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Dynamics of coherent optical pumping in a sodium atomic beam

E. A. Korsunsky, W. Maichen, and L. Windholz
Institut für Experimentalphysik, Technische Universita¨t Graz, A-8010 Graz, Austria

~Received 26 December 1996!

This work is concerned with the temporal evolution of the coherent population trapping~CPT! process in the
case of additional optical pumping to states not contributing to the CPT superposition states. Special attention
is paid to the influence of weak external magnetic fields that can change the laser-atom interaction consider-
ably. The theoretical analysis is completed by experimental observations on a sodium atomic beam, which
show good agreement with our theory. The results obtained are of importance for a realistic picture of CPT
schemes in practical applications.@S1050-2947~97!08110-9#

PACS number~s!: 32.80.Pj, 42.50.Vk
o

in
-
ed
se
te

o
er
br
r
lt
le
e

on
n

tio
en
ta
e
st

I
r
g
f t
o
x
e

e
a
so

e
h
y

r
re

ro-
eme
eld
er-
n
all

only
eld.
sis.
be

ain
ly-

ent
ible
f a
tes
I. INTRODUCTION

Coherent optical pumping~COP! @1# is referred to as a
process in realistic laser-atom interaction schemes where
tical pumping and coherent population trapping@2# are com-
bined. The simplest model for coherent population trapp
~CPT! includes a three-levelL atomic system, where a spe
cific coherent superposition of two ground states is form
This superposition is completely decoupled from the la
field at two-photon resonance. The population of the sys
is optically pumped into this noncoupled~which is also
called ‘‘dark’’! state and trapped there. A large number
different applications of CPT such as lasing without inv
sion, electromagnetically induced transparency, and su
coil cooling of atoms is based on the resonant characte
such a trapping. However, it turns out that it is very difficu
to find pureL systems in real atomic systems. For examp
laser excitation of alkali-metal atoms involves tens of Ze
man sublevels. Apart from theL-type systems that allow
preparation of CPT, there are always some transiti
present that do not. Moreover, there could be some grou
state sublevels that are not excited at all. In such a situa
a fraction of atomic population is trapped in specific coher
superpositions and the rest is pumped into other atomic s
~COP!. This process is more complicated than the CPT
tablishment in aL system, but it is currently of great intere
due to applications of the phenomenon in real atoms.
atomic beam experiments@3–5#, atoms interact with lase
light for a certain time, which is often not sufficiently lon
for atoms to reach a steady state. Moreover, the state o
atoms changes along the interaction zone. Thus the temp
evolution of atomic populations is very important when e
amining CPT and COP phenomena. This problem has b
considered theoretically by several authors@6–12#, but, to
the best of our knowledge, was never investigated in exp
ment. In the present paper we investigate both theoretic
and experimentally the dynamics of CPT and COP in a
dium atomic beam excited on theD1 line by a bichromatic
laser beam. Both frequency components have parallel lin
polarizations and their frequency difference matches the
perfine splitting of the 32S1/2 ground state of Na so that the
are tuned on theF51↔F852 and F52↔F852 transi-
tions, respectively. In this configuration, two three-levelL
schemesF51↔F852↔F52~mF511 andmF521! and
561050-2947/97/56~5!/3908~8!/$10.00
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three two-level schemes F51↔F852(mF50), F
52↔F852~mF512 and mF522! are formed and the
Zeeman sublevelF52, mF50 is not excited by the lase
radiation~see Fig. 1!. ThemF quantum number denotes he
the projection of the atomic angular momentumF on the
axis parallel to the laser polarization~z axis!. TheL systems
are responsible for the creation of CPT and the stateF52,
mF50 serves as a sink in the regular optical pumping p
cess. The situation in such a laser-atom interaction sch
depends critically on the presence of a magnetic fi
@13,14#. The components of the external magnetic field p
pendicular to thez axis would induce transitions betwee
Zeeman sublevels of one hyperfine state. In this case
schemes described above get coupled to each other not
by spontaneous emission but also by the magnetic fi
Therefore, one should include all sublevels in the analy
But then the clear physical picture of the process would
lost.

