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Anomalous behavior of the saturated absorption resonance line shape on the 1s5−2 p8sJ=2−J=2d transition
in the Ne atom is experimentally observed. The shape of the saturation resonance on transitions with degen-
erate excited states of atoms is numerically analyzed. The reasons and conditions for the anomalous behavior
of the resonance line shape and the formation of its doublet spectral structure are established. The influence of
the resonant light pressure force on the amplitude and the frequency properties of the saturated resonance is
investigated. It is shown, that the asymmetry of the doublet splitting of the resonance is caused by the effect of
resonant light pressure.
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I. INTRODUCTION

Action of the light pressure force under the resonant in-
teraction of laser radiation with atoms results in change of
both the spectral characteristics of resonancesf1g and the
macroscopical parameters of an ensemblef2,3g. Thus, owing
to the requirement of cyclicity of the reemission process for
the effective influence of a light field on macroscopical pa-
rameters of the ensemble, research is carried out with the
atomic transitions from the ground state. As far as we know,
the problem of the light pressure effect on transitions from
the excited states of atoms has not yet been considered.

In the present work we report on detection of the light
pressure effect at resonant interaction of light with excited
states in the Ne atom exhibited in the line shape of the satu-
rated absorption resonance of the atom. The experimentally
observed features of the absorption spectrum are well agreed
with outcomes of the model calculations made in view of the
action of the light pressure force.

The feature of formation of the saturated absorption reso-
nance form on the examined transition between degenerated
states of atoms as the result of summation of four Lorentz-
type contours of different widths and different values and
signs of amplitudes makes it very sensitive to the change of
the velocity distribution function of particles in a small range
of speedsy,G /k, which is exhibited in the spectrum of
resonance at absorption of a small number of photons on
transitions and from the excited states of atoms.

II. EXPERIMENTAL SETUP

Experiments were made on the 1s5−2 p8s3P2− 3D2d tran-
sition in the Ne20 atom sl=633.4 nmd. Interest to the given
transition is stipulated by the fact that because of a simple
structure of energy levels and metastable lower state it rep-
resents an example of an optically orientable atomic system.
Atoms under the action of the linear polarized pumping ra-
diation are redistributed because of the spontaneous emission
on the magnetic sublevels, occupying mainly a level with

M =0 of the lower statesscheme of transitions, Fig. 1d.
A schematic of an experiment for observation of the satu-

rated absorption resonance in the field of two opposite trav-
eling optical waves in gas medium is presented in Fig. 2. We
used a single-mode frequency-stabilized CW DCM dye laser
pumped by the power Ar+ ion laser radiationf4g. The light
beam of the CW dye laser was directed through the polarized
prism and beam splitter into the discharge cell with pure
Ne20 gas. The gas pressure was about 2310−2 Torr, the dis-
charge current was about 15 mA, and the length of an ab-
sorbing layer was 5 cm. The power of a strong pumping field
could be varied up to 30 mW, the width of laser radiation line
was about 3 MHz. A weak probe field after thel /2 plate had
linear polarization orthogonal to the strong light field, a
power of about 0.1 mW, and was directed opposite to a
strong field at an angle of about 5310−3 rad. The absorption
line shape of a probe light field was recorded, varying the
laser radiation frequency.

Absorption line shapes of the probe light field at various
strong field intensitiesssaturation parametersRd are shown
in Fig. 3. Saturation parameterR, depending on strong field
intensity and atomic level decay rates, will be determined
later, but here we point out, that its maximal experimental
value reached,500. It is worthy to note, that the observed
absorption spectrum of a probe light field in the presence of
a strong counter-propagating light wave of linear orthogonal
polarization represented, near the center of the atomic tran-
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FIG. 1. Diagram of induced and spontaneous transitions be-
tween the degenerate lowersnd and uppersmd states of the Ne atom
sJm=Jn=2d.

