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Dynamics of coherent optical pumping in a sodium atomic beam
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This work is concerned with the temporal evolution of the coherent population tra@pRi 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 applicatiof§1050-2947)08110-9

PACS numbsds): 32.80.Pj, 42.50.Vk

I. INTRODUCTION three two-level schemesF=1—F'=2(mg=0), F
=2-F'=2(mg=+2 and mg=—2) are formed and the
Coherent optical pumpingCOP [1] is referred to as a Zeeman subleveF=2, m=0 is not excited by the laser
process in realistic laser-atom interaction schemes where opadiation(see Fig. 1. Themg quantum number denotes here
tical pumping and coherent population trappj2g are com-  the projection of the atomic angular momentdmon the
bined. The simplest model for coherent population trappingaxis parallel to the laser polarizatidn axis). The A systems
(CPT) includes a three-leveh atomic system, where a spe- are responsible for the creation of CPT and the State?,
cific coherent superposition of two ground states is formedmg=0 serves as a sink in the regular optical pumping pro-
This superposition is completely decoupled from the lasecess. The situation in such a laser-atom interaction scheme
field at two-photon resonance. The population of the systerdepends critically on the presence of a magnetic field
is optically pumped into this noncouple@vhich is also [13,14. The components of the external magnetic field per-
called “dark™) state and trapped there. A large number ofpendicular to thez axis would induce transitions between
different applications of CPT such as lasing without inver-Zeeman sublevels of one hyperfine state. In this case all
sion, electromagnetically induced transparency, and subreschemes described above get coupled to each other not only
coil cooling of atoms is based on the resonant character dfy spontaneous emission but also by the magnetic field.
such a trapping. However, it turns out that it is very difficult Therefore, one should include all sublevels in the analysis.
to find pureA systems in real atomic systems. For example But then the clear physical picture of the process would be
laser excitation of alkali-metal atoms involves tens of Zeeost.
man sublevels. Apart from thd-type systems that allow In order to give such a picture and to investigate the main
preparation of CPT, there are always some transitiongeatures of coherent optical pumping we start with the analy-
present that do not. Moreover, there could be some groundsis of the temporal evolution in a single closadsystem
state sublevels that are not excited at all. In such a situatiofiFig. 2(a)]. This gives us basic ideas about the establishment
a fraction of atomic population is trapped in specific coherenprocess of CPT. We proceed then with the simplest possible
superpositions and the rest is pumped into other atomic statesodel for COP based on a four-level system consisting of a
(COP. This process is more complicated than the CPT esA system with an upper state decaying not only to the states
tablishment in a\ system, but it is currently of great interest |1) and |2), but also out of the system to the stad [Fig.
due to applications of the phenomenon in real atoms. In
atomic beam experimen{8-5], atoms interact with laser
light for a certain time, which is often not sufficiently long
for atoms to reach a steady state. Moreover, the state of the
atoms changes along the interaction zone. Thus the tempora
evolution of atomic populations is very important when ex-
amining CPT and COP phenomena. This problem has beer
considered theoretically by several authfbs-12], but, to
the best of our knowledge, was never investigated in experi-
ment. In the present paper we investigate both theoretically
and experimentally the dynamics of CPT and COP in a so--
dium atomic beam excited on th2,; line by a bichromatic
laser beam. Both frequency components have parallel lineal
polarizations and their frequency difference matches the hy-~
perfine splitting of the 3S,,, ground state of Na so that they |
are tuned on th&=1—~F'=2 andF=2~F'=2 transi- "
tions, respectively. In this configuration, two three-level FIG. 1. Relevant structure of the?$,,, and 3%P,, levels of
schemes=1—F' =2—F=2(mg=+1 andmz=—-1)and  sodium.