In order to give such a picture and to investigate the m
features of coherent optical pumping we start with the ana
sis of the temporal evolution in a single closedL system
@Fig. 2~a!#. This gives us basic ideas about the establishm
process of CPT. We proceed then with the simplest poss
model for COP based on a four-level system consisting o
L system with an upper state decaying not only to the sta
u1& and u2&, but also out of the system to the stateu0& @Fig.

FIG. 1. Relevant structure of the 32S1/2 and 32P1/2 levels of
sodium.
3908 © 1997 The American Physical Society
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56 3909DYNAMICS OF COHERENT OPTICAL PUMPING INA . . .
2~b!# @1#. This model allows us to outline the most importa
characteristics of COP. In particular, we investigate the
fluence of the magnetic field on the temporal evolution of
atomic population under COP conditions. This theoreti
analysis is presented in Sec. II. In Sec. III experimental
sults for time-resolved fluorescence from sodium atoms
given. The measurements are performed both with and w
out shielding of stray magnetic fields. These results sh
that the simple four-level model describes qualitatively w
the dynamics of COP in a sodium atomic beam. Howev
good quantitative agreement with the experiment can be
tained only on the basis of calculations involving the co
plete sodium level scheme of Fig. 1.

II. THEORY FOR L AND FOUR-LEVEL SYSTEMS

A. L system

Let us consider first theL system@Fig. 2~a!# excited by a
bichromatic laser field

E5E1êzcos~v1t !1E2êzcos~v2t !, ~1!

whereêz is the polarization unit vector. We assume that t
wave with amplitudeE1 and frequencyv1 excites only the
u1&-u3& transition and that withE2 and v2 excites only the
u2&-u3& transition. The upper state decays spontaneously
wards the two ground statesu1& and u2& with the ratesg1 and
g2 , respectively (g11g252g). In our analysis we also in
clude the decay of coherence between the ground states
the rateG. The dynamics of the atomic system is describ
by the master equation for the density matrixr. The process
of coherent population trapping is convenient to describe
the basis of coupleduC& and noncoupleduN& states, defined
as

uC&5
g1

g0
u1&1

g2

g0
u2&, ~2!

uN&5
g2

g0
u1&2

g1

g0
u2&, ~3!

wheregm5Emd3m/2\ are the Rabi frequencies,d3m are the
dipole moments of theum&-u3& transitions (m51,2), and
g05Ag1

21g2
2. It follows immediately from the set of the

density-matrix equations in this basis~see Ref.@2#, for ex-

FIG. 2. ~a! Three-levelL system.~b! Four-level system:L sys-
tem with additional radiative decay to external stateu0&.
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ample! that the stateuN& is not coupled to the excited stat
u3& and to stateuC& for G50 and under the two-photon reso
nance condition

D15D2[D. ~4!

Thus the stateuN& becomes a ‘‘perfect trap’’ for the atomic
population.

One can obtain an exact analytical solution of the thre
level problem for the special case of exact resonanceD1
5D250 and for equal Rabi frequenciesg15g2[g. Addi-
tionally we used the condition

G!g, ~5!

necessary for CPT to be established in aL system ~i.e.,
rNN'1, r33!1! @2,6#. It is convenient to present the solutio
for three different ranges of laser intensity~the laser intensity
is proportional to the squared Rabi frequencyI;g0

2!:

~i! g2@g2,

rNN~ t !512
G

4g
~12e2gt/2!2~12rNN

0 !

3S e2gt/21
g

4&g
sin~2&gt!e25gt/4D , ~6a!

r33~ t !5
G

4g
~12e2gt/2!1

1

2
~12rNN

0 !Fe2gt/2

2S cos~2&gt!1
3g

8&g
sin~2&gt! De25gt/4G ;

~6b!

