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Line shapes of saturated absorption spectroscopy in optically thick media
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The line shapes of saturation spectroscopy in optically thick two-level media are calculated for atomic and
molecular transitions. Line narrowing and distortion effects due to propagation are presented. For Doppler-
broadened media it is shown that, due to multiphoton processes, the natural linewidth limits the ultimate
narrowing that can be reached. Thus, upatgl =20, only when the rate-equation approximation is valid
subhomogeneous linewidths are expec{&d.050-29478)07708-7

PACS numbsds): 32.70.Jz, 32.80.Bx, 32.90a

I. INTRODUCTION gating different light beams. Thus the corresponding narrow
lines can only be used for precise comparison between two
Pump-probe spectroscopy of atoms and molecules hagptical frequencies and not for absolute optical calibration
been studied for many yeaf$] and the line shape of Dop- purposes. Similar narrow lines also occur due to population
pler free resonances investigated for optically flir7] and  pulsation resonance in open two-level syst¢if.
for strongly absorbing medif7—15 . Basovet al. [7] and As will be shown here, calculations for an optically thick
Rautianet al.[8] predicted that power broadened linewidths medium of two-level atoms, taking into account multiphoton
would show line narrowing in saturation spectroscopy in op{rocesses in the cross saturation of the probe transmission,
tically thick media. An increase in the propagation depth,do not give subnatural linewidths. An exception is when
which is equivalent to increasing the overall linear absorp-dephasing collisions dominate the transition dipole relax-
tion of the cell, would produce narrower linewidths with ation rate. In this particular case contributions from multi-
high contrast transmission signal. Svanbetal.[9] demon-  photon processes are negligible, the rate equation is a good
strated this, performing saturated absorption experiments iapproximation and a linewidth below the homogeneous
an optically thick cell containing Na vapor and showed highwidth can be attained. Baklanov and Chebotay2} and
contrast along with line narrowing below the natural sponta-Haroche and Hartmar{s] showed, for the case where popu-
neous emission rate of the transition. Both conditions havéation decay is dominated by collisions, that the maximum
been emphasized as advantageous for laser stabilization pyrercentage of transparency induced in a thin sample by a
poses. Experiments on infrared transitions in; 8Bve also strong counterpropagating pump beam, for an infinitely
shown line narrowing12], but just to the point of eliminat- Doppler-broadened transition, is 62% of the linear absorp-
ing the power broadening of the resonance. tion as opposed to 100% predicted by the rate-equation ap-
The basic phenomenon behind power broadened narrovproximation. Their results will be discussed here for the case
ing is the attenuation of the pump beam due to propagatiomf optically thick condition.
which implies the saturation of a narrower class of atomic Preliminary account of the calculations have been pre-
velocities. Another source of line narrowing acting on thesented earlier along with experiments done on a collision
probe transmission is the strong absorption occurring on thbroadened molecular transition of SWith radiation from a
wings of the saturated resonance line. These effects, intucO, laser[12]. In both experiments and calculations it was
itively, might justify the subhomogeneous linewidths ob- shown that the linewidth could not be less than the homoge-
served. Using the rate-equations approximation in their calhreous width. The results are extended to calculations where
culations Svanberg et al. [10] obtained subnatural spontaneous emission and phase interrupting collisions are
linewidths. In their experiments in Na vapor, subnatural linethe dominant mechanism of decay, restricted to two-level
narrowing did appear but associated with crossover resanedia and single sample cell. The line shapes were calcu-
nances. The strictly two-level transitions observed 18] lated as the spectral power added or subtracted to the probe
never reached subnatural width. Recent experiments blyeam by the induced polarizati¢s]. The probe has constant
Caiyanet al.[13] with two Na cells in tandem configuration incident intensity and is always weak. Thus, no possibility is
do report strongly subhomogeneous linewidths, again fomllowed for the generation of instabiliti¢47].
crossover resonances between hyperfine lines. The major dif- Optically thick media with multiple resonances were stud-
ficulty in testing the two-level predictions in Na is the pres-ied recently by many authors. The shift and the resolution of
ence of optical pumping cycles due to its hyperfine levels. lfines in Na vapor have been investigated by Zharddual.
is important to emphasize the difference between subnaturl1] who analyzed their data using the rate-equations ap-
linewidth in an optical two-level transition and subnatural proximation. Solutions using Maxwell-Bloch equations for
linewidth in a coupled three-level system. This last case maypptically thick three-level media have been reported in the
show “subnatural” lines whose widths are in fact associatediterature by Schmidt-lglesiast al. [14] who also studied
to the sublevels coherence relaxation rates. These relaxatiotiseoretically the related problem of spectrally resolving in-
manifest themselves in Raman resonances for two copropaependent pairs of nearby resonance lifies. The impor-
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0w, vy where £:(z) and Ep(z) are the amplitudesyr and wp the
s angular frequencies, ankl- and kp the wave vectors of
i ; pump and probe fields, respectively. The fields can be fre-
y - b> quency tuned but their amplitudes before entering the ab-
/ ‘\‘ sorbing medium are considered to have flat intensity spectra.
),b A ’Yb The density matrix equations for the two-level system are

