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Dispersive line shapes and optical pumping in a three-level system
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Dispersive line shapes have been observed in the population of the intermediate level of a three-
level A configuration in a fast beam of metastable Ca atoms. A steady-state calculation in the
weak-probe approximation is used to identify the main physical processes in the interaction of the
system with a weakly saturating pump field and a weak probe field. It is shown how optical-

pumping effects between the lower levels can be used to select one particular two-photon process.
The selection is enhanced by the narrow Doppler profile of the fast beam. Our simple analysis ex-

plains the resulting dispersive line shapes both qualitatively and quantitatively.

I. INTRODUCTION

One of the most extensively utilized schemes in non-
linear laser spectroscopy is the three-level configuration
where two optical fields are in resonance with transitions
sharing a common intermediate level. In spite of its seem-
ing simplicity, this optical double-resonance problem has
initiated an impressive number of both experimental and
theoretical studies over the past 15 years. '

A characteristic feature that makes a three-level system
such an interesting object of study is the induced two-
photon coherence between the extreme levels that are not
coupled directly by an electric dipole transition. In a A-
type three-level configuration (Fig. 1), where the two
lower levels can easily have very long lifetimes, the relaxa-
tion rate of the two-photon coherence may become ex-
tremely small, and consequently very sharp resonances
may emerge in the response of the system to the applied
optical fields. In such a system, the two-photon coher-
ence couples to the single-photon coherences in such a
way that at exact resonance, the system is efficiently
pumped into a superposition state of the lower levels. In
this state, the intermediate level is totally decoupled. The
population is trapped to the lower levels, and no absorp-
tion to the intermediate level will take place.

In the past few years, this phenomenon has achieved
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considerable interest, riot the least because of its possible
applications in building new frequency standards. ' ' In
this paper, we describe measurements that were done in a
A configuration in a fast beam of Ca atoms (Fig. 1). One
of the transitions was driven by a weakly saturating pump
field with fixed detuning and the other by a copropagating
weak probe field, the frequency of which was scanned
over the resonances. The detected observable was the
intermediate-level population.

The experimental configuration is well suited for study-
ing the fundamental interaction processes in the system. '

When both of the lower levels are initially populated,
there are four fully coherent two-photon processes in-
volved in the interaction of the system with the optical
fields. Each of these processes leads to a narrow spectral
structure. However, even at very modest pump-field in-
tensities, optical pumping in the system will cause one of
these processes to grow at the expense of the others. De-
pending on the frequency of the pump laser and as a func-
tion of the detuning of the probe laser, this process shows
various dispersive and absorptive line shapes. Dispersive
features in a A configuration have been discussed earlier,
e.g., in Refs. 3, 4, 10, and 19.

After a description of the experimental apparatus and
results in Sec. II, an analysis of the observed spectra,
based on a density-matrix calculation in the weak probe
approximation, is given (Sec. III). A similar analysis was
earlier applied to a three-level ladder configuration of Ne
atoms. '

II. EXPERIMENTAL

A. Apparatus

4g4p
FICx. 1. The stronger laser acts on the transition

4s4p Pi —4s5s Sj (612.2 nm}, the probe laser on the transition
4s 4p P2 —4s 5s Si (616.3 nrn}. The metastable lower levels are
populated in charge-exchange collisions of fast accelerated

Ca+ ions with sodium atoms. The intermediate-level lifetime
is 10.7 ns. 35%%uo of the relaxation of the intermediate level is
directed to level 1, 53% to level 3.

The experimental setup is shown in Fig. 2. Only the
main characteristics of the apparatus are outlined in the
following. A more detailed description can be found else-
where.

A beam of metastable Ca atoms was produced by
charge exchange of 100-keV Ca+ ions in sodium vapor
at a pressure of —1 mTorr. After charge exchange, the
atoms interacted with the two linearly polarized laser
fields that were combined in a beam-splitting-type 61an-
Thompson prism and were superimposed on the atomic
beam in a colinear geometry. The interaction region was
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of the two lasers. " To our knowledge, this represents the
highest optical resolution so far obtained in a colinear
fast-beam geometry.

When the pump laser was tuned slightly off from exact
resonance, a sharp feature could still be observed in the
fluorescence spectrum at a probe-laser detuning that cor-
responded to the pump-laser detuning. However, dramat-
ic changes in the line shape of the narrow resonance could
be seen as a function of the detuning. The line changed
from an asymmetric dip at small detunings, through a
purely dispersive shape, to an asymmetric peak at large
values of the pump-laser detuning.