~ii ! g2@g2@gG,

rNN~ t !512~12rNN
0 !S e22g2t/g2

2g2

g2

3~e22g2t/g1e22gt22e2gt! D , ~7a!

r33~ t !5
G

4g
~12e22g2t/g!1~12rNN

0 !
2g2

g2

3~e22g2t/g1e22gt22e2gt!; ~7b!

and ~iii ! g2!gG,

rNN~ t !5
1

2
2S 1

2
2rNN

0 De22Gt2
g2

g2 ~122rNN
0 !

3~2e22Gt1e22gt23e2gt!, ~8a!

r33~ t !5
g2

g2 H 112F S 1

2
2rNN

0 De22Gt1~12rNN
0 !

3~e22gt22e2gt!G J . ~8b!
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3910 56E. A. KORSUNSKY, W. MAICHEN, AND L. WINDHOLZ
We have denoted the initial population of the dark state
rNN

0 in Eqs.~6!–~8!. One can see that CPT is established i
L system under the following condition for the laser inte
sity:

g0
2@

G

g
~g21D2!. ~9!

However, the behavior of the atomic populations is differe
for g2@g2 and g2!g2: There are Rabi oscillations with
decaying amplitude~the rate of establishment isg/2! in the
former case and an aperiodical approach of the steady
with the rate 2g2/g in the latter case. Such a behavi
closely resembles a regular optical pumping process.
main difference lies in the resonant character of the C
pumping. Note that if initially atoms are prepared in the da
staterNN

0 51, the populations nearly do not change, exc
for small currents of the atomic population proportional
the parameterG/g, which is a measure of imperfection o
the CPT. This parameter plays an important role in the C
phenomenon@2,15,16#. It is obvious from Eqs.~8! that CPT
is not reached if the condition~9! is not satisfied, so that CPT
cannot be realized at arbitrarily low light intensities. The ra
G is basically determined by laser fluctuations and atom
collisions. In our atomic beam experiment, the probability
collisions is very low and both laser frequencies are deri
from one laser so that they are phase and amplitude co
lated. Therefore, the magnitude ofG is very small in our
experiment. However, there are other sources of losses
uN&, mainly due to stray magnetic fields and imperfect la
polarizations. We discuss these losses in Sec. II B.

Detuning from the two-photon resonance couples
statesuN& and uC&. Therefore, the stateuN& is not dark any-
more and theL atoms absorb light. This leads us to th
concept of a ‘‘black line,’’ which is the region of the two
photon ~or Raman! detuningd5D12D2 where CPT is es-
tablished. It is the narrow black line that is the basis
numerous applications of the CPT. Therefore, it is interes
to look at the temporal behavior of the black line, i.e., at
dependence of the excited state on both time and two-ph
detuning. Figure 3 shows the formation of the black line
the closedL system. The contrast of the black line increas
with interaction time and approaches 100%~for G50!. We
note that in atomic beam experiments one usually meas
the fluorescence collected from the whole interaction zo
i.e., the time-averaged signal. Therefore, the contrast and
width of the black line are different from the steady-sta
values. This difference is commonly neglected in analy
Such an approach is valid for closedL systems and suffi-
ciently long interaction times. In the case of open atom
systems the excited-state population at the steady sta
equal to zero for any detuning: The population decays
external states. In this case the transient regime produce
most important contribution to the integrated emitted inte
sity @17#.

