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In this paper the phenomena occurring in a three-level system inhomogeneously
broadened by the Doppler velocity distribution and interacling with two monochromatic
radiation fields are theoreticaily investigated in reference to different experiments. In the
probe spectroscopy, where a radiation field is weak and does not perturb the populations
differences and the level positions, a perturbation approach is convenient for determining
the steady state density matrix elements. The probe response diagram has been introduced
1o derive the resonant conditions for the velocily groups participating to the processes.
When both the radiation fields are strong and nwmerical solutions are required, the mutrix
continued fraction solution is convenient in the numerical analysis. The main features of
the three-level phenormena are discussed and on the basis of Lypical parameters, the absorp-
tion lineshapes are analyzed.

PACS numbers: 32.70.Jz, 32.80.—t

1. Introduction

A large amount of spectroscopy and quantum oplics experiments is based on three-
-level configurations, where two electromagnetic fields are quasi-resonant with two tran-
sitions sharing a common level. Making use of laser radiation, large modifications in the
populations and in the level structure are introduced. They may be detected on the absorp-
tion or emission spectra of the connected transition. In cxperiments in dilute gas systems
where the Doppler effect is the dominant process in determining the broadening of the
absorpiion lines, monochromatic laser radiation seleclively excites a velocity group within
the velocity distribution and narrow sub-Doppler features appear on the observed spec-
trum. The three-level schemes are classified, depending on the level positions, in V, in-
verted-V and cascade configurations. Examples of experiments with the three-level systems
occur in the iwo-photon spectroscopy, the double-resonance (with microwave or radio-
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frequency fields), the optically pumped lasers (in the optical and far-infrared regions),
the opticatl-optical double resonance experiments, the mode-crossing and sideband spee-
troscopy, the non-lincar Hanle effect and so on. For deseribing these different experiments
specific models have been presented by several zuthors [1]. However a unified treatment
of the three-level density matrix solution may allow one Lo interpret in a more complete and
aceurale manner the main features of the different experiments. Furthermore new phenom-
ena may be predicted by transferring to some experimental configuration the results of
adifferent configuration. Apartfrom the common features of the density matrix sohution, the
experiments are different in the values of the relaxation rates. The position of the resonances
is affected very slightly by the values of the relaxation rates, but the lineshapes are
greatly aflected. Thus for each experiment the role played by the relaxation phenomena
should be evaluated. In this paper we will analyze the resonances features of the steady
stale experiments on a theoretical basis, making use of different approaches and we will
compare the numerical results to some specific experiments.

The cxperiments dealing with three-level systems may be classified as probe- spectro-
scopy or strong-signal ones, and such a division is relevant when a theoretical analysis
is carried on, In the probe-spectroscopy a strong laser field, the so-called pump field,
modifies populations and level structures, while the second field, the probe one, is weak
and does not modify the populations and the level structure. A typical arrangement is the
double-resenance cxperiments where the saturation phenomena produced by the pump
radiation are monitered on a connected transition through the absorption (or emission)
of a weak radiation field. The probe absorption may be increased by applying a stronger
monitor ficld, but then the populations and the level struciures modifications intreduced
by the probe laser should be considered. Thus in the strong-signal case the intensitics of
the pump and probe liclds play a role in determining the position and the lineshape of
the resonances. In the probe spectroscopy the probe ficld may be treated as a perturbation
and the Jowest order of the periurbation expansion is adequatc to interpret the observed
features. In the strong signal regime the higher orders of perturbation or an exact treatment
are required.

The paper is organized as in the following: in Section 2 the main features of the three-
-level system will be presented. Section 3 will be devoted to the probe spectroscopy, with
the general treatment, the “dressed” atom approach and some numerical analysis. Finally
Section 4 wil! contain the treatment and the analysis of the strong-signal Tegime.