III. ANALYSIS OF THE A CONFIGURATION
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FIG. 2. Experimental setup.

shielded with a p-metal tubing against external magnetic
fields. Approximately 1 m downstream in the beam, the
intermediate-level population was detected by observing
fluorescence from this level down to level 3 in a direction
perpendicular to the beam.

The weakly saturating pump field acting on the transi-
tion from level 1 to level 2 was provided by a double-
Michelson dye laser ' that was actively stabilized to an
external optical cavity by using the polarization spectros-
copy scheme of Hansch and Couillaud. The intensity of
the laser was typically 100 mW/cm and the short-term
frequency stability better than 100 kHz. A ring-dye laser
was used as the probe laser with a linewidth of (1 MHz
and with an intensity that was attenuated before the in-
teraction to a level less than 1 mW/cm .

The width of the compressed velocity distribution of
the fast beam was found by observing fluorescence from
level 2 when the pump laser was turned off, and the probe
laser was scanned across the 3+-+2 resonance. The full
width half maximum (FWHM) of the line was measured
to be 44 MHz. The line was analyzed as a convolution of
a Gaussian velocity profile and a I orentzian homogene-
ous line with FWHM of 14.5 MHz, and a full width of 40
MHz for the velocity profile was found. This corresponds
to a stability of the acceleration voltage of +3 V.

A. Physical model

We describe the dynamics of the three-level system in
the density-matrix formalism and write the equations of
motion for the density-matrix elements in the rotating-
wave approximation in the form

p» = —yap»+12&p22+2Im(ap2t),

p22 1 2p22 2™(ap21+Pp23)

p33 — 1 3p33+ P23p22+2™(pp23)

p2&
———id2i p2i + t a(p22 p& & ) —t—pp3]

p23 id23p23+iP(p22 p33) ~ap31

(la)

(lb)

(lc)

(ld)

(le)

p31 — Ed31p31+lap23 Epp21 ~

pij' =p)s ~ (lg)

dkl ——Akl —i y kl

where the Doppler-shifted detunings are

(2)

Two monochromatic laser fields with arbitrarily large
amplitudes E1 and E2 are assumed to induce transitions
with Rabi frequencies a=@&2E&/2' and /3=p32E2/2A,
where p12 and p32 are the appropriate dipole-matrix ele-
ments of the transitions. The relaxation rate yk describes
the decay of the level-k population and I kl the spontane-
ous back coupling from level k to level l.

Since the velocities of the atoms are concentrated in a
very narrow distribution around the average velocity V of
the fast beam ( V-10 c), it is convenient to perform the
calculation in a frame moving at the velocity V relative to
the laboratory coordinate system. In this frame, the com-
plex detuning parameters in Eqs. (ld) —(lf) are defined by

B. Experimental spectra

Typical experimental spectra are shown in Fig. 3. The
pump laser was set at a fixed detuning from the exact res-
onance, and the probe laser was scanned over the 3+-+2

resonance. At close to zero detuning of the pump laser,
the width (FWHM) of the observed power-broadened
nonabsorbing resonance was 4 MHz. When the pump-
field intensity was attenuated to the same level as the
probe, the line width was reduced to 1.5 MHz, now main-
ly determined by the uncorrelated frequency Auctuations

~21 ~21+k1U

~23= ~23+ k2U

63]—53f + (k
&

—k2 )U

~21 ~21 +1

~31 ~21 ~23

(3a)

(3b)

(3c)

(4a)

(4b)

(4c)
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FIG. 3. Experimental spectra with four different pump-laser detunings 6» ———55, —36, —2, and +32 MHz. The signal is the
fluorescence from the intermediate level as a function of the probe-laser detuning A&3. In all the spectra, the Rabi frequency of the
pump laser was a=40/2~ MHz and that of the probe laser P=5/2m. MHz. The solid curves are the results of simulations based on
the steady-state density-matrix calculations [Eq. (6)] with experimental parameter values. Only the amplitude of the broad Voigt pro-
file has been scaled in the simulations to approximately fit the experimental amplitude. No other fitting of the parameters has been
performed.

Here Q~ and Qz are the laser frequencies in the moving
frame, coz& and co&3 the resonance frequencies of the atom,
U the atomic velocity relative to the moving frame
( U « V), and kt q ——Qt~/c. If the laser frequencies in the
laboratory frame are Q& z, then

Qt q ——Qt q(l —V/c)/+I —V /c

Since no collisions take place in the fast beam, no in-
coherent pumping of the populations occurs, and the re-
laxation rates of the coherences satisfy ykI ———,(@k+@1).