PHYSICAL REVIEW A 71, 053405s2005d

1050-2947/2005/71s5d/053405s6d/$23.00 ©2005 The American Physical Society053405-1



sition line, a narrow peak of absorption against the back-
ground with a wide base instead of a traditional Lamb-type
dip. Increasing a strong field intensityssaturation parameterd
raised the peak amplitude and varied the line shape of reso-
nance. At certain saturation parameters of a strong field
RsRù50d the peak of absorption split into two components
with the different amplitudes, and the maximal value of split-
ting was about,25 MHz at saturation parameterR=500.
The spectral width of the absorption peak, measured at half
of the peak amplitude, was about 14–70 MHz when satura-
tion parameterR varied between 50 and 500.

III. THEORETICAL MODEL

For interpretation of the observed features of the saturated
absorption resonance spectrum, the theoretical model was
advanced on the basis of the stationary equation for a density
matrix in view of stimulated and spontaneous radiative pro-
cesses on the given transition of the Ne atom and dynamics
of the distribution function of particles on the magnetic sub-
levels of transition.

The problem of interaction of metastable states of atoms
with laser radiation is complicated and essentially nonlinear,
requiring concrete definition of the atomic level structure and
properties of the resonance radiation. Therefore we shall fur-
ther consider transitions between levelsm and n in the Ne
atom with values of the total momentaJn=Jm=2. Energy
level diagrams and radiative processes are shown in Fig. 1.
However, the results are also valid for transitions in other
atoms with the same values of total angular momenta.

Let us consider a problem of the absorption spectrum of a
probe field in the presence of radiation of a strong field of the
same frequency and the opposite direction of propagation.
The radiation of a strong field of strengthE1 is supposed to
be a plane monochromatic wavesof frequencyv and wave
vectorkd, which is in resonance with them-n atomic transi-
tion stransition frequency isvmnd with a linear polarization.

The radiation of a probe field of strengthE2 is supposed
to be a plane monochromatic wavesfrequencyv2=v and
wave vectork2=−kd with a circulars− polarization propa-
gating in a direction opposite to that of the strong light wave.
The case of a probe wave with a linear polarization orthogo-
nal to the strong field similar to the conditions of our experi-

ment is also reduced to the considered problem.
We assume that the gas pressure is quite low; in this case,

collisions can be neglected and the only relaxation mecha-
nism is associated with spontaneous transitions in the atom.
In case of the linear polarization of a strong field, we shall
consider the problem in a coordinate system with the quan-
tization axisz direction along the strong field strengthE1. In
this coordinate system, the strong field induces transitions
involving a change in the magnetic quantum numberDM
=0 sFig. 1d; spontaneous transitions in this case are observed
with a changeDM =0, ±1. In the given problem, the strong
field sets a nonequilibrium population of magnetic sublevels,
and an absorption coefficient of the probe field is determined
by this nonequilibrium difference in the population.

The system of the stationary kinetic equations for a den-
sity matrix on the3P2− 3D2 transition of the Ne atom in the
strong light field, according tof5g, has the following form:

GnrM = − WMsrM − rMd + o
M8

AMM8rM8 + QM s1d

GmrM = WMsrM − rMd + qM . s2d

Here, rM and rM are the diagonal elements of the density
matrix describing the population of the lower and upper
magnetic sublevels, uMu , uM8uø2, WM =s2GuGMu2d / sG2

+V1
2d is the probability of inducednM↔mM8 transitions;

V1=V−ky , V=v−vmn being the detuning of the strong
light field frequency from the atomic resonant transition fre-
quency with allowance for the Doppler shift;y is the atom
velocity; G=sGm+Gnd /2 is the transition width; GM

=sdE/2Î3"ds−1dJn−MkJmMJn−M u10l is the parameter of in-
teraction of atom on magnetic sublevel with the strong field.
Gm, Gn, qM, andQM are the rates of relaxation and excitation
of sublevelsmM andnM; d is the reduced dipole moment of
the m-n transition,E is the strength of the strong light field;
and the expression within the angle brackets is the factor of
vector summation. The rates of spontaneous transitions
mM-nM are determined by the Einstein coefficients Amn and
the factors of vector summation.