2. The features of the three-level system
2.1, Definitions

The three-level configurations may be analysed on the basis of 3 unified ireatment,
Figure 1 reports the possible configurations of this system with the common level O coupled
to the 1 und 2 levels through the dipole materix elements fig, and iy, Tespectively. IT the
energy dilferences arc denoted by hw,, (7,7 = 0.1,2) and 1he quantities

£y = sgr{wy;), £ = sgn(uwy;) (1)
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Fig. 1. Three-level system in different configurations. The definition of the Rabi flopping frequenciesa t
and #* depending on the contiguration following Eq. (3) is shown on the basis of the travelling wave AL
and Ai choice presenied in the top of the figure

are introduced, each Jevel configuration of Figure 1 is labelled bythe(¢p = +1,6,= £1)
indices. A phenomenon occurring in a configuration may be transferred (o0 another one
by chunging the (¢, £,) indices, and the configurations may be (reated by a single formalism
[2, 3]

The menochromatic pump and probe electromagnctic ficlds, E,(z,1) and E,(z, 1)
respectively, propagating along the z axis, will be described in a general configuration
of travelling and standing waves through:

Eifz,t) = =211 Aj[e;exp {—i(Rt —pk )] +cc]f2, (G =1,2). 2)

The index p = +1 defines the counterpropagating components of the field. It will be
supposed that owing to the frequency or polarization choice the E, field drives the 0 — 1
transition only and the E, field the 0 — 2 transition only. The coupling of the field with
the 1hree level system is described, within the rolating wave approximation, through the
following Rabi flopping frequencies:

= (20 gy (8,485, HEFATHS,, ),

B = (2h) " 'iyy (e A58, (+ES AM,, ). ()
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Because of the tntroduction of the (v, €;) indices this definition is valid for any configura-
tion of Fig. 1. [3].

The absorbers are submitted 1o the most gencral scheme of relaxution, meluding
spontancous decay and reluxation towards o set of external levels. The relaxation
processes are taken inlo account by introducing some phenomenclogical damping cons-
s as represented schematically in figure 2 for the V configuration. The ol pupula-
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Fig. 2. Schematic representation of the V-configuration with the relaxation processes and the pumping
mechanism Ay of the 0 level

tion relaxation tates, y; (f = 0, 1, 2) are composed by the decay rates I to levels not
included in the threc-level system and the rate I',, for the spontaneous decay or collisional
population transfer from level j to level i. For the coherences, besides the relaxation
processes introduced above, an additional rate yj; is introduced to describe the influence
of laser instabilities and phase interrupting collisions. The role played by the velocity
changing collisions in the probe spectroscopy has been analysed in a series of experimental
and theoretical papers by Liao et al. [4]. These effects will not be considered in the
present paper.

2.2, Travelling and standing waves

An important distinction in the analysis of the three-level phenomena has to be made
between the case when both electric fields are in a travelling wave form, i¢. in Eqgs. (2)
the u = 1 or 4 = — | term appears only, and when one or both electric ficlds are in a stand-
ing wave form. From the point of view of the phenomena a standing wave field produces
several resonant structures in the absorption profile, whose resonant position is velocity
dependent, Thus on the population distribution the saturation resonances {the so called
Bennett holes) are produced within the Doppler distribution of the velocities. Furthermore
velocity-dependent multiphoton resonances are produced by absorptions involving simul-
taneously the travelling photons of the standing wave. Finally the travelling wave clectric
fields give rise 10 Doppler-free structures where ail the absorbers participated whichever
is their velocity. In the V and inverted-V configurations of figures la and ib, a Doppler-
sfree Raman-type resonance appears for the co-propagating travelling waves when
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£,0, — 2, = wy,. In the cascade configuration of Figures tv and 1d the Doppler-free
gesonances, the so called Doppler-free iwo-photon absorption, appears for counterpro-
pagating travelling waves, but owing to the definition of the (v, ,) indices the resonant
condition remains the same as wrilten above.

From the theoretical point of view, the configuration with travelling wave com-
poncnds only, has, within the rotating wave approximition, an exact analyticul solution
for the density matrix equations. This rotating wave approXimaion, stundard 1y the quan-
tum optics treatment, does not include the Bloch-Siegert shifts that are negligible for the
typical laser electric fields. The density matrix solutions have been presenied by Brewer
and Hahn [5] and by Takami [6] in a form convenient for numerical calculations. The role
played by the relaxation rates and the radiation intensities in this scheme has been analysed
in Refs. [7] and [8].

The standing wave configuration does not lead to an analytical solution of the density
matrix equations in the Doppler broadencd regime. In effect the steady statc solutions
of 1he s-velocity dependent g, element for the density matrix should be written

@{v, 2, 1) = exp [i(slnl_ejQJ)] { ¥ eijv)exp(iq,k,2)
f=—x

+ w0

+ ¥ el explig:kn)}, (Li=0,1,2), “)
n=—«

where we have introduced the ¢, = 0 index.