solved in the rotating-wave approximatif®]. The total op-
FIG. 1. Diagram of the two-level atom or molecule. The levelstical polarization is obtained from the density matrix, which
have pumping rates, and\, and relaxation rateg, andy, to the  describes the medium under the action of the two fields:
nonresonant levels. The spontaneous emission rate drémb is

- Pz0= | Tptoulde,, ®

tant case of coupled three-level systems in an optical pump-

ing configuration including crossover resonances, which igvhere the terms oP(z,t) oscillating as exp+ (kjz— w;t)}
relevant to explain the narrow lines of the Na experiment ingives P;(z,t) (i=F or P). The general inhomogeneously
[10,13, is also left out of this work. Doppler-broadened case, with widthwp=kuIn2 [half-

The restriction of the calculations to the case of homogewidth at half maximum(HWHM)] can only be integrated
neously broadened transition brings in the line shapes witlumerically. Throughout the medium the intenslty-£?
absorption and amplification features. The amplification of awill vary as
probe in a two-level medium pumped by a strong near reso-
nant field, observed for an atomic beam by \&fwal.[18] in dl; dPi(zt)
the thin sample condition, can be enhanced in thick medium. az- ahi=- < Ei(z) —4; >
The same possibility exists for wave mixing generation by
related parametric processes, which have been discussed fahere ¢; is the beam absorption coefficient afiddenotes
thin media by Boydet al. [19]. The work herein will not time averaging.P;(z,t) is the nonlinear polarization with
explore the details of gain generation when the homogeneowspatial wave vectok; .
linewidth or the power broadened homogeneous linewidth is Including only the strong pump field in the equation we
bigger than the Doppler, despite its recent interest and digget the nonlinear absorption coefficient of the pump beam
cussion in the literaturg20] [1]. In order to determine the intensity(z) it is necessary
to integrate its absorption along the cell between 0 afut
copropagating beams and betwderand z for the counter-
propagating beam configuration.

The two-level systems composing the medium are repre- At each location the probe absorption coefficiest was
sented in Fig. 1. The transition is assumed nondegeneratealculated by solving the equations in the presence of the
with dipole matrix elemenp and central frequency,. For  strong pump and probe field to first order. It is the cross
the upper level the relaxation is specified by two explicitsaturation of the pump on the probe absorption that contains
coefficients:y,, the spontaneous emission rate of the transithe physics of interest here.
tion, i.e., from levela towards levelb, and y,, the decay The line shapes for the saturated homogeneously broad-
rate towards the reservoir consisting of all other nonresonargned transitions depend on the Bennett hole width,
levels. The decay rate for the lower levelyg. Dephasing
collision relaxation on the transition dipole is given by the F§= YapV1+S, €
i o et s e vl WTES < 15(3)1s e dmensionles purp inensiy and
ation dominated by the spontaneous emission, as in very IO\I/\Fat the saturation intensity defined as
pressure atomic. Vaporsys> ya= Yo~ ¥ph then,thfe .infrared | eo=F YYanCNER/ 262, 6)
molecular transitions dominated by hard collisions where
Ya= Yb>¥s~ Ypn @nd third thetransitions dominated by wheren is the nonresonant refraction indesy the electric
phase interrupting collisiongn which y,>v,=y,~7vs INn  vacuum permeability, and
all casesy,= 7y, so that the two-level systems are closed,
with the sum of the populations remaining constant. These ¥Y=2(vat vs) ¥/ (¥at vb) (7)
are commonly found cases that exclude the species where . : .
optical pumping cycles occur. The relaxation rate for the!S an _effectlve relaxation rate. The power broadened line-
transition coherence is width s