Absorption coefficient of the counter-propagating probe
light wave with circular polarization per atomsall subse-

FIG. 2. Schematic diagram of the experimen-
tal apparatus: 1, polarized prism; 2, beam splitter;
3, beam absorbers; 4, mirrors; 5−l /2 plate; 6,
discharge cell, and 7, detector.
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quent results are given for thes− polarizationd was defined
as

Ks
− = K0 o

−2øMø2
udMM−1u2K G2

G2 + sV + kyd2srM − rM−1dL
s3d

where K0=4pvmn/ sc"Gd , dMM−1 is the dipole moment of
transition between the magnetic sublevels and the angle
brackets indicate averaging over velocities. Averaging ins3d
was carried out with an equilibriumsMaxwelliand and non-
equilibrium velocity distribution functions of particles.

The system of Eqs.s1d and s2d together with Eq.s3d was
solved numerically on a grid with steps of the relative fre-
quency detuning ofV /kyt and the relative particle velocity
y /yt equal to 10−3, whereyt is the most probable velocity of
an ensemble. In averaging, all particles with velocities
uy /ytuø3 were taken into account. It can be seen that the
number of discarded particles is exponentially small. The
following values of the atomic transition parameters were
taken for calculationsf4g: the probability of spontaneous
transition was Amn=1.363107 s−1; the rate of the lower-
level decayGn=105 s−1; the rate of the upper-level decayGm
was defined in terms of the branching parametera
=Amn/Gm, thus the value ofa being varied in the range
0.1–1. The strong field-saturation parameter, defined asR
= udEu2/6"2GGn, was varied in the range 0.5–104. Excitation
rates QM and qM determine the population of states of the Ne
atom in the absence of a strong field. Since the population of
the lowern state in a gas discharge is considerably higher
than the population of the upperm state, we setqM =0 in
numerical calculations and assumed that the pumping of the
lower state is the same to all sublevels with a rateQM =Gn,
although the population of sublevels withuMu=2 under the
discharge cell conditions is slighly higher than the population
of the remaining sublevelsf6g.

IV. SINGULARITIES IN THE ABSORPTION SPECTRUM
OF THE PROBE FIELD ON THE Jn=2\Jm=2

TRANSITION OF THE Ne ATOM

Numerical research on the given model allowed one to
reveal the reasons for unusual behavior of saturated absorp-
tion resonance in an atomic system with degenerate levels,
including the reason of a doublet splitting of the resonance
peak.

TransitionJm=2→Jn=2 is characterized by the following
peculiarities: the dipole moment and, hence, the probability
of a spontaneous transition between magnetic sublevels with
M =0 are equal to zerosd00=0,A00=0d, whereas the values
of the dipole moments and spontaneous transition probabili-
ties between other sublevels differ considerably. In particu-
lar, the ratio of the maximal probabilityA22 to the minimal
probabilityA11 is equal to 4. This leads to an elevated popu-
lation of the lower staten with M =0 sbecause of the optical
pumping and absence of an induced transition from this sub-
level in a strong fieldd and, it is essential, in different field
action sbroadeningd of a strong field on the line shape of a
probe light field on transitions between individual magnetic
sublevels. This is manifested in the complex form of the
resulting absorption coefficient spectrum in the vicinity of
the center of a transition line.

The absorption spectrum of a probe field on transition
between degenerate states of atom Ne, introduced in Fig. 1,
is determined by the result of summation of four Doppler
contours with Lorentz-type structures near the center of a
line transition reflecting modification of the magnetic sub-
level populations of the lower atom state under the action of
a strong field and having different widths and different am-
plitudessboth in value and in signd.