This solution can be treated within a perturbation expansion in the radiation field
intensitics, as in Ref. [9]. Kyrola and Salomaa [10] have presented a different approximate
solution for the density matrix in order to check the features of the three-level specirescopy
depending on the extension of the limits in the Doppler velocity imegration. A straight
numerical solution of the recurrence equations was applied by Paxton and Milonni in
Ref. [11] 1o investigate the operation of two lasers operating in a three-level system.
In Ref. [3] Vilaseca et al. have developed a matrix continued fraction solution valid for
the standing wave problem and applied to investigate several experimental configurations.

2.3. Populations, coherences and level shifts

The striking feature of the three-level system is the creation of a coherence ¢, ; between
the | and 2 states and its role in 1he absorption of radiation. Several experiments in quite
different conditions have shown the influence of the g,; coherence. In the V and inverted-V
configurations of Figures la and 1b, if the 1 and 2 levels have nearly the same energy
the relaxation rate of the g, ; coherence is small as compared to the relaxation rate of the
optival coherences gq, and goz. Thus large ¢, , coherences ure crealed with narrow resonant
features. For instance in looking at the fuorescence from the 0 level in the inverted-V
configuration, a narrow resonance dip appears when the two-quantum resonance condi-
tion of the 2 = | transition is satisfied. This phenomena calicd coherence trapping has
been obseived in several experiments, and the investigation of Gray et al. [12] has provided
a dutailed comparison between theory and experiment. Fig. 2, derived from the
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Fig. 3. Occupation of the 0 state in the inverted V-configuration as function of A, = £2;— wey. for irradia-
tion at frequency £2; and at frequency £, = wy,, from Ref. [3]

theoretical analysis of Ref. [7], is a clear representation of the phenomenon. By kecping
the 2, frequency fixed 1o the resonant w,, value and sweeping the &, frequency around
the w,; resonant value, the number of absorbers in the 0 state, and flucrescence from this
state, presenis a resonant increase. However at the center a narrow hole, a decrease in
the resonance fluorescence, appears owing to the pumping of the absorbers into a (J1)
- 12)/{/2 superposition, a non-absorbing state, where the absorption of the 2, and @,
photons does not occur. The full widih of this hole is (a® + 822y, +7.,) in the low-field
limit and the hole can be quite narrow, as shown in Fig. 3 and obseived in the experiment
of Gray et al. on a sodium atomic beam excited by two dye lasers.

Population phenomena are another important feature of the threc-level system
ard the population pumpings produced by one radiation ficld give rise to interesting
phenomena on the coupled transition. For instance Fig. 4 is an example, taken from
Ref. [13], of the transferred Lamb dips abserved on the output power of a far-infrared
laser. In this experiment, based on the inverted-V configuration, the cmission on 1he Q,
irunsition is obsetved while the pumping by strong radiation at the Q| frequency in reso-
nance with 'he w ¢ transition provides the population in the upper level 0. For the optically
pumped far-infrared lusers the pumping occurs through 1he CO, laser cxcitation in reso-
nance with a roto-vibration: ! transition of 1he absorbing medium, and emissien is pro-
duced on a rotational transttion of the excited vibruational state. In a standing wave con-
figuration for the pump ficld, Lamb dips are produced, i.e. the number of absorbers excited
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Fig. 4. Optoacoustic detection of the absorption in a FIR laser active medium in @ and laser output power
in b, An infrared Lamb dip is observed in the upper curve, and a transferred Lamb dip is detecied in the
laser emission

Fig. 5. Schematic representation of the Autler-Townes splitting when the © -» | transition is exciled by
a strong £ ficld

to the upper 0 stale decreases when the standing wave field is tunced at resonance 2, = w,,.
This behaviour is demonstrated by the curve of Fig. 4a, where the absorption, detected
through the optoacoustic effect, is recorded versus the laser frequency 2,. The decrease
in the number of excited absorbers produces u decrease in the emitted power, as shown
in the record of Fig. 4b. This population phenomenon s very useful in dertving
mulecular spectroscopy information from the optically pumped [ar-infrared operation
and in using these lasers as very stable sources for frequency measurements [13].
The last important feature of the three-level system is the so called Autler-Townes
clfect or ac-dynamic Stark effect of the energy levels. The strong pump ficld produces
a modification of the absorber behaviour, such 1hat the absorplion of 1he sccond radiation
ficld presents, in the weak field limit, a double splitting of the resonant transition. The
phenomenon is schematically represented in Fig. Swhere cach of the G and 1 levels pumped
by the €, field are splitied in (wo stales, within the dressed atom approach. and the 2,



430

probe licld has two resonant maxima Tor the Lransitions from the 2 level 1o the 0 jevel
splitted states, Tnoa Duppler-broadencd medium the velocily dependent detuning produces
4 more complicated absorption splitting that will De analyzed in the following Scction.