4

II. THE TWO-LEVEL SYSTEMS

Yab
Yao=(Ya+ Yot ¥9)/2 Vpn. (1) Fs=—-[1+V1+5] ®

The total field in the medium is given by the superpositionand the low and high saturation regimes occur3es1 and
of two plane waves S>1, respectively.
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The curves calculated for the transmitted probe intensity o
were normalized to incident intensity z¢& 0, and written as = 100015 |

. i A

al =0.01 — h=h (a)

Ip/lpo.

For the purpose of comparison of the signal linewidths as2
a function of the sample optical thickness, the values of the&
relaxation rates were always chosen such that had the
same value for different relaxation mechanisms. Thus, forg,
the thin cell with weak pump power all the calculated signals-§

nte
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show equal linewidths, 2,, . o

2
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. HOMOGENEOUSLY BROADENED TRANSITION E)
The homogeneously broadened cases occur for transvers 0-99985 o5 10 0 10 20

pump-probe experiments with atomic bedd8], in very (©p — @) / YV
high pressure molecular gases, and within cold atoms medi
[21]. Velocity integration is unnecessary and the pump-probe o 15
signal in an optically thin sample does not depend on theZ_
propagation direction of the bearfi5]. The geometric axial _=&
alignment of the probe with respect to the pump is irrelevant s, 1.3 |
as long as the volumes being pumped and probed are th'g
same.

In an optically thick cell the co-propagating pump-probe i1l
arrangement is not obviously equivalent to the counterpropa @
gating one. The thick medium causes both the pump and thw'8
probe beam intensity to be attenuated through the cell. Thua
the population difference and the level coherence created b @ 0.9 |
the pump field depend on the position along the cell.

Physically, the total probe absorption is the integrationg
(addition of the accumulated induced absorptions from aC 0.7 .
stack of thin cells, covering the whole medium. As stated —20 -10 0
above, in a homogeneously broadened medium, the contri (@p— 0 / Yy
bution from each thin cell is the same for both copropagating o
or counterpropagating beams, as long as the beam intensities FIG- 2. Line shapes of saturated absorption in the homoge-
are preserved. However, due to their non-negligible absorpleously broadened medium for high saturation intensiy,
tion the pump intensity and the probe intensity are different- 100 sa (@ For an optically thin cell ol =0.01 and(b) for an
at each location of the thick cell, when one changes fronfPtically thick cell, agl. =20.1p/Ipo is the output probe intensity
copropagating to counterpropagating arrangement. For %ormallzed to its |_nC|dent !ntensny. The sho_rt dashe_d line corre-
weak probe though the pump is not disturbed. The inducea'oofds to relaxation dominated by phase interrupting collisions

. . he intearation of a sianal on 42b= Yeh (when the rgte-_equatlon approximation is valitihe Iong .

probe Change signal is alwayst_ 9 . 9 éashed and the solid lines correspond to spontaneous emission,
prob_e_tha_t is attenuated from its entrance into the <_:¢II to 4, — .. and to hard collisionsy.,= y.= 75, as the main relax-
specific sllce,_then changed by the pump at that specific slicgy; mechanisms, respectively.
and then again attenuated through its way out of the cell. For
instance, in a region of strong pump, the probe line shape isections. The result is shown in Fig@® for the thin cell,
produced at a certain slice near the cell entrance of the pumpith optical thicknessea,L=0.01 and in Fig. &) for the
on a copropagating probe that will be attenuated afterwardshick cell, with agL =20. In both cases copropagating and
when it proceeds through the cell, or is created on the sameounterpropagating configurations give the same line shapes.
slice, near the cell entrance of the pump, but on a probe that For transitions with relaxation dominated by dephasing
has already been attenuated because it came from the othemllisions power broadened Lorentzian lines result. How-
side, in a counterpropagating alignment. The overall integraever, the coherent processes under high pump power induce
tion, calculated in first-order perturbation on the probe beanextra features to the line, including the possibility of gain
amplitude, ends up the same, showing that the thick mediurwithout population inversion. These line shapes have been
condition does not break the directional symmetry becauspredicted and were observed in atomic beam experiments
the probe is not disturbing the pump. Conversely, the inhof18]. The occurrence of amplification, whep /I 21 in
mogeneously Doppler broadened transition already showsig. 2(a), for strong pumping near and on resonance of a
the directional asymmetry in the thin cell condition. two-level thin medium has been discussed by various authors