It was found that the action of a strong field reduced to the
following dynamics in the velocity distribution of particles
on magnetic sublevels of the lower state:sid the formation of
a dip in the velocity particle distribution functionsBennett
holed on the sublevels withM = ±2 for any values of satura-
tion parameterR; sii d the emergence of a small-amplitude
peak on sublevels withM = ±1 for values of parameter
Rø1, that converted for valuesR.1 into the dip with the
line width much smaller than that observed on sublevels with
M = ±2; siii d the formation of a peak on the sublevel with

FIG. 3. Experimentally observed absorption line shape of a
probe light field for various values of saturation parametersR of
the strong field. The peak structures with more high resolution are
shown in separated fragments.

FIG. 4. Absorption line shape of the probe light field for various
saturation parametersR of the strong light field, calculated with the
equilibrium velocity distribution function of particles and branching
parametera=0.8:R=1 s1d, 10 s2d, 102 s3d, 103 s4d, 104 s5d.
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M =0 for any parametersR. It is just the result of summation
of the given four contours with different amplitudes and
widths that determines a complicated character of the line
shape of saturated absorption resonance, including the dou-
blet structure in the resonance peak discovered in our experi-
ment.

It was also found that the line shape of the resonance
depended on the branching parametera determined asa
=Amn/Gm. For values ofa,0.85, the resonance line shape
near the centerline of atomic transition is a conventional
saturated absorption resonance in the form of a Lorentzian
dip against the background of a broad Doppler absorption
contour with a width and amplitude depending on the inten-
sity ssaturation parameterd of the strong fieldsFig. 4d. But for
values 0.85øaø1 the resonance form changed: instead of
the traditional dip the peak of absorption with a spectral
width and an amplitude depending on the intensity of the
strong field is formed.

In the vicinity of a<0.85, the field dependencies of the
saturated absorption resonance spectrum from the saturation
parameterR of a strong field are complexsFig. 5d. For val-
ues of saturation parameterRø1 the peak of a small ampli-
tude is observedsFig. 5, curve 1d, but with the increase of the
strong field intensity for values ofRø10 this peak splits into
two componentsscurve 2d, while for values ofRù10 a dip
with a width and amplitude determined by the intensity of
the strong field is formedscurves 3–6d. In this case, the
maximum amplitude of the dip considerably exceeds the am-
plitude of the peak.

In the range of the branching parameter 0.9øaø0.95
and for saturation parametersRù50 the resonance peak

splits into two components. The characteristic absorption line
shapes of the probe light field for a number of values of
saturation parameter of the strong field and for the value of
branching parametera=0.9 are shown in Fig. 6sad. As fol-
lows from Fig. 6sad, the amplitude of the absorption peak
weakly depends on the intensity of a strong field, whereas
the width of the peak and the value of the doublet splitting
hardly depend on this quantity in the examined range of
parametersR.

For values ofa.0.95, the doublet structure at the center-
line of the probe light field is not manifested, and the result-
ant spectrum has the form of an absorption peak with the
ordinary Doppler liningsFig. 7d. Amplitude and width of the
peak are determined by the intensity of the strong field.

Comparison of the experimentally observed relations of
an absorption spectrum of the probe field shown in Fig. 3
and the presented results of model calculations shows good
quantitative agreement between the experimental and com-
putational data, obtained at values for branching parameter
a,0.9 fFig. 6sadg. According to the experimental data, the
maximal value of frequency between peaks of the doublet
structure splitting was about,25 MHz for a value of satu-
ration parameter of the strong fieldR,500, whereas the
width of the absorption peak varied between 14–70 MHz
upon a change in the saturation parameterR in the range
50–500.

As follows from the results of calculations, variation of
the saturation parameter of strong field in the range ofR
=102–104 leads to the variation of the half-amplitude width
of the absorption resonance peak in the range 12–95 MHz,
whereas the frequency value between peaks of the doublet

FIG. 5. Absorption line shape of the probe light field for various
saturation parametersR of the strong light field, calculated with the
equilibrium velocity distribution function of particles and branching
parametera=0.85:R=1 s1d, 5 s2d, 10 s3d, 102 s4d, 103 s5d, 104 s6d.