3P, F=2
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(b) ample that the statéN) is not coupled to the excited state
|3) and to statéC) for I'=0 and under the two-photon reso-
nance condition

A:L:AZEA. (4)
"ﬂy,", Thus the statéN) becomes a “perfect trap” for the atomic
(_)_‘_ 10> population.
: . & One can obtain an exact analytical solution of the three-
(1> |1> level problem for the special case of exact resonafige

=A,=0 and for equal Rabi frequencigg=g,=g. Addi-
FIG. 2. (a) Three-levelA system.(b) Four-level systemA sys- tionally we used the condition

tem with additional radiative decay to external stie

I'<y, 5
2(b)] [1]. This model allows us to outline the most important
characteristics of COP. In particular, we investigate the innecessary for CPT to be established imAasystem i.e.,
fluence of the magnetic field on the temporal evolution of thep, \~1, p33<1) [2,6]. It is convenient to present the solution
atomic population under COP conditions. This theoreticakor three different ranges of laser intensitiie laser intensity

analysis is presented in Sec. Il. In Sec. Il experimental leig proportiona| to the Squared Rabi frequeneygg):
sults for time-resolved fluorescence from sodium atoms are

given. The measurements are performed both with and withd) g2 42,

out shielding of stray magnetic fields. These results show

that the simple four-level model describes qualitatively well o 0
the dynamics of COP in a sodium atomic beam. However,  Pnn(D)=1— Zy (1-e77)—(1-pnn)
good quantitative agreement with the experiment can be ob-

tained only on the basis of calculations involving the com- /2 y -
plete sodium level scheme of Fig. 1. x| e "2+ —— sin(2v2gt)e >4, (6a)
4v2g
Il. THEORY FOR A AND FOUR-LEVEL SYSTEMS T o 1 o "
t)=— (1—-e ")+ (1- e
A. A system padl) 4y ( ) 2 (1=pnn)
Let us consider first thd system[Fig. 2(a)] excited by a 3y e
bichromatic laser field —| cog2v2gt) + ——=— sin(2v2gt) |e >"*|;
8v2g
E=E;&,c0§ w;t) + E26,c08 w5t), () (6b)

whered, is the polarization unit vector. We assume that the(il) ¥*>9?>T,

wave with amplitudeE; and frequencyw, excites only the 2
|1)-|3) transition and that wittE, and w, excites only the (t)y=1—(1—p )(e—Zgzt/y_ zi
|2)-|3) transition. The upper state decays spontaneously to- PNN PN ¥
wards the two ground staté® and|2) with the ratesy; and

v,, respectively 1+ y,=2v). In our analysis we also in- X(e—zgzt/7+ e 2"_2g" yt))' (79
clude the decay of coherence between the ground states with

the ratel’. The dynamics of the atomic system is described

by the master equation for the density mapiXThe process 2

29

_ —2g%t/ 0
of coherent population trapping is convenient to describe in pax)= ﬂ (1-e 29+ (1~ ppy) 7
the basis of coupleflC) and noncouplediN) states, defined ,
as X (e 20y g 2 _pe M), (7b)
01 9, and (iii) g°<yI',
)= 1)+ 12), ¥
90 90 2
1 1 0 —2I't g 0
pNN(t)ZE_ 57PN € _7(1_2PNN)
02 01
|N>—a|1>—& 12), €) X (28 24 e 2N_3e M), (8a)
. . 2 1
whereg,,= Ed3/2% are the Rabi frequenciedg,, are the ()= {1+2|| =—p? )ezrt+(1_ 0
dipole moments of thém)-|3) transitions (m=1,2), and paa i 2 Pan PN
o= \/glz+ gzz. It follows immediately from the set of the
density-matrix equations in this badisee Ref[2], for ex- X (e 2M—2e™ M) ] (8b)
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We have denoted the initial population of the dark state by