In contrast with the Doppler broadened case, the outputl,5] and can be associated with the dynamic stark splitting
probe intensity for a homogeneous broadening condition hasf the transition as well as the stimulated Raman and Ray-
been numerically calculated considering the pump beanteigh emission process¢S]. This line shape has also been
fixed at resonanceyr= wq, and high input pump intensity, studied by Boydet al. [19] to describe parameric gain in
=100, This is the same pump power used to calculatefour-wave mixing on two-level systems. The line shape of
narrow lines in the Doppler-broadened condition of the nextFig. 2(b) shows that significant gain, on the order of 30% at

al =20 —h=h (b)
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FIG. 3. Counterpropagating saturated absorption signal in a 0.0050

than 0.015% for the same pump conditions in the thin cell '8
case of Fig. 2a). Thus the pump-probe line shapes in opti- o
cally thick homogeneously broadened media do not depenc®
on the relative beams direction unless the probe beam goe®
off the weak intensity condition. The main gol of this work is @
the line narrowing in Doppler-broadened media and so fur-
ther discussion of the line shapes for the homogeneously
broadened media will be treated elsewhere.

Doppler-broadened medium. The levels’ populations relaxation _& al=20 (b)
rates were taken equal, =y, and ys= y,,=0, as in the hard col- ™~ i
lision model for molecules. For these curves we uded, =50y, - :"'.
=100, andagL=5. = i

2 : , — Y=Yy (x20)
+10 linewidths probe detuning, appear in a thick cell, with g 0.0025 | .' [ z:“ (x20)
agl =20 pumped byl /1,,=100 , while the gain was less o i

0.0000
-10 -5

FIG. 4. Probe beam saturation line shapes calculated in the Dop-
pler limit, Awpoppier! Yab— . (&) for an optically thin cell andb)
IV. COUNTERPROPAGATING BEAMS for a thick cell. The three limits of relaxation conditions, the optical
IN DOPPLER-BROADENED TRANSITIONS thickness and the pump beam intensity are as in Fig. 2. Two vertical

The inhomogeneously broadened case also presen?§""'es in(b) were expanded with respect ta).
strong effects due to coherent processes. Those process play
a key role in determining the signals line shapes and particu- The probe beam spectrum, shown in Fig. 3, was calcu-
larly their ultimate linewidths. They are responsible forlated for the conditionAwp=50y (y,=7y,=7v and ys
breaking the symmetry between copropagating and counter= y,,=0) and for a cell deptlw,L=5. For the high input
propagating beam configurati¢@]. Such asymmetry is due pump intensity used in the calculationg= 100 ¢4, a wide
to different Doppler selection of resonance in stimulatedpower broadened probe signal line would have resulted for
light scattering from a two-level atom in a strong field, asthe case of a thin cell. At the other extreme case, that is, for
explained by Baklanov and Chebotayé\. In the rate equa- a thick cell with agL =20, the results show a very narrow
tion limit all these coherent effects are washed out. The thickand very small sub-Doppler signal.
medium condition within the weak probe approximation just Because the intensity of the pump beam decreases as it
enhances the asymmetry existing for thin cells, preservingropagates through the medium, the probe signal, which
the essential features of the line shapes. would have a power broadened linewidth in a thin cell, will