The set of the nine linear-coupled homogeneous dif-
ferential equations with constant coefficients can readily
be solved numerically, '" with the initial condition that
only the matri~ elements p~& and p33 are nonzero at t =0
[ptt(0) =n

&
and p33(0) =n3]. The problem reduces to

finding the nine eigenvalues and eigenvectors of the com-
plex coefficient matrix. This task even a small computer
can handle reasonably fast, but when the averaging over
the velocities is included, the computation time increases
drastically.

However, it will turn out that a steady-state version of
the theory, with the additional assumption that the probe
beam is weak, suffices to reproduce the experimental re-

suits. Finally, to identify the physical features, we go to
the limit where both beams are assumed weak.

B. Steady-state approximation

In the experiment, the intermediate-level population is
observed after an interaction time of r=1.2 ps. In this
time, all rapid initial transients have died out, and an ap-
proximately stationary state corresponding to the popula-
tion remaining in the system has been reached. Of course,
since the intermediate level is continuously leaking out of
the. system, the level populations will never reach true
ensemble-averaged steady-state values in the beam experi-
ment, except for the special case when population trap-
ping occurs, and the leaking level is totally decoupled
from the system. However, in this particular experimen-
tal case, the leak is relatively slow, only 12% of the
intermediate-level relaxation is directed out. Thus the
steady-state solution of Eqs. (la)—(lg) is expected to give
a good account of the experiment.

To find the steady-state solution, we set the left-hand-
side derivatives of Eqs. (la)—(lfl equal to zero and include
a pumping term for the initially populated levels 1 and 3
in Eqs. (la) and (lc). This pumping describes the entrance
of the atoms to the interaction region, and it is taken to be
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A, ( ——n ) y) and A, 3
——n 3 y3, so that when no fields are

present, the level populations are p11
——n1, p22

——0, and
0

P33 ——n
The effect of the long but still finite interaction time of

the atoms and the fields is approximated by introducing
an exponential-decay rate I/r into the steady-state equa-
tions. Since y1, y3 « 1/~ &&y2, this is with good accuracy
equivalent to replacing the essentially zero relaxation rates
of the lower states y( and y3, by 1/r.

C. Weak probe approximation

The resulting set of algebraic equations can be solved
analytically. ' However, since one of the fields is a weak
probe, much more insight into the nature of the solution
is gained by going to the perturbation limit and by treat-
ing one of the Rabi frequencies as a small parameter.
After a straightforward but tedious calculation, the solu-
tion of p22 to all orders in a and to the lowest order in p
is found to be

2 (0)
(p) 2P (o) (p)

p22
—

p22 — (p33 p22 ) 1 + —1 Im
y2 n. 1

1

d23
(6a)

2a P (o) (o)
2 2

(p33 —p22) 1+
I 21

(0)

n 1 d23(d23d31 +a )
(6b)

2a P (o) (o)
2 2

(p11 P22 ) 1 +
y2

(0)I 21 p22—1
y1 n1

(0)(y, +y, —r„) p„+ (P33 P22 )
yl n',

Im
1

d21(d23d31+a )
(6c)

2 2

+ (p» —p») 1—2a P (p) (o)

y2

(7 I+ Y2 r21) P22
(0)

Im
n1

d23

d21(d23d31+a )
(6d)

where pkk' are the steady-state populations when only the
strong field is acting (P =0),

(o) o 1 (o)
P11 n 1 ( Y2 21)P22

y1
2

(o) o 2o' y21
P22 =n1

(7a)

(7b)

and

(0) 0 23 (0)p-=-.+" p„,
y3

22A y21I =y21+ ()'1+1'2 —r21 )
y ly2

(7c)

Figure 3 shows a comparison between the experimental
spectra and the numerically velocity-averaged steady-state
simulations of the intermediate-level population p22 from
Eq. (6). In the simulations, experimental values for the
relaxation rates, Rabi frequencies, and the width of the
Gaussian velocity profile were used. In Fig. 3, the height

of the broad feature in the simulations has been approxi-
matively scaled to the corresponding experimental one.
%'e stress that no other parameter has been adjusted. The
only parameter that differs between the spectra is the ex-
perimental pump-laser detuning 621.