B. Four-level system

In our experiment, sodium atoms are excited on theD1
line by bichromatic linear polarized light. As we discussed
the Introduction, there are twoL and three two-level system
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in this configuration and the Zeeman sublevelF52, mF50
is not excited~Fig. 1!. This is a typical situation of coheren
optical pumping: Population is trapped not only in the ‘‘c
herent dark’’ states of theL systems, but also in the ‘‘regula
dark’’ state F52, mF50. The simplest atomic system i
which COP can be demonstrated is a four-level system@see
Fig. 2~b!#: two ground statesu1& and u2& that are coupled to
the upper stateu3& together with an external ground stateu0&.
This system corresponds to one of theL systems in Na with
the statesuF51, mF51&8u1&, uF52, mF51&8u2&, uF8
52, mF51&8u3&, and uF52, mF50&8u0& ~‘‘ 8’’ denotes
‘‘corresponds to’’!. Atoms decay from the stateu3& with rates
g1 , g2 , andg0 to the statesu1&, u2&, andu0&, respectively. As
we mentioned above, the main contribution to the imperf
tion of CPT in our experiment are stray magnetic fields. T
presence of external magnetic fields considerably com
cates the situation since the Zeeman sublevels within e
hyperfine state get coupled to each other by transverse c
ponents of the field. In order to give a most clear physi
picture, we model this coupling in the frame of our four-lev
system by a precession of the population between stateu2&
and u0& ~betweenuF52, mF51& and uF52, mF50&! with a
Larmor frequencygB5gFmBB/\ ~gF5 1

2 is the Lande´ factor
of the ground state@18#!. With this notation we getgB
50.07ge for B51 G~ge5g11g21g056.33107 s21 for
Na!.

The set of equations for the density-matrix elements
the four-level system under consideration can be found,
example, in Ref.@1#. This set of equations can be solve
analytically only for the case ofg15g2[g, D15D250, G
50, andB50. The solution is@where the stateuN& is deter-
mined as in Eq.~3!#, for g2@ge

2,

rNN~ t !5rNN
0 1~12rNN

0 !S g

g1g0
~12e2~g1g0!t/2!

2
g

4&g
sin~2&gt!e2~5g12g0!t/4D , ~10a!

FIG. 3. Temporal evolution of the ‘‘black line’’ for the three
level L system. Rabi frequenciesg15g250.5g and the ground-
state coherence decay rateG50.
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56 3911DYNAMICS OF COHERENT OPTICAL PUMPING INA . . .
r33~ t !5
1

2
~12rNN

0 !Fe2~g1g0!t/22e2~5g12g0!t/4

3S cos~2&gt!1
3g

8&g
sin~2&gt! D G , ~10b!

and forg2!ge
2,

rNN~ t !5rNN
0 1~12rNN

0 !
g

g1g0
(12e2@8g2~g1g0!/~2g1g0!2#t)

2~12rNN
0 !S 4g2g

~2g1g0!3 ~e2~2g1g0!t

2e2~2g1g0!t/2! D , ~11a!

r33~ t !5~12rNN
0 !

8g2

~2g1g0!2 ~e2@8g2~g1g0!/~2g1g0!2#t

1e2~2g1g0!t22e2~2g1g0!t/2!. ~11b!

Here, as in the case of the closedL system, g5(g1
1g2)/2. This solution exhibits the same temporal behav
of the atomic populations as in the case of theL system@cf.
Eqs. ~6! and ~7!#, except for the fact that now a part of th
population is pumped into theu0& state and the rate of estab
lishment of the steady state is slightly changed. The solu
is applicable to the real situation as long as the external m
netic field is negligibly small. The magnetic field coupling
the dark stateuN& to the stateu0& is determined by the Larmo
frequencygB . Therefore, the pumping rate intouN& should
exceed this coupling for CPT to exist in the four-level sy
tem

g0
2/ge@gB ~12!