pln in Egs.(6)—(8). One can see that CPT is established in a 0.25 """ ‘i‘\\\
A system under the following condition for the laser inten- "’ ) " e N\
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However, the behavior of the atomic populations is different
for g?>+? and g?><vy?: There are Rabi oscillations with
decaying amplitudéthe rate of establishment ig2) in the
former case and an aperiodical approach of the steady state
with the rate 2%/ vy in the latter case. Such a behavior
closely resembles a regular optical pumping process. The
main difference lies in the resonant character of the CPT <
pumping. Note that if initially atoms are prepared in the dark 20
statepﬁN=1, the populations nearly do not change, except - 6"\{
for small currents of the atomic population proportional to
the parametef’/y, which is a measure of imperfection of FIG. 3. Temporal evolution of the “black line” for the three-
the CPT. This parameter plays an important role in the CP1eVel A system. Rabi frequencieg, =g,=0.5y and the ground-
phenomenofi2,15,18. It is obvious from Egs(8) that CPT ~ Staté coherence decay rdte-0.
is not reached if the conditiof®) is not satisfied, so that CPT
cannot be realized at arbitrarily low light intensities. The ratein this configuration and the Zeeman subleket 2, mg=0
I is basically determined by laser fluctuations and atomids not excitedFig. 1). This is a typical situation of coherent
collisions. In our atomic beam experiment, the probability ofoptical pumping: Population is trapped not only in the “co
collisions is very low and both laser frequencies are derivedierent dark” states of th& systems, but also in the “regular
from one laser so that they are phase and amplitude correlark” state F=2, mg=0. The simplest atomic system in
lated. Therefore, the magnitude bfis very small in our which COP can be demonstrated is a four-level sydqtsee
experiment. However, there are other sources of losses frofrig. 2(b)]: two ground state§l) and|2) that are coupled to
IN), mainly due to stray magnetic fields and imperfect laseithe upper stat{8) together with an external ground stg.
polarizations. We discuss these losses in Sec. Il B. This system corresponds to one of thesystems in Na with
Detuning from the two-photon resonance couples théhe states|F=1,mg=1)=[1), |[F=2 mg=1)=[2), |F’
stategN) and|C). Therefore, the statiN) is not dark any- =2,mg=1)=|3), and|F=2,m=0)=|0) (“ =" denotes
more and theA atoms absorb light. This leads us to the “corresponds to’). Atoms decay from the stai8) with rates
concept of a “black line,” which is the region of the two- 1, v, andy, to the stategl), |2), and|0), respectively. As
photon (or Raman detuningé=A;—A, where CPT is es- we mentioned above, the main contribution to the imperfec-
tablished. It is the narrow black line that is the basis fortion of CPT in our experiment are stray magnetic fields. The
numerous applications of the CPT. Therefore, it is interestingrresence of external magnetic fields considerably compli-
to look at the temporal behavior of the black line, i.e., at thecates the situation since the Zeeman sublevels within each
dependence of the excited state on both time and two-photdnyperfine state get coupled to each other by transverse com-
detuning. Figure 3 shows the formation of the black line forponents of the field. In order to give a most clear physical
the closedA system. The contrast of the black line increasegpicture, we model this coupling in the frame of our four-level
with interaction time and approaches 1008 I'=0). We  system by a precession of the population between sfates
note that in atomic beam experiments one usually measuresd|0) (betweenF =2, mz=1) and|F =2, mg=0)) with a
the fluorescence collected from the whole interaction zonel.armor frequencygg=grugB/% (ge=3 is the Landeactor
i.e., the time-averaged signal. Therefore, the contrast and thef the ground statg18]). With this notation we getgB
width of the black line are different from the steady-state=0.07y, for B=1 G(ye=y;+ ¥+ yo=6.3x10" s for
values. This difference is commonly neglected in analysisNa).
Such an approach is valid for closed systems and suffi- The set of equations for the density-matrix elements of
ciently long interaction times. In the case of open atomicthe four-level system under consideration can be found, for
systems the excited-state population at the steady state éxample, in Ref[1]. This set of equations can be solved
equal to zero for any detuning: The population decays tanalytically only for the case aj;=g,=g, A;=A,=0,T
external states. In this case the transient regime produces the0, andB= 0. The solution igwhere the statéN) is deter-
most important contribution to the integrated emitted inten-mined as in Eq(3)], for g?> 42,
sity [17].