3. Drosed-atom approach for probe spectroscopy

The probe spectroscopy in presence of a strong standing-wave laser exhibits a rich
variety of Doppler-broadened and Doppler-free structures, a sa CORsequence of the linear
and non-linear interactions between the sysiem and the waves involved. The standing-
-wave influences the probe response lineshape in two ways: a) modifying the velocity
distibution of the level populations through the one- and mulli-photon saturation reso-
nances induced on the pump transition, i.c. the population effects, by modifying the spectral
response of each absorber according to its velocity through the multi-photon probe reso-
nances and the ac-Stark cfivet, i.e. the nonfinear coherent effects. The multi-photon probe
resonances are transitions involving few pump-photons and one probe-photon.

The saturation of a Doppler-broadened transition by a standing-wave pump with
detuning A4; = Q, —wq, produces Bennet holes in the population difference ng, of the
velocities:

k= +4,/2n+1) (5
owing to the (224 1)-photon pump saturation resonances, as illustrated in Fig. 6 for the

conditions of an experiment of probe spectroscopy that will be cxamined in the foliowing.
Shifis of the resonances may also occur because of non-resonant processes.

ny
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L 1 L L i

i 1
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Fig. 6. Occupation of the 0 level versus the longitudinul Doppler shift kv for standing-wave irradiation
on the 0 — 1 transition. The dashed line represcnts the population in absence of pump field. The param-
clers are @ = 5 MHz, y = 0.2 MHz (i = 0,1,2), ku = 50 MHz, 4, = 26 MHz
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The W* p-dependent absorption of the g* probe field may be expressed in terms
of the field-free population differences as it follows [9]

WE(r) = 2hQ,1B% | Im {[n,(e)+ Tng,(0))/G}, (6)

where G and Tdepend onihe flipping frequency af = a7 = o, the detunings 4; = Q;—wyg,
the Doppler shift kv and the relaxation rates. This dependence on the populution goes
through the n3, + Tnj, term, and 1he most general case is given by the linear combination
of the cases n%y = 0 and nd; = 0. The term Tnd, uccounts for the population changes in-
duced by the pump ficld. In experiments as in Ref. [14] where ng, = 0, the pump population
effects are not present. The nonlinear coherent effects are contained in G(v) and their
contribution to the absorption is weighted with the population diflerence.

The dressed-atom picture is a convenient approach to analyze the pump saturation
effects and the probe resonances. This dressed-atom picture has been discussed by Bermun
and Salomua in Ref. [15] within a comparison to the bare-atom picture, and more in detail
by Roso et al. in Ref. [16]. In this last refercnce a probe response disgram has been intro-
duced in order 1o determine the velocitics and resonant processes that contribute to the
velocity-averaged absorption as a function of the probe laser frequency, including the
influence of the Doppler effect and of the ac dynamic Stark effect. Through the probe-
-response diagram the non linear coherent effects contained in the G(v) term of Eq. (6)
have been analyzed, in order to show the narrow structures in the velocity-averaged probe
lineshape. Moreover the pump population phenomena contained in the Tnd; term may
be described through the dressed-atom approach.

In the atomic rest-frame, moving with v-velocity, the states {1, ny, n-> and |0, my, m-
are introduced, where n,, m, with p = %1 denote the photons of the travelling wave
components of the pumping field at frequency 0, + pk,v. The above states are nearly
degenerate if

ny+n_+tl=mi+m.=N. (N

For a fixed total number of photons N there is an “infinite” (= 2x N} number of states
which must be diagonalized with coupling terms given by

{0, n., n_|Hjt,n,+1,n_ ) =a,

O, ny, n_|H\lLng,n_+1) =a". (8)

Because of the choice of ny and a- is unrelevant, a shortened label may be introduced
0,0, —m,n_+m) = |0,g =2m),

Ln,—m . +m+1t> =il g =2m+1), &)
with cnergies of the uncoupled siates calculated relatively 1o the {0, @) state, given by
E7 = €0, qlH,[0, g5 = gb, q even
Ey =<1, q|H,ll, q) = 4,+4b, ¢ odd

L
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Fig. 7. Probe tesponse diagram in coordinates (1, 5)atd, + 0, when the pump couplings are neglected.

