 MHz splitting
represents the HF splitting of the 32S1 / 2 ground state.
As is evident from the figure, additional components
lying halfway between HFS components having a common
level were detected in the experiment. These arise from
the fact that the velocity components of some atoms are
such that the saturating wave is in resonance with one
of the HF components while the probe beam is in reso-
nance with the other. The additional signal between com-
ponents having a common upper level is negative; this
is due to the presence of optical pumping that populates
the HF component of the ground state and therefore
leads to additional absorption of the probe beam. In
the best case, the width of a component as measured
in this experiment ammounted to 40± 4 MHz. This
means that the spectrum lines were appreciably broad-
ened (the natural width does not exceed 10 MHz), owing
to the finite width of the laser line and to the fact that
the saturating and probe beams were not exactly paral-
lel. For this reason the authors were unable to re-
solve the HFS of the 32£3 / 2 state, as is evident from
Fig. 11. It is interesting that in studying the dependence
of the widths of the saturation resonances on the probe
beam delay time with a buffer gas in the cell, it was
possible to observe the effect of velocity changes due
to collisions on the resonance widths. It is important
that one can distinguish the effects of collisions leading
to velocity changes from those of line broadening col-
lisions in experiments of this type.

The capabilities of saturated absorption spectroscopy
are clearly demonstrated inC 4 5 ' 4 6 :; in these studies the
authors succeeded in resolving the fine structure com-
ponents of the Ha line of hydrogen (the red Balmer line)
and the Da line of deuterium and in determining the
Lamb shift with a precision unprecedented in optical
measurements (Fig. 12). In this same experiment the
Rydberg constant was determined with an order of mag-
nitude higher precision than in previous measurements,
and new precise values were obtained for the isotopic
shift between Ha and Da. The saturation resonance sig-
nals from the fine structure components of the hydrogen
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FIG. 12. Fine structure of the deuterium Da line (a), the Da

line from a cold deuterium discharge showing the fine structure
and the relative transition probabilities1·53·1 (b), and saturated
absorption signals showing the fine structure (c).

and deuterium lines were detected in the same way as in
the experiment on the HF components of the sodium
lines described above. The only difference was that a
dc discharge was maintained in the absorption cell; this
excited the hydrogen and deuterium atoms to the η - 2
state, and the absorption from this level was measured
by saturated absorption spectroscopy. A recording of
the fine structure components of the Da line is shown in
Fig. 12, c, in which the excellent resolution of the
Lamb shift is clearly evident. The strongest component
(the 3Di/z~2P3/2 transition) was used to determine the
Rydberg constant. To determine the precise wavelength
for this transition the wavelength of the tuneable laser
radiation was measured with a stabilized Fabry-Perot
interferometer. The results shown in Table I illustrate
the high precision that can be achieved in saturated ab-
sorption spectroscopy measurements.

C. Two-photon absorption laser spectroscopy

The two-photon excitation method proposed in 1970
by Chebotaev"" is perhaps the most promising method
of high resolution laser spectroscopy. To clarify the
idea behind this very elegant method let us discuss the
following thought experiment. Let the cell if (Fig. 13,

a) contain atoms of type A. In the level scheme for
these atoms (Fig. 13, b) let level 1 be the ground state
and let the transitions 2 - 1 and 3 - 2 be allowed by the
selection rules for electric dipole radiation. Then the
electric dipole transition 3—1 is obviously forbidden.
Now let two beams obtained from the same laser,
whose frequency ω£ can be varied in the vicinity of ωο/2
(ωο being the frequency of the forbidden 3 — 1 transi-
tion), propagate in opposite directions through the cell
K. If the laser radiation is intense enough and if the
angular momenta of levels 1 and 3 are equal or differ
by 2 units, we may expect some of the atoms A to be
excited from state 1 to state 2 as a result of two-pho-
ton absorption. As a measure of the intensity of this
nonlinear effect we may take, for example, the intensity
of the subsequent spontaneous emission from the 3 — 2
transition.