The Doppler-broadened transition, common in atomic vahave its line narrowed as the sample becomes thicker, other
pors, was calculated considering a single laser producing thearameters being kept unchanged. This narrowing from
pump and the probe laser beams. This= wp=w is the  power-broadened width down to the homogeneous width is
frequency tuned through the resonancevwgt The Doppler intuitive and has been observed experimentally for atoms
width is assumed always dominat > y.,.I's) and the [10] and molecule$12]. Crossing the natural width barrier
two incident beams have constant intensity tunable over thby further propagation narrowing was discussed previously
Doppler line. With high incident intensity the strong beambased on results of rate-equation calculafib.
initially propagates losing power at a constant rate. After its Figure 4 shows the line shapes of the saturated absorption
pump intensity reaches a value below the medium saturatioim the case of very strong pump input and in the Doppler
intensity the usual exponential beam absorption takes placémit (Awp/y,,— ). Three spectra are given in Fig(a}
Spectrally, a sharp edged profile, due to saturation contragor the optically thin condition &,L=0.01), corresponding
enhancement on the slope of the Doppler width appears witto the limits stated in Sec. Il. For comparison purposes the
nearly the inhomogeneous linewidthwy, . values chosen for the different was always such thag,,



PRA 58 LINE SHAPES OF SATURATED ABSORPTION ... 1143

1.000

0.998

0.996

0.994

0.992 |

Relative Probe Intensity |,/ 1,

5 10 15
Cell Optical Thickness (olL)

FIG. 5. Linewidths of saturated absorption signal calculated for 0.050
the Doppler-broadened medium in a counterpropagating configura-
tion as a function of the cell optical thickness. The three limits of
relaxation conditions and pump beam intensity are as in Fig. 2.
Notice that only for the transitions with relaxation dominated by
phase interrupting collisions does the width ratio become less than
unit, i.e., the line becomes narrower than the homogeneous line

Yab -

al=20 AN (b)

0.025

had the same value. Therefore all lines in the low pump
power optically thin cell have the same width. One can see in
Fig. 4(a) that for optically thin sample conditions, three dif-
ferent saturation broadenings are present.

For the case of phase interrupting collisions multiphoton 0
processes vanish, and the result is the same as obtained usiny (@ - ) /Yy

the rate—e_quation a}ppr_oximation. This limit of fas.t re'?"a‘i?“ FIG. 6. Line shape of saturated absorption spectra for copropa-
of the optical polarlzatlon Correspon(;ls to a physical S'tuat"?rbating beams calculated for the Doppler-broadened medium. The
where the slow population rates drive the system behaviohmp heam frequency is fixed, equal to the transition frequengy
and coherencies washout fast. The increase in transparen the probe frequency was tuned. Other conditions are as in Fig.
i.e., the decrease in absorption at line center induced by thg

pump, is the highest and the power broadening is the weakest

as shown in Fig. @). For higher input pump intensities, the to spectra like that of Fig. 4 were plotted fagL varying
transmission evolves to full transparency at resonance béyetween 0 and 20. The hard collision case, was experimen-
cause the populations of the two levels of the transition argally studied using an SFresonance and radiation from a
equalized by the pump beam. CO, laser[12] and gives a linewidth reaching the limjt,,

The spectra for hard collision and spontaneous emissioe: y for 4L =20. To our knowledge, the spontaneous emis-
relaxation are also shown in Fig(a3. For the thin cell con-  sjon atomic transition case for a pure two-level atom has
dition [1] the saturated absorption coefficients are such thatever been reported experimentally. Its calculated line nar-
at resonance only 62% and 45% of full transparency can bgowing as seen in the dashed line of Fig. 5 is larger than the
reached respectively. Thus, for both cases the center portigfatural linewidth §¢/2). The contrasts of the signals
of the resonance is less transparent than the one resultifg 10,17 in the three cases follow the inverse of the line-
from rate-equation approximation. At the same time thewidths [22]. Therefore, the two-level atomic case will have
power-broadened linewidths are larger as shown in the heawfie least narrowing and the least contrast in its signal.
and long dashed lines of Fig(a}. These effects of different
transparency peaks and linewidths are preserved in the opti- V. COPROPAGATING BEAMS
cally thick cell limit.