0.05

Y
t)=pun+ (1—pR
B. Four-level system PaN(D =pant (1= pnn) 7+

In our experiment, sodium atoms are excited on Ehe
line by bichromatic linear polarized light. As we discussed in __Y sin(2v2gt)e~ (57T 2n)t4 ) (109
the Introduction, there are twd and three two-level systems
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1 T T T T T T T T
pait)= > (1—pdp)| e (V02— g=(5y+2v)ud 0.08L 1
3y 0.06
X | cog2v2gt) + 8v2g sin(2v2gt) | |, (10b
o 004]
and forg?<yZ, o
0.02|
prn(D) = R+ (1= plo) o (1= e 1887 20127 307y
Y+ 7o 0.00|
—(1=p0 )( 4g%y (e~ @7+ 0 0 20 40 60 80 100 120 140
(2y+y0) | 1t
—e (&t yo)tlz)), (1139 FIG. 4. Excited-state population for the four-level systifiy.
2(b)] versus time. The parameters correspond to the four-level sys-
8g2 tem [F=1, me=1), F=2, mg=1), |[F'=2, me=1), and|F=2,
_(1_ .0 —[892(y+ o)/ (2y+ v0)21t me=0), in Na and the total laser intensity=26 mWi/cnt: v,
pas)=(1=pNn) 52 (€ 0 0 P
3 NNT 29+ o) —0.41ye, 7,=0.22ye, 70=0.37ye, 01=0.36y,, and g,

=0.20y,; two-photon detuning® (in units of y,) are denoted at
curves. Larmor frequencyg=0.001y, (B=14 mG), solid curves;
gg=0.07y, (B=1G), dashed curves.

+e 2rinlt_pe=(ryt2) (11b)

Here, as in the case of the closed system, y=(y;

+ v,)/2. This solution exhibits the same temporal behavior
of the atomic populations as in the case of theystem|cf.
Egs.(6) and(7)], except for the fact that now a part of the
population is pumped into th) state and the rate of estab- o B >
lishment of the steady state is slightly changed. The solutio ggﬂitgiﬁ'elge;’éﬁt_a% Své?Br;) ?6?172/526%2?;;2;55 tt::t
is applicable to the real situation as long as the external mag- i Ep (12) | tisfi pd The rate of th .

netic field is negligibly small. The magnetic field coupling of conc1on £d.{12) 1S satishied. he rate ol e pumping as

. . Il as the steady-state populatipg; are only slightly dif-
the dark statéN) to the statg0) is determined by the Larmor we A
frequencygg . Therefore, the pumping rate intd) should ferent from the case of small magnetic fields. But the $Gte

. i 9 } _is not really dark anymore: The upper std8 is quickly
exceed this coupling for CPT to exist in the four-level sys populated and its population stays constant def0, as it

Fig. 5@ shows the time-averaged populatipgs, which is
usually measured in the experiments.
The dashed curves on Fig. 4 describe the situation for a

tem '
happens, for example, in two-level systems.
96/ ve>9e (12)
2 . . . . EXPERIMENT
95/ ve is approximately the dark state pumping rate gj@r
<2 cf. Eq.(11)]. Solid curves in Fig. 4 show the temporal A. Setup

evolution of the excited-state population for very small mag- The temporal behavior of the COP process can be readily
netic field B=14 mG (@g=0.001y,) and other parameters studied on an atomic beam where the temporal evolution is
corresponding to our actual experimental conditions. Theranslated into a spatial profile. The experimental setup is
steady-state population ¢8) is equal to zero for the case of shown in Fig. 6. The linearly polarized laser beam passes an
two-photon resonanc&= A, — A,=0, but also when the Ra- electro-optical modulatofEOM), which creates sidebands
man detuning’ is different from zerdfor example,6=y.as  whose frequency difference matches the splitting of the two
in Fig. 4). However, the rates of establishment are differenthyperfine ground level§l772 MHz for sodium The side-