Now let us discuss what may be expected concerning
the dependence of the intensity of this spontaneous radia-
tion on the laser frequency o>L . Let us first consider
the subensemble Ao of atoms consisting of those for
which the component υ, of the velocity of thermal motion
in the direction of the exciting light is close to zero.
It is clear that the contribution from this subensemble
to the observed dependence will be a Lorentz curve of
which y3 = ΐ / τ 3 , where τ 3 is the lifetime of level 3 with
respect to all decay channels. The peak of this curve
will come at the two-photon absorption resonance fre-
quency ω£ =ω ο /2. Now let us consider the rest of the
atoms. We consider an arbitrary atom for which v,
differs from zero and follow it in detail. In doing this
it is convenient to use a reference system moving with
velicity v, along the ζ axis of the laboratory system (we
choose the ζ axis of the laboratory system so that v,
>0). In this system the level scheme for atom A is
still the same as that shown in Fig. 13, b since it can
always be assumed that the rms velocity u of thermal
motion is much lower than the velocity c of light. Let
the laser be tuned to two-photon resonance with the sub-
ensemble Ao . Then in the selected reference system,
the beam traveling in the positive ζ direction (the direc-
tion of the velocity component v, of the selected atom
in the lab system) will have the frequency (l/2)u>o(l
— vt/c), while the opposite beam will have the fre-
quency (ΐ/2)ωο(1 +v//c). The sum of the energies of
two photons taken one from each of the beams will then
befooo, so that the selected atom (and with it, all the
atoms, since v, was arbitrary) will participate in the
two-photon resonance absorption. If the resonance con-
dition is violated for stationary atoms (υ, = 0) it will be
violated for all the atoms. Hence we may expect the

TABLE I.

Lamb shift

Vacuum wavelength
<3D5y2-2P,/2)

Isotopic shift »

Rydberg constant

1052.

15233.

109737.

7 (1.7) MHz

07021 (9) cm"1
15237.

4. 14517 (12) cm"1

3130 (6) cm' 1

109737.3143
109737.
(10) cm*

21538 (S) cm'1

3150 (<j) cm' !

1

ηο
32

\

a b

FIG. 13. Illustrating the two-photon excitation method.
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dependence of the intensity of the spontaneous emis-
sion from the 3 — 2 transition on the frequency uL in
two-photon absorption from opposing beams to have the
Lorentz shape with the width y 3 .

Now let us consider two-photon absorption from a
single beam. In this process the radiation tuned to the
two-photon resonance for the subensemble Ao will be
weakly absorbed by moving atoms since 2(l/2)7za>o(l
±vt/c)*Tkuo . On the other hand, radiation detuned from
the two-photon resonance for stationary atoms will be
resonantly absorbed by those atoms whose velocity com-
ponent v, satisfies the condition v, = ±c(2uL — ωο)/2ω£

>0. Here the two signs correspond to the two possible
directions of propagation of the beam with respect to
the velocity component v, of the atom. From this it is
clear that the narrow Lorentz peak for two-photon
absorption from opposing beams must be observed
against the background of the Doppler broadened ab-
sorption from a single beam.

The qualitative considerations presented here con-
stitute a fairly adequate commentary on the theoretical
two-phonon absorption profile derived inC47:l for the
limiting case u>ou/c » y 3 :

{Ρ (2ω, )> = I 1**21 Ι'Ι Γ 3 2 Ρ '«"a

8/i1 (OJ. ;1 — ω,/-

1 -ι
2 Κ,

here Vzl and Vzz are matrix elements of the operator
for the interaction of the atom with the laser field, KL

= ich/c, and Ω= Ιω0 - 2ω£ I is the detuning of the laser
beam from the two-photon resonance with stationary
atoms. The formula contains information regarding
conditions that would favor the observation of the effect.
These conditions have already been discussed in part
(the 3 — 2 and 2—1 transitions should be allowed).
Here we note that the smaller the difference between
ωο/2 and ω2ι, the lower the power required for observ-
ing the effect. It is interesting that the two-photon
absorption profile looks simpler than one with stronger
Doppler broadening. Actually, according to the formula
the ratio of the height of the Doppler peak to the height
of its Gaussian pedestal is AKL «/Vfy3 and increases with
increase in the rms thermal velocity u.

In connection with the availability of tuneable lasers
with very narrow lines and good precision in setting
the frequency, several experimental studies that il-

FIG. 15. Structure of the
32S1 / 2-42D two-photon transi-
tion in sodium148·1: a—in zero
magnetic field, b—the σ* com-
ponents of the magnetic struc-
ture in a 170 G field.