FIG. 6. Absorption line shape of the probe
light field for various saturation parametersR of
the strong light field, calculated with the equilib-
rium sad and nonequilibriumsbd velocity distribu-
tion function of particles. Branching parameter is
a=0.9.

FIG. 7. Absorption line shape of the probe light field for various
saturation parametersR of the strong light field, calculated with the
equilibrium velocity distribution function of particles and branching
parametera=0.98:R=1 s1d, 10 s2d, 102 s3d, 103 s4d, 104 s5d.
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structure varies in this case from 3 to 33 MHz. It should be
emphasized, that model calculations with the equilibrium
distribution of particles on magnetic sublevels lead to a sym-
metric splitting of the peak of the saturated absorption reso-
nance linefFig. 6sadg whereas asymmetric splitting of the
resonance line was observed in experimentssFig. 3d.

Thus we shall point out that the value of the branching
parameter according to the dataf4g on the rates of spontane-
ous decay channels of the 2p8 level of the Ne atom isa
=0.336. In accordance with the results described above the
absorption spectrum of the probe light field for this value of
a must have a dip similar to that shown in Fig. 4. However,
in experiment an absorption peak was observed, indicating
the emergencesunder conditions of our experimentd of
physical processes considerably increasing the contribution
from the transition on which the strong field is acting and
reducing the contribution from other relaxation channels of
the upper level. The nature of these processes still remains
unclear.

A strong dependence of the saturated absorption reso-
nance line shape on the branching parametera has the fol-
lowing physical nature. Parametera determines the fraction
of the “useful” decay rate of the upper levelm via m-n chan-
nel of the total decay rateGm. Action of the optical pumping
by the strong light field on the studied atomic transition with
the degenerated levels leads to a higher population of the
lower sublevel withM =0, investments of the other sublevels
depend asauMu.

For small values ofasa,0.85d the fraction of particles
reaching the sublevel withM =0 of the lower state as a result
of optical pumping is relatively smallsparticles are mainly
pumped to the third levels via the channelsn→m→ j Þnd.
For this reason, the resultant contour of the probe field ab-
sorption line is determined by the Bennett structures in the
population of the lower sublevels withM = ±1, ±2 which
leads to the traditional Lamb-type dip near the centerline of
the atomic transition. With increasinga, the fraction of par-
ticles reaching the sublevel withM =0 as a result of optical
pumping increases, which leads to an increase in the contri-
bution of the given sublevel to the shape of the absorption
coefficient of the probe field in the form of a peak at the
centerlinesfor a,1, this contribution becomes decisive, Fig.
7d. In a certain range ofa valuessa,0.85–0.9d, the ampli-
tudes of peak and dips of the Bennett structures on magnetic
sublevels are almost identical, while their widths differ sub-
stantially. This leads to a complex dependence of the total
absorption coefficient of the probe light field. Figures 5 and
6sad reflect the dynamic of the saturated absorption reso-
nance spectrum for a varying intensity of the strong light
field in the given range ofa.

V. LIGHT PRESSURE EFFECT ON THE Jn=2\Jm=2
TRANSITION OF THE Ne ATOM

In connection with the above circumstance, studies of in-
fluence of the light pressure force caused by a strong field on
the line shape of the saturated absorption resonance were
made. The technique, developed by us earlierf7,8g, was used
as the basis for these calculations.

In contrast to transitions from the ground state, the action
of light pressure force for transitions from excited states of
atoms exhibit peculiarities associated with the following fac-
tors.

sid a finite lifetime of the lower state and existence of
several decay channels for the upper state. In this case, the
time tr of the resonant interaction of an atom with the strong
field is determined by the spontaneous transition probability
and the branching parametera as tr =Amn

−1 / s1−ad. The inter-
action timetr is found to be the same for all atoms in the
ensemble in contrast to the case of interaction of light with
atoms in the ground state, when the timetr is determined by
the time of flight of the atom through a light beam.

sii d A difference in the values of the dipole moment and
probabilities of transitions between degenerated sublevels
with different values of magnetic quantum number. As result,
action of the light pressure caused by a strong field produces
different effects on the particle distribution on these mag-
netic sublevels. The analysis shows that the maximum effect
of the strong field is manifested in the particle distribution
over the sublevels withM = ±2.