The steady-state model is seen to reproduce the essen-
tial features of the experimental spectra satisfactorily.
Smearing of the narrow spectral features due to uncorre-
lated frequency Auctuations of the lasers explains the
differences between the simulations and the experimental
spectra at the & 1-MHz level. En the scale of Figs.
3(a)—3(d), the time-dependent solution was found to be in-
distinguishable from the steady-state version.

l

D. Main physical processes

The underlying main physical processes in the solution
for the population p22 [Eq. (6)] can be identified by going
to the lowest-order limit in the Rabi frequencies of both
fields. ' ' Preserving terms only to the first order in a
in the power series expansion of Eq. (6), we obtain
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The coherent terms (9b) and (9d) are identified as their
twin processes where the time ordering of the two last in-
teractions has been interchanged with respect to (1 la) and
(1 lb),

where

n )Im
d 21d31

(9d) P . a a P
P33~P23~P31~P23~P22 ~

a P P a
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X Im Im
1 1

21 23
(10)

The rate-equation contribution p22 describes the pure
population effects which include the two single-photon
transitions from the lower levels to the common inter-
mediate level and their cross terms that correspond to the
stepwise transitions between the levels. The stepwise term
includes positive contributions from processes where one
field first induces the transition 1~2 (2~3), then the sys-
tem spontaneously decays to 3 (1), and finally, the other
field induces the transition 3~2 (1~2). The negative
terms are due to hole burning. However, in the present
case, when I zl/yI, I zz/yz &&1, the hole burning is negli-
gible.

After integration over the Gaussian velocity distribu-
tion of the atoms, the first term in pzz just gives a con-
stant background contribution to the intermediate-level
population. When expressed as a function of the
scanned-laser frequency Q2, the second term adds aL

Doppler-broadened feature on top of this background.
Since the homogeneous linewidth starts to be of the same
order of magnitude as the Doppler width, 14.5 and 40
MHz, respectively, the line shape of this second term will
not be a pure Gaussian but really a Voigt profile. For the
same reason, it is difficult to distinguish the small step-
wise contribution on top of this Voigt profile.

The qualitative picture of the role of the pure popula-
tion effects on the steady-state population of the inter-
mediate level holds true also when the Rabi frequency of
the fixed-frequency pump laser is taken into account to all
orders as in Eq. (6).

The interesting part of Eq. (9) is the group of the last
three terms, describing the fully coherent contributions of
p22 to the lowest order. The physical processes behind
them can be identified by looking at the coherences in-
cluded in the different terms. Neglecting the difference
between the complex conjugate quantities, the second of
these coherent terms, (9c), is found to be a sum of two
symmetrical processes starting from levels 1 and 3,
respectively,

Processes (1 la) —(1 ld) describe all the four possible ways
the coherences in the system can couple the populations of
the lower levels to the intermediate-level population when
each field is allowed to interact twice with the atoms.

It is interesting to note that in the case of etpal zero-
field populations of the lower levels, i.e., n

& ns, e——ach of
the coherent two-photon processes (1 la)—(lid) behaves in
this lowest-order approximation formally like a two-level
resonance from the appropriate lower level to the inter-
mediate level but with an effective Rabi frequency that
depends on the laser detunings. The other lower level is
connected to this effective two-level system only through
spontaneous decay from level 2. It should be noted that
the square of the effective Rabi frequency may also be
negative, and correspondingly negative transition rates
may occur. For example, the square of the Rabi frequen-
cy connected to the process (11c) is

a p dzz
(Peg) = Im

f23 d 23d 31

which at exact resonance (b,zz ——b, &I ——0) becomes

aP 1

F23 F31

(12)

(13)

In this picture, process (11c)describes a nonabsorbing res-
onance from level 3 to level 2 that creates a dip on the
upper-level population and a peak on the lower-level pop-
ulation. The dip on level 2 decays spontaneously to level
1 with the rate I 21. A similar description can be given to
all the other processes as well.

To determine the relative importance of the different
coherent contributions to the intermediate-level popula-
tion, we return to the result of Eq. (6) where only the
probe field was assumed weak. It is noticed that the rela-
tive strengths of the processes (1 la) —(11d) depend on the
population differences exerted by the pump field. Since
the coherent two-photon resonances are essentially veloci-
ty independent, the relative strengths can be qualitatively
estimated by velocity averaging the factors in front of the
line-shape functions. Figure 4 shows these factors as a
function of the pump-transition Rabi frequency a for
three different pump-laser detunings 421.

Due to the very narrow Doppler width of a fast atomic
beam, even a very modest Rabi frequency will pump the
total population from level 1 to level 3 so effectively that
process (1lc) becomes the most important channel of
coherent interaction.
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FIG. 4. R 1e ative strengths of the three different coherent
contributions of Eq. (6). The factors in front of the line-shape
functions have been averaged over velocities and are plotted as
functions of the pump-laser Rabi frequency a for three different
pump-laser detunings 6» ——0,20, 40 MHz. Both lower levels are
assumed to be equally populated at zero fields, n j

——n3.
corresponds to term (6b), ———to term (6c), and ——— t
term (6d).