for the two cases since atomic population only decays tobands are tuned to the transitiondR,,, F=1 to 32P,,,
wards the|0) state in the latter case and towards both darkF’=2 and 3°S,,, F=2 to 3%P,,, F'=2 of the NaD,
states|N) and|0) in the former one. This can also be seenline, respectively(Fig. 1). By detuning the EOM from the
from the temporal evolution of the black lines in populationsexact match of the splitting one can fulfill or violate the
p33 [Fig. 5@] andpyn . poo [Fig- 5(b)]. At the early stage of two-photon resonance condition necessary for the establish-
the evolution the populationgyy and pgg are almost con- ment of CPT. Therefore, it is possible to compare situations
stant for any two-photon detuning. In course of time, thewith CPT present and absent, respectively. The laser beam
black line of COP is formed: The atomic population is then passes a rectangular si&;), which cuts out an area
equally distributed between the stat@é) and|0) at two-  with nearly homogeneous intensity distribution. Finally, it
photon resonance, while it is completely pumped into thecrosses the atomic beam perpendicularly. The atomic beam
state|0) when the Raman detuningis different from zero is chopped to allow detection via a lock-in technique. For
[see Fig. B)]. In contrast to the closed system(see Fig. general measurements the light from the whole fluorescence
3), the fluorescence intensityvhich is proportional topz;)  zone is collected by a lens and detected by a photomultiplier
disappears as the steady state is approached and the recortigae. In that way one measures the tdiategrated fluores-
signal is only due to the transient regime. The dotted line orcence during the whole laser-atom interaction. For time-
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(2) (b)

0.08[ ' ' ' "] ol ' " ' "] FIG. 5. Black lines for the four-level system
5 0sl 150 | at different instants of interaction tinfe units of

006 1 ' . yet) for gg=0.001y, (B=14 mG). Other param-
| & % L 1 eters are the same as in Fig.(4) Excited-state

oy
=)
@ g
& 004 10 s 5 _ .
2 04 , TN . population; dotted curve, population averaged
0.0z} 8 2] =10 Y NI over the interaction time= 150y, . (b) Popula-
150 00 J 3150 ] tions of the|N) state(dashed lingsand|0) state
0.00f - . : . i M , . . . (solid lines.
Q10 05 00 05 10 -0 05 00 05 10
3y, 3/,

resolved measurements the setup is modified: The fluoresidebands 1772 MHzand another without CPTfrequency
cence zone is projected onto a rectangular detecto(Slit  splitting 1760 MHz, which is outside the region of CPT es-
slit width 200um) by a lens. The light that falls through this tablishment The total laser intensity in both sidebands was
slit is guided to a photomultiplier by an optical fiber. The 120 mW/cn?. It can be clearly seen that the results match the
detector slit, together with the front end of the fiber, isprediction: Without CPT the intensity stays constdtite
mounted on a stepper motor driven table that can be moveslight variation along the beam reflects the varying light in-
with an accuracystep width of 1 um in the direction of the tensity across the laser begrwhile it decreases with CPT.
atomic beam. The signal of the multiplier is recorded by aWe note that this behavior is qualitatively well described by
lock-in amplifier. Data acquisition, as well as the driving of our four-level modelcf. dashed curves in Fig)4The influ-
the stepper motor, is performed automatically by a computerence of the optical pumping rate on the time constant for the

The picture of the fluorescence zone is enlarged to obtaitrapping process was investigated by series of measurements
better spatial resolution despite the finite width of the detecwith different laser intensitie@~ig. 8). The trapping timed
tion slit. The actual enlargement can be determined by takinghown in Fig. 8 are obtained from the fluorescence scans by
the ratio between the laser beam diaméggjual to the width  fitting the decay part of the curves by simple exponential
of S,) and the height of the picture of the fluorescence zonedecayl (t) =a exfg —(t—tg)/T]+c, where {—1,) is the inter-
The atoms have a so-called modified Maxwellian distributionaction time ancc is the constant background due to losses
with a mean velocity of 1000 m/galculated from the oven out of the CPT statéN). As expected, the time for trapping
temperature of 310 °C This means that Jum along the gets shorter for increasing intensity.
atomic beam corresponds to 1 ns on the time s@datemean We also recorded the fluorescence intensity at certain
velocity). As the image of the fluorescence zone is too wealfixed positions while scanning the frequency splitting of the
to be visible, the fine adjustment of the lens position is madéaser fields. The sharp drop at two photon resonance due to
by maximizing the steepness of the slopes of the scans. DUBPT gets more pronouncéthore atoms trapped in thHél)
to residual imperfections of the imaging, the finite detectorstate for longer interaction times between atoms and light.
slit width, and diffraction of the laser beam by the Sit, Three such scans taken at the three different positions along
the spatial resolution in the detector plane is limited to apthe atomic beam indicated in Fig. 7 are shown in Fig. 9. This
proximately 200um, corresponding to 200 ns on the time set nicely shows the establishment of CPT, the correspond-
scale. ing CPT dip for positiorC reaching a contrast of up to about