@g0
2/ge is approximately the dark state pumping rate forg0

2

!ge
2; cf. Eq. ~11!#. Solid curves in Fig. 4 show the tempor

evolution of the excited-state population for very small ma
netic field B514 mG (gB50.001ge) and other parameter
corresponding to our actual experimental conditions. T
steady-state population ofu3& is equal to zero for the case o
two-photon resonanced5D12D250, but also when the Ra
man detuningd is different from zero~for example,d5ge as
in Fig. 4!. However, the rates of establishment are differ
for the two cases since atomic population only decays
wards theu0& state in the latter case and towards both d
statesuN& and u0& in the former one. This can also be se
from the temporal evolution of the black lines in populatio
r33 @Fig. 5~a!# andrNN ,r00 @Fig. 5~b!#. At the early stage of
the evolution the populationsrNN and r00 are almost con-
stant for any two-photon detuning. In course of time, t
black line of COP is formed: The atomic population
equally distributed between the statesuN& and u0& at two-
photon resonance, while it is completely pumped into
stateu0& when the Raman detuningd is different from zero
@see Fig. 5~b!#. In contrast to the closedL system~see Fig.
3!, the fluorescence intensity~which is proportional tor33!
disappears as the steady state is approached and the rec
signal is only due to the transient regime. The dotted line
r
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Fig. 5~a! shows the time-averaged populationr33, which is
usually measured in the experiments.

The dashed curves on Fig. 4 describe the situation fo
magnetic field ofB51 G (gB50.07ge). One can see tha
CPT is still present at two-photon resonanced50 since the
condition Eq.~12! is satisfied. The rate of the pumping a
well as the steady-state populationr33 are only slightly dif-
ferent from the case of small magnetic fields. But the stateu0&
is not really dark anymore: The upper stateu3& is quickly
populated and its population stays constant fordÞ0, as it
happens, for example, in two-level systems.

III. EXPERIMENT

A. Setup

The temporal behavior of the COP process can be rea
studied on an atomic beam where the temporal evolutio
translated into a spatial profile. The experimental setup
shown in Fig. 6. The linearly polarized laser beam passes
electro-optical modulator~EOM!, which creates sideband
whose frequency difference matches the splitting of the t
hyperfine ground levels~1772 MHz for sodium!. The side-
bands are tuned to the transitions 32S1/2, F51 to 32P1/2,
F852 and 32S1/2, F52 to 32P1/2, F852 of the NaD1
line, respectively~Fig. 1!. By detuning the EOM from the
exact match of the splitting one can fulfill or violate th
two-photon resonance condition necessary for the estab
ment of CPT. Therefore, it is possible to compare situatio
with CPT present and absent, respectively. The laser b
then passes a rectangular slit (S1), which cuts out an area
with nearly homogeneous intensity distribution. Finally,
crosses the atomic beam perpendicularly. The atomic b
is chopped to allow detection via a lock-in technique. F
general measurements the light from the whole fluoresce
zone is collected by a lens and detected by a photomultip
tube. In that way one measures the total~integrated! fluores-
cence during the whole laser-atom interaction. For tim

FIG. 4. Excited-state population for the four-level system@Fig.
2~b!# versus time. The parameters correspond to the four-level
tem uF51, mF51&, uF52, mF51&, uF852, mF51&, and uF52,
mF50&, in Na and the total laser intensityI 526 mW/cm2: g1

50.41ge , g250.22ge , g050.37ge , g150.36ge , and g2

50.20ge ; two-photon detuningsd ~in units of ge! are denoted at
curves. Larmor frequencygB50.001ge (B514 mG), solid curves;
gB50.07ge (B51 G), dashed curves.
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FIG. 5. Black lines for the four-level system
at different instants of interaction time~in units of
get! for gB50.001ge (B514 mG). Other param-
eters are the same as in Fig. 4.~a! Excited-state
population; dotted curve, population averag
over the interaction timet5150ge

21. ~b! Popula-
tions of theuN& state~dashed lines! and u0& state
~solid lines!.
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resolved measurements the setup is modified: The fluo
cence zone is projected onto a rectangular detector slit~S2 ,
slit width 200mm! by a lens. The light that falls through thi
slit is guided to a photomultiplier by an optical fiber. Th
detector slit, together with the front end of the fiber,
mounted on a stepper motor driven table that can be mo
with an accuracy~step width! of 1 mm in the direction of the
atomic beam. The signal of the multiplier is recorded by
lock-in amplifier. Data acquisition, as well as the driving
the stepper motor, is performed automatically by a compu