The broken line represents the probe cnergy given by Eq. (1)

24, -4, 0 4, 24, v

Fig. K. Probe response diagram as in Kig. 7 including 1the couplings with the standing wave saturator
(1 = 5.22)

where & = &0 and I/, is the Hamiltonian of the uncoupled atomic and photon states.
An energy diagram may be constructed lor the uncoupled and coupled states as reported
in Figures 7 and & Tor the cnergy A* = 4, + g0 versus the reduced velocity & for a detuied
saturator (Ag# 0). In Fig. 7 the even ¢ lines cross at the (0, 0) coordinale points, and 1he
odd ¢ lines cross al the (4,,0) point. Owing 1o the interaction Hamiltonian of Egs. (%)
anticrossing points are created in the dressed atom energy level diagram of Fig. 8, as
presented in Ref. [16]. The anticrossing points, resonant at velocilics § = — A,y
¢ = 1,2, 3, ... produce the saturation resonances of Eqgs. (5), i.c. the Tig, term in the
probe signal of Eq. (6). A coupling existing between the even g states of Eq. (8) docs not
modify the dressed encrgies, cxcepl for the case of the ¢ = ¢ stationary absorbers that
must be treated differently [16],
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The ihree-levet probe speciroscopy is treated iniroducing the [n,) photon states for
(he travelling wave probe at frequency €2, and the 12, ny, 1.3 state of the absorber and
the standing wave photons. Thus for the V-inverted configuration the manifold of the
resonant unperturbed dressed states is composed by the followi g ones, with the shortened
notations:

LU,M-“"!: n..+m, +"1> = IOI i = 2’"!0>|
Hong—mon +m+ L) =|l,g= Zm+1,0),

2,1y 41 = (2,4 = 0, 1. (10)

The dressed energy diagram for the first two states is 1hat represented in Fig. 7. The probe
12,0, 13 state has unperturbed encrgy

En = (2,0, 1|Hpl2, 0, 1> = 4, —(ky/k,)5, (11

represenied by a broken line with stope —k,/k, on the diagram of Fig. 7. The crossing
of this probe line with the continuous line dressed energies define the resonant conditions
for the multiphoton processes involving one probe photon:

4~k =gk (=0 12,.), (12a)
dy—kyp =d,+qgkiv  (g=1, £3,..), (12b)

where lg| is the number of pump-photon involved in the process.

When the coupling of the standing-wave Hamiltonian is iniroduced in the dressed
atom model, the diageam of Figure 8 results, with the broken line representing 1he probe
state energy. The crossing of the probe line with dressed encrgics, as in Fig. 8, deiermines
the cesonant velocities for the muliiphoton processes including the ac dynamic Stark
ciect, i.e. the influence of the pump field on the absorber energy levels. When the £,
probe frequency is swept over the resonance frequency e, the probe line is parallelly
shifeed along the horizontal axis and the resonant velocities are derived from the crossing
puints. The velocity integrated absorption signal is obtained summing up the conlributions
of the resonant velocities. Each velocity contribution is weightcd by the transition ratc
Plao. 1y 1x,s between ihe (2,0, 1D probe level and the dressed leved lx,> and the po-
pulation diflerence between 1he dressed levels.

The effects of populations created by an incoherent pumping and relaxation mechan-
»m oy be included into the dressed-atom picture, as shown in Refs. [17, 15] and thus
the absorption profile derived. However the barc-atom picture is more convenient for
quiantitive comparisons.

The response of the stationary absorbers in the presence of o SW saturator is more
weadily derived by taking explicit account of the spatial-inhomogeneity of the field and
the spanial distribution of the absorbers. In effect, in classical terms an absorber located
at the - position experiences (he standing wave pump as a monachromatic field of amplitude
24 sink z (A = A{ = A). This interaction ean be described hy the travelling wave
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solution, where a spuce dependent Rabi frequency
2e(z) = dasink,z (13}

is introduced. The dressed energics for the case of & travelling wave salurator describe
the medificaiions introduced by the Autler-Townes or ac dynamic Siark cflect represented
in Fig. 5. For the stationury ubsorber at position z, if 4, = 0, the dressed chergics may
be written as follows

Ep(z) = =0,
Ei(z) = —§,-0 (14)
with
{rmo = 2a(2)f2 (13)

being the spatially-inhomogencous pertw bation suffcred by the stationary absorbers.