90%.
B. Experimental results Measuring the integrated fluorescence intensity, we took a

The first series of measurements was taken without angc,/enes of scans of the CPT difig. 10 yielding the contrast

shielding of Earth and stray magnetic field. Therefore, a
magnetic field of abaul G with arbitrary direction was /
present in the interaction zone. Due to this field the Skate I

=2, mg=0 is coupled toF=2, mg=*1 and there is no S, b
dark state into which atoms could be pumped, as long as ; W - V 2
CPT is not present. Therefore, the upper levels are always ¢ <Y} laser beam

excited and the fluorescence intensity is constant along the
whole interaction region. On the other hand, if CPT is
present(the two-photon resonance condition is fulfillethe
atoms are pumped into the noncoupled superposition states
IN). of the two A systemsF=1<F' =2<F=2(mg=

+1) and the fluorescence decreases along the atomic beam.
However, due to the additional magnetic coupling these su-
perpositions are only approximately but not completely de-
coupled from the exciting laser light and the fluorescence
intensity never reaches zero but a finite value. Figure 7
shows two scans of the fluorescence zone: one scan with
CPT presentfrequency splitting between the two laser light FIG. 6. Scheme of the experimental setup.

computer

lock-in
amplifier
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1760 1770 1780 1760 1770 1780 1760 1770 1780
frequency difference (MHz)

0 1000 2000 _ 3000 _ 4000 _ 5000 6000

position along the atomic beam (pm)
FIG. 9. Scans of the black line at atomic beam positions indi-
FIG. 7. Atomic beam positioftime-) resolved fluorescence in- cated in Fig. 7.

tensity for two different values of frequency difference for two laser
light sidebands:6=1772 MHz, solid line;§=1760 MHz, dotted For a second series of measurements we enclosed the in-
line. Position translates into time asu]nil ns (for the mean ve- teraction region in a Cy”nder made ﬁ metal in order to
locity of atoms. External magnetic field unshieldé8~1G, gs  shijeld the magnetic field. The cylinder had six holes along
=0.07y,), total laser intensity =120 mW/cnf. the three axes for the atomic beam, the laser beam, and de-

tection, respectively. While the shielding factor perpendicu-
and linewidth of the CPT dips versus the laser intensity. Wagr to the cylinder axis is very high, it is relatively poor along
observed the decrease in contrast as well as in linewidth gfs axis. Measurements at higher fields indicated shielding
the dlp as the intenSity decreases. At low intensities the €Xfactors of 200 perpendicu|ar and 20 para”e] to the axiS, but
istence of two peaks separated by about 1 MHz becomeg the experiment it turned out that the shielding parallel was
evident. This separation is due to the magnetic field parallehnly about 3 at the lower fields present in the actual setup.
to the laser polarization, which shifts the Zeeman sublevelgjowever, as the field is shielded much better perpendicularly
in energy. Therefore, two separate systems(with m== o the cylinder axis, it means that the residual magnetic field
—1 andmg= +1) with different ground level splittings are s almost perfectly parallel to the cylinder axis and therefore
present form excitation. From the separation one can calcu-a|so to the light polarization direction. Thus we now have
late the residual parallel magnetic field to be approximatelyideal 7 excitation even with magnetic field present and al-

0.8 G. The CPT dips can be observed for the laser intensitigsiost no Larmor precession of the Zeeman sublevels popula-
down to certain threshold, corresponding to a minimum in-