Im
j.

(d23) d31
= —2&(31)[W(23)W(23)]

+W(31)[&(23)'—W(23)'], (14)

where we have defined

ferent pump-transition Rabi frequencies. The curves of
Fig. 5 show that the first coherent term, term (6b), clearly
gives the main contribution at the Rabi frequency
a=40 j2~ MHz. The arguments given above about the
relative strengths of the possible processes are thus veri-
fied.

When ht e fixed pump laser is tuned to exact resonance,
this term gives a narrow dip at 523 ——0. When the pump
laser is detuned, the line shape first becomes dispersive,
and at large values of 52&, it goes over to a positive peak.
This behavior can qualitatively be seen again by going to
the lowest order in both Rabi frequencies since increasing
o. mainly affects the line shape only by broadening it, as
seen in Fig. 5. In this lowest-order approximation, the
line-shape function of process (llc) can be written as a
sum of three terms

The velocity-averaged contributions of the three fullu y
coherent terms of Eq. (6) are shown in Fig. 5 as a function
of the probe-laser detuning. Each contribution is plotted
for six different pump-laser detunings and for three dif-

and

~( kI ) = 'Y k!~( ~k!+ 'Yk! )

&(kl) =Ski /(kkl + Yk! ) .

(15)

(X= 10/2Tt; MHz (X=20/27l; MHz a =40/2m MHz

(6d)
-20

~ -50~ -30

20
~ -10

(6c)

~f~f IW/ tf ~
1I ll

ll V I ~
~r

l ll
V ~ ~

U 1~

(6b)

/L~ ~
V
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V
/ il
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\

FICx. 5. The velocity-averaged contributions from the three fully coherent terms (6b)—eren erms ( )—(6d) and their sum as a function of the two-
3 $

— » 23 in z) or six different pump-laser detunin s 6 =0 —10
Each contribution has been plotted for th d'ffe or ree i erent pump-transition Rabi frequencies, a = 10/2~, 20/2m, and 40/2m MHz.
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When the Doppler integral is made, the functions &(31)
and W(31) which do not essentially depend on the veloci-
ty, give narrow resonance structures around 63t ——42&

623 0. Thus, the first term of Eq. ( 14) leads to a
dispersive contribution, while the second and third terms
give positive- and negative-going peaks, respectively. The
relative weights of these structures are determined by the
Doppler integrals of the manifestly velocity-dependent
factors in Eq. (14), and they depend parametrically on the
fixed detuning of the pump laser, b2~, through the reso-
nance condition h2~-Aq3. At small detunings 62I, the
largest weight originates from the third term of Eq. (14),
and a negative-going dip in the population of level 2 as a
function of the probe-laser frequency emerges. At large
detunings A2~, the second term becomes the largest, and a
positive peak is observed. For a detuning A2~ such that
the velocity integrals of &(23) and W(23) are equal,
the line shape is purely dispersive. This occurs when the
pump laser is tuned approximately half the Doppler width
away from the exact resonance.

IV. CONCLUDING REMARKS

Although our experimental configuration clearly calls
for a time-dependent solution of the density-matrix equa-
tions in a general case, the studied A configuration in Ca
could be treated within the experimental accuracy by us-
ing the steady-state approximation. Also, since one of the
fields was a weak probe, further simplification and more
physical insight in the model could be achieved by treat-
ing the weak-field Rabi frequency as a small parameter in
a perturbation calculation. These approximations made it

possible to identify the main physical interaction process-
es.

In a three-level system, the one- and two-photon coher-
ences can interfere in a complicated manner. However,
the analysis showed that the optical-pumping effect of the
stronger field favors one of the four possible, coherent,
two-photon processes. This process differs in the time or-
dering of the last two interactions with the fields from the
type of two-photon process that gives the "normal"
coherent, two-photon absorption in a three-level ladder
configuration. The narrow Doppler width of the optical
transitions in a fast atomic beam greatly enhances the op-
tical pumping and thus conveniently allows this particular
process to be separated from the other processes involved.
At certain detunings, this -process leads to very sharp,
purely dispersive line shapes, in agreement with the exper-
imental observations.

As stated, in the experiment, use was made of the velo-
city compression occurring in a fast beam. Recently, nar-
row Doppler profiles have been produced also by laser
cooling of trapped ions. Similar spectral structures as
described in this paper are then expected to be observable
in spectroscopic studies of the same type of configurations
in trapped, cold ions, too.
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