The levels of Eq. (14), 1cpresenied as a funciion of z cover the —2a 10 2a energy
interval as a consequence of the spulially-inhomogeneous ac Stark shift &,.o (figure 8).
The innermost ends of the interval are related to absorbers located at the nodes of the
standing wave pump, where the shift vanishes, and the outermost ends 1o absorbers at
the antinodes, where the shift is maximum, If s uniform spatial distribution of the ab-
soibers is assumed, the density of dressed levels as a function of the encrgy is defined
by (0E,/8z)" ard (0E /dz)'. It shows maxima at the two extremities of both intervals
becuuse the shift £,., changes more slowly with z around the antinodes than in other
regions.

Fig. 9 shows ihe influence of ihe nonlincar coherent effect produced by a detuned
standing wuve salurator (4, = 522 = 130y) on the spectral response of the probe laser,

kpaly
1S A AI_JVL
a A 1 1 1 1
] 3 0 - a5 /8y

Fig. 9. Probe absorption spectra (in arbitrary units) showing the non-linear coherent effects produced by
a well detuned standing-wave saturator, with k; = ka2, ki = 10y, nc.'n = { and ng'o =1

for the ratio k. /k, = L. Populations effccts are absent because nlo = 0 was supposed.
These spectra may be interpieicd wiih the energy diagram of Fig. 8, which corresponds
1o the sume 4 Ju taiio. For the speciium the probe level E,,, with slope — kzfk,, must
be swept on the diagrm and the intersection with E, levels examined. For 4, values higher
than 4,, E}, imersects scverzl E, levdls a1 differeni © velocities but the absorplion is deter-
mined mainly by the Eq level, which is almost unperiurbed in this region. Hence this part
of the spectrum due 1o the ¢ = 0 single-photon process follows the Doppler background
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Fig. 10. Al the top the normalized probo absorption cofficient versus the frequency detuning A, for the

weak probe § = 0.005 MHz and the parameters of Fig. 6 corresponding to the experiment of Ref. [18].

In the bottom curve the central part of the probe absorption as obtained by an on-off moduiation of the
pump radiation is shown

of the population distribution. For 4, values around 4, the absorption results from the
E, level through absorbers with & ~ 4, and from the £., level, at which all the velocities
contribute. The ac Stark effect modifies such contributions as a function of 4, and origi-
nates the peculiar structure appearing in the 4; ~ 4, part of the spectrum. More precisely,
a first peak occurs when EJ, coincides with E_, in the low energy interval, a second peak
when Ep, coincides with £ in the high-velocity intervals. Thus these peaks are due to the
two-pholon process. In between these peuks intersects al none velocity the Eq and E_,
levels. Thus the absorption diminishes and a dip appears. The peak at 4, = 4,, produced
by the high-velocity absorbers, diminishes with decreasing the Doppler width and disap-
pears for ku < 24,.

The structure near 4, = 4,/3 appears when Ej, comes across the level anticrossing
(0, 3) produced by the three-photon saturation resonance on absorbers with &~ 4,/3.
The Jack of absorption at the anticrossing center originates a dip. The 4, ~ 0 structure is
velated to the spatialiy-inhomogeneous ac Stark shift suffered by the v = 0 absoibers.
It appeurs when Ej, intersects the energy interval covered by Eq(2). The lineshape is deter-
mined by the nonuniform distribution of absorbers along the encrgy interval. Ford,/d4, <0
values no structure appears, the remaining Deppler-broudencd buckground being due to
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Fig. 11. The normalized probe absorption coefficient versus the frequency detuning .1, in presence of
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the Ey und £, levels. Lét us remark 1hat in spite of the very similar lincshape, the 1hiee
nain features of the specirum have a completely different origin.