The picture of the fluorescence zone is enlarged to ob
better spatial resolution despite the finite width of the det
tion slit. The actual enlargement can be determined by tak
the ratio between the laser beam diameter~equal to the width
of S2! and the height of the picture of the fluorescence zo
The atoms have a so-called modified Maxwellian distribut
with a mean velocity of 1000 m/s~calculated from the oven
temperature of 310 °C!. This means that 1mm along the
atomic beam corresponds to 1 ns on the time scale~for mean
velocity!. As the image of the fluorescence zone is too we
to be visible, the fine adjustment of the lens position is ma
by maximizing the steepness of the slopes of the scans.
to residual imperfections of the imaging, the finite detec
slit width, and diffraction of the laser beam by the slitS1 ,
the spatial resolution in the detector plane is limited to
proximately 200mm, corresponding to 200 ns on the tim
scale.

B. Experimental results

The first series of measurements was taken without
shielding of Earth and stray magnetic field. Therefore
magnetic field of about 1 G with arbitrary direction was
present in the interaction zone. Due to this field the statF
52, mF50 is coupled toF52, mF561 and there is no
dark state into which atoms could be pumped, as long
CPT is not present. Therefore, the upper levels are alw
excited and the fluorescence intensity is constant along
whole interaction region. On the other hand, if CPT
present~the two-photon resonance condition is fulfilled!, the
atoms are pumped into the noncoupled superposition s
uN&6 of the two L systemsF51↔F852↔F52(mF5
61) and the fluorescence decreases along the atomic b
However, due to the additional magnetic coupling these
perpositions are only approximately but not completely
coupled from the exciting laser light and the fluorescen
intensity never reaches zero but a finite value. Figure
shows two scans of the fluorescence zone: one scan
CPT present~frequency splitting between the two laser lig
s-
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sidebands 1772 MHz! and another without CPT~frequency
splitting 1760 MHz, which is outside the region of CPT e
tablishment!. The total laser intensity in both sidebands w
120 mW/cm2. It can be clearly seen that the results match
prediction: Without CPT the intensity stays constant~the
slight variation along the beam reflects the varying light
tensity across the laser beam!, while it decreases with CPT
We note that this behavior is qualitatively well described
our four-level model~cf. dashed curves in Fig. 4!. The influ-
ence of the optical pumping rate on the time constant for
trapping process was investigated by series of measurem
with different laser intensities~Fig. 8!. The trapping timesT
shown in Fig. 8 are obtained from the fluorescence scan
fitting the decay part of the curves by simple exponen
decayI (t)5a exp@2(t2t0)/T#1c, where (t2t0) is the inter-
action time andc is the constant background due to loss
out of the CPT stateuN&. As expected, the time for trappin
gets shorter for increasing intensity.

We also recorded the fluorescence intensity at cer
fixed positions while scanning the frequency splitting of t
laser fields. The sharp drop at two photon resonance du
CPT gets more pronounced~more atoms trapped in theuN&
state! for longer interaction times between atoms and lig
Three such scans taken at the three different positions a
the atomic beam indicated in Fig. 7 are shown in Fig. 9. T
set nicely shows the establishment of CPT, the correspo
ing CPT dip for positionC reaching a contrast of up to abou
90%.