Generally, the velocity distribution function of particles
over sublevels in the field of a high-intensity light wave was
determined from the solution of the Fokker-Planck equation
having the following form under the condition when the
Doppler frequency shift of a moving atom caused by the
recoil effectkyr ="k2/m is small in comparison to a homo-
geneous atom transition widthskyr!Gd f2,3g:

] fsyz,td/]t + ]fAzfsyz,tdg/]yz + ]2fCzzfsyz,tdg/]yz
2 = 0. s4d

Here, the factorAz is determined by the light pressure force
as

Az = ± GyzR/f1 +R + sV − kyzd2/G2g s5d

whereas the quantityCzz, determining particle diffusion in
the velocity space, has the form

Czz= 0.5Gyr
2R/f1 +R + sV − kyzd2/G2g. s6d

The plus and minus signs correspond to particles moving
parallel and antiparallel to the wave vectork of the strong
light field, respectively.

The Fokker-Planck equations4d was solved numerically
on a two-dimensional gridf600, 1000g with a step of relative
velocity variation ofkDyz/G=0,5÷0,1 and a step of relative
time variationstr =kyrtdDt=0,1÷0,05. In model calculations
we used the following values of atomic parameters: the most
probable velocityyt<73102 G /k at a gas temperature of
T=300 K, the radiation wavelengthl<633 nm, the recoil
frequency Dvr =kyr =3.33105 s−1, the relative recoil fre-
quencyDvr /G,5310−2, and the values of saturation pa-
rameterR varied in the range of 0.1–104. The relative inter-
action time of the atom with the strong fieldsduring which
the velocity distribution function of particles changesd was
tr <0, 5–1 for values of branching parametera,0.9–0,95.
Note that at these values ofa the doublet structure of the
saturated absorption resonance line shape is formed.
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Figure 6sbd presents results of calculations of line-shape
behavior of the absorption spectrum of the probe light field
near the center of the transition line of the Ne atom with
nonequilibrium velocity distribution of particles depending
on the saturation parameterR of a strong field. It is evident
from comparison of introduced relations Figs 6sad and 6sbd,
that the action of light pressure force is manifested in the
asymmetry of the absorption peak for saturation parameters
Rø50 and in the amplitude ratio of the peak-splitting dou-
blet for Rù100. It is worthy to note a good quantitative
agreement between the experimental and computational data
on the relative change of amplitudes of the doublet structure:
the maximal experimental value was approximately equal to
8%, while the calculated values were 5–9%.

As follows from f7g, the influence of light pressure force
on the spectral reflectance of the saturated absorption reso-
nancesthe shape of resonance and the position of its mini-
mum relative to the atomic transition frequencyd is maximal
for values of saturation parameterR=1–2.However, the pe-
culiarity of formation of the doublet spectral structure on
transitions with degenerate states of atom as a result of sub-
traction of several contourssrealization of the difference
scheme of observation on atomic leveld makes it very sensi-
tive to the velocity distribution function of particles interact-

ing with a strong field and permits one to observe an action
of light pressure force in the nonoptimal–in-effect region of
R values.

VI. CONCLUSION

In conclusion it should be noted that the mechanism of the
effective increase of branching parametera for a block of
closely located 1 Si levels in the Ne atom is still obscured.
The main reason for this increase is, apparently, electron col-
lisions, resulting in intermixing level population inside 1 Si
states of atom.

The presented results testify to the essential influence of
the light pressure force on properties of the saturated absorp-
tion resonance on transitions from excited atomic states. The
value of the effect can be significant for light atoms. The
latter circumstance is especially important for interpretation
of results of precision metrological measurements on the ba-
sis of the saturated absorption method, including the Rydberg
constantf9g.
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