1000 MHz

lustrate the capabilities of the method have been pub-

lished very recently.
£48-51] The principal results of

these studies were reported at the Fourth International
Conference on Atomic Physics at Heidelberg.m The
measurements were made on sodium vapor excited by
two opposing beams from a tuneable dye laser. Both
continuous and pulsed lasers were used. The laser
power required for the experiment proved not to be too
high. For example, in1 5 1 3 two-photon absorption on the
3 2 S(i r =2)-4 2 D 5 / 2 transition was reliably detected with
a 30 mW exciting beam concentrated on an area 40 μηι
in diameter. The spontaneous emission accompanying
the decay of the excited level was used to detect the
two-photon absorption. Ordinary glass filters or inter-
ference filters were used to isolate the spontaneous
emission from the scattered laser light.

Figure 14 shows the Na terms examined in these
studies and indicates the laser-beam wavelengths cor-
responding to the two-photon resonances. Figure 15, a
shows the structure of the 32S1/2 — 4ZD two-photon transi-
tion obtained inC48:l. The observed peaks are about 12
MHz wide. Figure 15, b shows the components of the
magnetic structure of this transition in a 170 G field,
and the same structure in a 9860 G field is shown on a
larger scale in Fig. 16. The information obtained in
these studies is presented systematically in Table Π.

On analyzing the results of these first studies one
can see a number of advantages of the two-photon excita-
tion method. The main advantage of the method over
saturated absorption spectroscopy is that all the atoms,

FIG. 14. Na terms investigated in

: 4 8~ 5 1 ] by the two-photon
excitation method.

500 WOO MHz

FIG. 16. Structure of the σ* components of the 32Sl/2-42D
transition in sodium in a 9860 G field.1481
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TABLE II.

Na term

« S V t

42fl

Laser wavelength
λ^, nm

602.2

549.7

578.9

539.8

Fine (XI) . r i j t « - t

 M H '

Hyperflne (S)

156±10

78±6

1025+6 » , 1035+15 «

618+12

Hyperfine structure
constant /I, MHz

78±5

39±3

not just those that have a zero velocity component in
the direction of the laser beam, take part in forming
narrow peaks free of Doppler broadening. This tends
to improve the signal to noise ratio. Finally, the two-
photon excitation method can be used to investigate
high-lying levels, on which information is most lacking
at present.

4. CONCLUSION

It is interesting to compare the capabilities of the
methods under consideration. Such a comparison is
made somewhat difficult by the fact that the data ob-
tained by the two methods (laser spectroscopy and the
level crossing method) differ widely. In the level
crossing method one investigates a definite atomic
level, while laser spectroscopy is concerned with tran-
sitions between levels, which, as was pointed out, en-
ables one to determine isotopic shifts. Hence we shall
not consider the differences between these methods but
shall compare related information obtained by both
methods. For example, the level crossing method can
be used to determine the hyperfine structure constants
A and B, as well as the lifetime, of the investigated
level. Similar information can be obtained by analyzing
a spectrum recorded by methods of laser spectroscopy.

It seems possible to compare the accuracy in deter-
mining the HFS constants by the two methods on the
basis of available data. The values obtained for A and
Β for the Na 3 3P 3 / 2 state by laser excitation of an atomic
beam [ 2 7 ' 5 2 ] are in good agreement with earlier data on
this level obtained by methods involving interference of
atomic states (see, e.g., the table in : 5 2 ] ). The error
in determining these constants is about twice the error
achieved in t 5 2 J, where the Na 3 2P 3 / 2 state was investi-
gated by the level crossing method with time resolution.

We note once more that the hyperfine structure of the
Na 3*Ρ3/2 state could not be resolved at all by saturated
absorption spectroscopy.C44]

As regards the accuracy in determining the magnetic
dipole interaction constant for high-lying alkali-metal
levels, we note that an analysis of the results given
inC253 and t 4 9 ] shows that the error in determining this
constant by the level crossing method is about half the
error obtained using laser spectroscopy with two-
photon excitation.

It is not possible to compare the accuracy of the two
methods in determining the lifetimes of levels at
present because the necessary data are not given in
existing papers on laser spectroscopy. Generally

speaking, the extraction of information on lifetimes from
the shapes of lines recorded by these methods is com-
plicated by the finite width of the laser line and a number
of secondary processes.

On comparing the level crossing and high-resolution
laser spectroscopy methods, we cannot fail to note the
main difficulty besetting the latter: the necessity of
using unique tuneable lasers with sufficiently narrow
lines. We may expect, however, that with progress in
the design and construction of tuneable lasers, the
laser spectroscopy methods will eventually become sim-
pler and no less accurate than the level crossing meth-
od.

The authors are grateful to M. P. Chaika for a num-
ber of interesting and valuable discussions.
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