Measuring the integrated fluorescence intensity, we too
series of scans of the CPT dip~Fig. 10! yielding the contrast

FIG. 6. Scheme of the experimental setup.
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56 3913DYNAMICS OF COHERENT OPTICAL PUMPING INA . . .
and linewidth of the CPT dips versus the laser intensity.
observed the decrease in contrast as well as in linewidt
the dip as the intensity decreases. At low intensities the
istence of two peaks separated by about 1 MHz beco
evident. This separation is due to the magnetic field para
to the laser polarization, which shifts the Zeeman sublev
in energy. Therefore, two separateL systems~with mF5
21 andmF511! with different ground level splittings are
present forp excitation. From the separation one can calc
late the residual parallel magnetic field to be approximat
0.8 G. The CPT dips can be observed for the laser intens
down to certain threshold, corresponding to a minimum
tensity necessary for establishment of CPT@cf. Eq. ~12!#.
The value of this minimum intensity was 4 mW/cm2 in our
measurements, corresponding to the Rabi frequenciesg1
50.14ge andg250.08ge (ge56.33107 s21) for one of the
L systems. This means that the value of the perpendic
component of the magnetic field was less than 0.4 G, as
be estimated from Eq.~12!.

FIG. 7. Atomic beam position~time-! resolved fluorescence in
tensity for two different values of frequency difference for two las
light sidebands:d51772 MHz, solid line;d51760 MHz, dotted
line. Position translates into time as 1mm81 ns ~for the mean ve-
locity of atoms!. External magnetic field unshielded~B'1 G, gB

50.07ge!, total laser intensityI 5120 mW/cm2.

FIG. 8. Time constants for the steady-state establishment in
at two-photon resonance versus total laser intensity.m, experimen-
tal points for the case without shielding of the magnetic fieldB
'1 G); dashed curve, corresponding linear fit;d, case with shield-
ing of the magnetic field (B'14 mG); solid curve, correspondin
linear fit.
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For a second series of measurements we enclosed th
teraction region in a cylinder made ofm metal in order to
shield the magnetic field. The cylinder had six holes alo
the three axes for the atomic beam, the laser beam, and
tection, respectively. While the shielding factor perpendic
lar to the cylinder axis is very high, it is relatively poor alon
its axis. Measurements at higher fields indicated shield
factors of 200 perpendicular and 20 parallel to the axis,
in the experiment it turned out that the shielding parallel w
only about 3 at the lower fields present in the actual set
However, as the field is shielded much better perpendicul
to the cylinder axis, it means that the residual magnetic fi
is almost perfectly parallel to the cylinder axis and therefo
also to the light polarization direction. Thus we now ha
ideal p excitation even with magnetic field present and
most no Larmor precession of the Zeeman sublevels pop

r

a

FIG. 9. Scans of the black line at atomic beam positions in
cated in Fig. 7.

FIG. 10. Integrated fluorescence intensity spectrum for differ
total laser light intensities indicated in the figures for the case
unshielded stray magnetic fields.
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tion. Provided that, now a regular dark stateF52, mF50
exists and atoms are pumped out of the fluorescence cy
into that state even for cases when there is no CPT at
Therefore, the fluorescence decreases along the beam a
time, the only difference being a faster decrease for C
present. This can be seen in Fig. 11, which is the analo
Fig. 7 ~cf. solid curves in Fig. 4!. As described above, w
also made scans of the CPT dip for different intensities~Fig.
12!. Now CPT is established for much lower intensities. T
threshold minimum intensity was about 0.2 mW/cm2, which
corresponds to the Rabi frequenciesg150.031ge and g2
50.018ge and to the perpendicular component of the ma

FIG. 11. Atomic beam position~time-! resolved fluorescence
intensity for two different values of frequency difference for tw
laser light sidebands:d51772 MHz, solid line;d51760 MHz, dot-
ted line. Position translates to time as 1mm81 ns ~for the mean
velocity of atoms!. External magnetic field shielded~B'0.014 G,
gB50.001ge!, total laser intensityI 526 mW/cm2.