Fig. 10.1 represents the probe absorption resulting from the same parameters used
in the pievious figure except for the Doppler-width & ufy = 100 corresponding 1o un
cxperiment on the three-level system in an infrased 1cgion, Rel. [18]. In this experiment
Reid and Oku applied a medulation technigue to climinate the Doppler profile of 1he
probe absoption, as it was done in Fig. 10b, supposing an on-off modulation of the pump
field. Figure 10x and b arc very similar 1o those rcported in the above experiment. There
the central foature appeared with a slightly differcat lineshape that may be ascribed to
the presence of the m-degencacy and a distortion introduced by the Stark modulation
in 1he intracavity experiment. These probe absorption specira were discussed in Ref, [19].

The coherent phenomena oceurring af 4; = 0 arc determined by the coherent inter-
action of ke @, and Q, waves op the system and depend on the exislence of the 1wo-
-quanium coherence gy;. Thus if a relaxation mechanism is introduced 1o destroy speci-
lically the p,, coherence, (hese phenomena disappear. This is shown in Fig. 11 where
the probe absorption s teported supposing ¥y, = 30 and 300 MHz respectively. The
stationary absorber signal is distorted or destroyed by 1he ¥, rate, because the radiative
shift of the ac Stark effect involves the iwo-quantum ¢, coherences. Al large v, the
dispersion derivative signal disappears and a narrow symmetrical peak centered at 4, =0
appears. This signal at the center of the probe absorption spectrum allows un absohute
measurement of the transition frequency with a natural linewidih resolution even at large
pump power [20].
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4. Strong signal regime

When netther of electromagnetic fields acting on the Uiree-level system is weak and the
perturbation approach of the probe spectroscopy cannot be applied, a lurge amount of
numerical computation is required to analyze the behaviour of the detected signal, Few
experiments have been concerned with the sirong signal regime. Some investigations [21, 22]
have dealt with the velocity-tuned multiphoton transitions, where o strong clectromagnetic
field simultaneously excites the | -0 and 0 — 2 transitions of tI  threc-level system,
Faor the lasers operating simultaneously on two transitions sharing & :ommon level [23],
fur the optically pumped lasers in the visible [24]) and far-infrared regions [25), a strong
signal treatment is required. Such an analysis may be also required in the ¢xperiments
of Refs [14, 18], if a strong probe laser would be used. From the theoretical point of view
Paxton and Milonni [11} have solved numerically the recurrence relations satisfied by the
density matrix clements in order to analyze the behaviour of a laser operating simulta-
nevusly on two coupled transitions. Vilaseca et al. [3] have shown that starting from the
recurrence relations for the density matrix elements, the solution may be expressed through
mlrix continued fractions, a convenient approach for numerical analysis. In the mosi
general case the solution involves matrices of infinite order. However without loss of
generality it may be supposed that two integers @ and & can be defined such that afb is
a rational number and for the &, and k, wavenumbers

k, = ak, k, = bk, (16)

wherc & is a reduced wavenumber. The sieady statee solution for the density matrix clements
may be written as

o
olv, 2, 1) = exp [ —giQ)] 3 el(w)expligkzy (1,j=10,1,2. (17
q=-

Thus the sotution involves vector and matrices of 40 dimensions, 0 being the largest one
of the ¢ and & numbers.

However we have found that several important configurations may be solved through
a recurrence relation involving vectors and matrices with dimension 4. An important case
is when the wavenumbers k, and k, are equal, or more precisely if [k, —k,| is smaller than
the inverse of the Az distance covered by the absorbers with velocity » during the inter-
action time with the electromagnetic fields. Another important case occurs when &, = 0, ie.
when the Doppler broadening of the 0 — 2 transition is negligible, as for a radiofrequency,
microwave or Jong-wavelengih far-infrared transition. If k, = 0 the two counterpropagating
it and - fields cannot be distinguished and this case is formally equivalent to thet of a trav-
clling wave, the last case where the 4 dimension vectors and matrices apply.

In these cases the steady siate equations of the density matrix elements may be written

W‘—qu—z_'_ W'qu+ W‘lxc+2 = loéq,ﬁ (18)
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Fig. 12. Velocity-integrated absorption cosfficient, in arbitrary units, versus the frequency detuning 4,

for various zero-field population differences. Parameters are given in the text

1

where
ghom e Moy
X1 = z’c::za__f'zz , ° = 832 , (19)
S Pl 0

with n3, (i = 1, 2) the pumping terms and (he elements of the Wk ax4 ﬁatrims wrilten in
the appendix of Ref. [3]. The solution of the recurrence relations {18) may be formally written