Figure 4b) contains the line shapes for the thick media The ideal arrangement for copropagating pump-probe
condition. The narrowest and highest line is for the phasé&pectroscopy in Doppler-broadened mefBad] is the non-
interrupting collision case. Notice that the induced transpardegenerate case, where the pump frequangys different
ency at resonance condition is two orders of magnituddrom the probe frequencyp. Spectral lines result from the
higher than the induced transparency for the cases where thening of wp, keepingwe fixed. Figure 6a) shows the cal-
relaxation is dominated by hard collisions or by spontaneousulated line shapes for resonant pump frequergys w,,
emission. and for high input pump intensitl-= 100 ¢,;in an optically

The power-broadened line narrows with increasing celtthin cell. Now, opposite to what happened with counter-
length, all other parameters remain unchanged. This can h@opagating beams described in the previous section, the so-
seen in Fig. 5 where the calculated linewidths correspondindution for the case of dominant dephasing collision given by

Relative Probe Intensity 1,/ 1,

0.000

10 -5 5 10
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the short dashed line is the one that has the least inducexhd Doppler-broadened gas media under conditions of relax-
transparency. Its linewidth is also less broadened than thation rates describing atomic media with pure radiative de-
others. In fact this line remains Lorentzian and its widthcay, molecular media with homogeneous width dominated
should be equal to the corresponding one of Fig),4hatis, by hard collisions, and atomic or molecular media in the
for the counterpropagating condition. The only differencepresence of a buffer gas, where phase interrupting collisions
observed is a factor of two in frequency scale because in theates are the fastest and the rate-equation approximation is
counterpropagating spectra the pump frequency was alsealid.
tuned along with the probe, both equaldo Figure §a) also The homogeneously broadened thick media shows line
shows the known fact of how in the copropagating pump-shapes symmetrical with respect to copropagating versus
probe condition, as opposed to the counterpropagating casepunterpropagating configurations. The non-rate-equation
the multiphoton processes distort the line shape from its lovapproximation cases, when strong pumping is on resonance,
saturation Lorentzian shape. These peculiar line shapes wihow line shapes with an enhancement on both the absorp-
sharp edges and a flat top with a dip have been calculatdibn and the amplification portions of the probe line. The
many years ago by Baklanov and Chebotaydy, in the effects are the same known from thin media experiments
optically thin medium condition. [18]. The detuned pump condition, when the induced trans-
For thick medium,aoL =20, the calculated line shapes parency{23] may turn into an important probe amplification
behave according to Fig.(®. Again, for transitions domi- [18,5] for thin cell, might give further enhancement in the
nated by phase interrupting collisions, the resulting line isgain effect for the optically thick medium. The strength at-
similar to the one for thin cells. Its width is narrowest as intainable for such Raman-type gain in thick media was re-
the counterpropagating cagebserve always the factor of cently discussed by Browet al.[20] in the limit of no pump
two in frequency scale as explained abpvieor the other absorption and with the power-broadened homogeneous line-
two cases the optically thick cell enhances the on-resonancgidth close to the Doppler width.
dips of the line spectra. The induced transparency is much In the Doppler broadened case, line narrowing due to
more significant for the atomic transitions dominated bypropagation was calculated and only the case when the tran-
spontaneous emission than the ones dominated by phase ition decay is dominated by phase interrupting collisions,
terrupting collisions. The small extra percentage of inducedvhere the rate-equation approximation is valid, lead to “sub-
transparency for the thin cell condition once again leads tmatural,” or better, subhomogeneodgss thanvy,,) line-
one order of magnitude difference for the thick medium con-width in the optically thick media. Though not shown in this
dition. The signal contrast in the copropagating case was ndarticle, signal contrast for counterpropagating arrangement
systematically studied here. In particular, the conditions ofwas also calculated, and verified to be overestimated when
finite Doppler width where probe amplification has been prethe rate-equation approximation is used. Copropagating con-
dicted[5] in thin cell deserve further detailed investigation figuration, on the other hand, when the pump is set fixed on
for optically dense medig20]. resonance and the probe is tuned, gives much higher induced
transparency for the radiative relaxation limit.

VI. CONCLUSIONS
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