FIG. 12. Integrated fluorescence intensity spectrum for differ
total laser light intensities indicated in the figures for the case
shielded stray magnetic fields.
les
ll.
the
T
to

-

netic field of less than 14 mG. The residual parallel magne
field also causes the formation of two peaks, but now l
separated, indicating a shielding factor of about 3. The c
trast and linewidth again get smaller for smaller intensiti
Compared to the case without shielding, the contrast is m
higher for the shielded case, but the linewidth is more or l
independent of the magnetic field~note that the linewidth
always refers to one single peak of the twin peaks presen
each scan!. The explanation for this behavior is as follow
The linewidth is determined by the sum of the loss rateGC of
the coupled stateuC& with GC'g0

2/ge and the loss rateGN

from uN& ~determined by the value of the magnetic field
our case! ~see, e.g., Ref.@2#!. However, under the condition
@Eq. ~12!# GC@GN , the linewidth is proportional to the in
tensity and it does not depend on the magnetic field. At
same time, the contrast is inversely proportional to the
gree of imperfection of CPT@15,16#, which is the ratio ofGN
to GC . Therefore, at a fixed magnetic field the contrast d
creases with decreasing intensity~due to a decrease ofGC!
and at fixed intensity it is larger for smaller magnetic fiel
~due to a decrease ofGN!.

We note finally that there is no complete corresponde
of the experimental results with our four-level theory dev
oped above. For example, the transient structures of
excited-state population~Fig. 4! are not resolved in the ex
periment due to both finite resolution of the optics and
Maxwellian distribution of the atomic velocities. The calc
lated trapping times are smaller and the contrast is hig
than those obtained experimentally. This especially conce
the case with a stray magnetic field present. The reaso
that the magnetic field has a stronger influence on the be
ior of Na atoms in the bichromatic laser light than it w
assumed in the four-level model. It turns out that even m
erate magnetic fields of 1 G entangle Zeeman sublevels s
that all of them are involved in the process. Therefore,
four-level model fails to describe in details the dynamics
COP in such complicated real systems as Na atoms. We h
performed time-dependent numerical calculations for
atomic system involving all levels of the NaD1 line relevant
for the present experiment. The calculations are based on
formalism developed in Refs.@1, 19#. The results show a
coincidence with experimentally measured trapping tim
the black linewidth, and the contrast within 10–15 %. Ho
ever, the physical picture and the main characteristics
COP drawn by the four-level model remain valid.

IV. CONCLUSION

We have investigated both experimentally and theor
cally the temporal evolution of the CPT process in a sodi
atomic beam. For that purpose we first analyzed theoretic
two simplified cases: the well-known closed~loss-free!
three-levelL system and a four-level system consisting o
L system with an additional ground state not contributing
the coherent superposition state. Here the influence of a w
magnetic field can be modeled by population precession
tween the states that contribute to the dark superposi
state and this external state. The coupling between the C
state and the external state induced by a magnetic field c
cally influences the temporal behavior of the trapping p
cess because coupling means losses out of the trapping

t
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This magnetic-field coupling also sets a lower limit for t
light intensity necessary to establish CPT. Experimenta
we recorded the spatially resolved fluorescence inten
along the atomic beam~which corresponds to a tempor
evolution! for cases with stray magnetic fields present a
with shielding of the field, obtaining results that are in go
qualitative agreement with simple theoretical model. We a
recorded the fluorescence intensity at certain fixed spa
~time! positions while scanning the frequency splitting of t
laser fields. The sharp drop at two-photon resonance du
CPT gets more pronounced~more atoms trapped in the non
coupled state! for longer interaction times between atom
and light. Performing measurements with different laser
tensities allowed us to determine how this affects the ti
constant for the trapping process. The time for trapping g
shorter for increasing optical pumping rate. The CPT re
nances are observed for the laser intensities down to a ce
.
um
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threshold, its value depending on the presence or absen
magnetic field. This corresponds to the behavior of the m
mum intensity necessary for CPT establishment, which
predicted by our theory. Our analysis outlined the limits
application of the simple loss-free CPT pictures frequen
used. It also showed how to model a more realistic sche
of the process while still retaining most of the physical cla
ity of the simple theory. Despite its simplicity, our schem
reproduces quite well the features of CPT in rather com
cated realistic schemes, namely, the Zeeman level struc
of sodium.
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