X0 = (Wy 22+ W WoZ3)I°,
X% = 2X1X0¥2, (20)
and the matrix continued fractions Z; (z = *1) are given by
2= W WEZ ) W @

The continued fractions (21) are evaluated numerically by truncation to a finite number
of teims in the denominator. The analysis of probe speciroscopy with a weak travelling
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Fig. 13. A Feynman diagram of the density matrix for the pump-field Rayleigh-type processes considered
in the text

wave (TW) when a strong slightly-detuned standing wave (SW) laser pumps a transition
sharing a level with the probe transition was presented above. A comparison was made
with the infrared laser intracavity experiment by Reid and Oka [18]. Referring to this ex-
periment the modifications that would be introduced for the case of a SW probe may be
analyzed. Thus the crosstalk terms appearing in the absorption spectrum by the presence
of #* and i~ counterpropagating probe ficld are investigated. Unless otherwise stated the
following parameters are used (all frequencies are expressed in units of true, not angular,
frequencies):

" =a =a=5MHz, 4,=26MHz
f* =p" =P =0005MHz, ku = 50MHz,
Fo=F =l =F=02MHz, ¥=T;=0 V.,

i.c. the SW pump couples to the @ — 1 transition while the SW probe couples 1o the § — 2
transition. As typical of infrared molecular transitions, only collisional relaxation 1o states
external 10 the three-level syslem is introduced for the level population. The cases where
the population is initially concentrated in either state 1 or state 2 or in both states 1 and
2 are analyzed.

The velocity-integrated absorption of the g- component of the SW probe versus the
frequency detuning 4, is plotted in Fig. 12 for the different zero-field population differences.

e A

P A

e

oy
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The dashed lines, shown for comparison, represent the ji- dbsorption in the case of 0 TW
prohe (e, i+ = 0), all other parameters fixed (o the values reported above. The resulls
of Fig. 12¢ Tor both iy, and w5, # 0 are oblained summing up those of Figs, t2a and 12,

Signiticalive differences are produced inthe i absorpiion spectrum by the presence
ol the counterpropagating £ field. The polarization induced by the simullancous action
of vne /i photon and a pair of o, 2 photons (up-down o process) has a spatio-temporal
dependence in phase with the fi field and then influences its propagation. tig. 13 shows
ademsity malrix Feynman dizgram deseribing a typical process tnvotved i this g - I
coupling. A Rayleigh scattering of = and o photons is involved. The probabihity of these
processes will resonantly increase whenever the intermediate level {1 approaches a level
of the absorber “dressed” by the strong SW ficld.

5. Conclusions

It has been shown that in the Doppler-broadencd three level speciroscopy severid
phenomena simultancously contiibute te the resonant features appearing in the absorption
(or emisston) spectra. For the probe speciroscopy, where a radiation field is weak, the phys-
ical processes determining the specirum may be interpreted on the basis of the probe
response diagram. The dressed system approach, with new featurcs created by the velocity
distribution, is a very convenient method for deriving the probe response diagiam and allow
one Lo obtain analytical expressions for the resonance conditions. The stationary absor-
bers constitule a special case becuuse the lack of Doppler shift introduces an infinite de-
generuey in the dressed system hamiltonian. In the strong signal regime where both clectro-
magnetic fields are strong and perturbation approaches cannot be applied, the density
matrix equations have 'to be solved exuctly. By assuming that the wavenumbers of 1he
clectromugnetic fields are in the ratio of two a and & integer numbers, the solution of 1he
density matrix equations can be cxpressed through continued fractions of dimensions
four times the largest one between the a and b numbers. However several important cases
of the three level spectroscopy may be solved through matrices of dimension four. That
oceurs (i) for k) = k,, as in multimode crossings or sidebund spectroscopy; (i) when the
Doppler shilt of one vansition is negligible, as in the double-resonance experiments with
ihe laser pumping; (iif) for a travelling wave pumping combined with a standing wave
oscillation or an adjacent transition, typical of some laser syslems,

In cach configuration the role pluyed by the relaxation phenomena should be carcfully
cviluaied, because it may modify considerably the spectrum lineshape. Tor instance the
long relaxation rutes for the coherence lead to the coherence trapping features, with narrow
resonanee lines, Morcover new narrow features, produced by the stationary absorbers
at the center of the probe spectrum are predicted from the presented analysis in the prube
spectroscopy. Finally other features produced by the relaxation phenomena are presented
by the paper of Gawlik [26] at this school.
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