tensity necessary for establishment of CRT. Eq. (12)].
The value of this minimum intensity was 4 mW/&nm our 60 40
measurements, corresponding to the Rabi frequengies 30
=0.14y, andg,=0.08y, (y.=6.3x10" s1) for one of the P
A systems. This means that the value of the perpendicular = 20
component of the magnetic field was less than 0.4 G, as can ;20 10
be estimated from Eq12). S 180 mW/cm® 90 mW/em®
E 0 0
ol
1000 . ; & 20 15
)
~ g 15
a 38 10
° g 10
I © 5
£ g’ 45 mW/em’ 36 mW/cm’
& 2 0 0
Q L
g g 4
S E WVWW‘”M 6WMWWWWW
4
10
10 100 5 2
laser intensity (mW/cm®) 18 mW/cm® 9 mW/cm®
0 0
FIG. 8. Time constants for the steady-state establishment in Na 1765177017751780 1765177017751780
at two-photon resonance versus total laser intendifyexperimen- frequency difference (MHz)
tal points for the case without shielding of the magnetic fiedd (
~1 G); dashed curve, corresponding linear@t;case with shield- FIG. 10. Integrated fluorescence intensity spectrum for different

ing of the magnetic field B~ 14 mG); solid curve, corresponding total laser light intensities indicated in the figures for the case of
linear fit. unshielded stray magnetic fields.
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M ' netic field of less than 14 mG. The residual parallel magnetic
field also causes the formation of two peaks, but now less
separated, indicating a shielding factor of about 3. The con-
3 trast and linewidth again get smaller for smaller intensities.
Compared to the case without shielding, the contrast is much
higher for the shielded case, but the linewidth is more or less
independent of the magnetic fieltiote that the linewidth
always refers to one single peak of the twin peaks present in
] each scan The explanation for this behavior is as follows.
The linewidth is determined by the sum of the loss 1ag¢eof
5000 6000 the coupled statéC) with T'c~g3/y. and the loss rat&

from |N) (determined by the value of the magnetic field in

our case (see, e.g., Ref.2]). However, under the condition

FIG. 11. Atomic beam positioiitime-) resolved fluorescence [EQ. (12)] I'c>T"y, the linewidth is proportional to the in-
intensity for two different values of frequency difference for two tensity and it does not depend on the magnetic field. At the
laser light sidebandsi=1772 MHz, solid line;s=1760 MHz, dot-  same time, the contrast is inversely proportional to the de-
ted line. Position translates to time asuth=1 ns (for the mean gree of imperfection of CPT15,16], which is the ratio ol
velocity of atoms. External magnetic field shielde@~0.014 G,  to I'. Therefore, at a fixed magnetic field the contrast de-
gs=0.001y,), total laser intensity =26 mw/cnf. creases with decreasing intensiue to a decrease df.)
and at fixed intensity it is larger for smaller magnetic fields

tion. Provided that, now a regular dark stdte-2, mg=0 (due to a decrease &fy).
exists and atoms are pumped out of the fluorescence cycles We note finally that there is no complete correspondence
into that state even for cases when there is no CPT at albf the experimental results with our four-level theory devel-
Therefore, the fluorescence decreases along the beam all thged above. For example, the transient structures of the
time, the only difference being a faster decrease for CPexcited-state populatiofFig. 4) are not resolved in the ex-
present. This can be seen in Fig. 11, which is the analog tgeriment due to both finite resolution of the optics and the
Fig. 7 (cf. solid curves in Fig. # As described above, we Maxwellian distribution of the atomic velocities. The calcu-
also made scans of the CPT dip for different intensitflg.  lated trapping times are smaller and the contrast is higher
12). Now CPT is established for much lower intensities. Thethan those obtained experimentally. This especially concerns
threshold minimum intensity was about 0.2 mWfgrwhich  the case with a stray magnetic field present. The reason is
corresponds to the Rabi frequencigs=0.031y, and g,  that the magnetic field has a stronger influence on the behav-
=0.018y, and to the perpendicular component of the mag-or of Na atoms in the bichromatic laser light than it was
assumed in the four-level model. It turns out that even mod-

fluorescence intensity (arbitrary units)
T

it B | I 1 ]
0 1000 2000 3000 4000

position along the atomic beam (pm)

80 60 erate magnetic fieldsfd G entangle Zeeman sublevels so
that all of them are involved in the process. Therefore, the
60 0 four-level model fails to describe in details the dynamics of
COP in such complicated real systems as Na atoms. We have
@ 40 performed time-dependent numerical calculations for the
g 20 \ 20 atomic system involving all levels of the N line relevant
g 130 mW/cm 26 mW/em’ for the present experiment. The calculations are based on the
£ o 0 formalism developed in Refg§l, 19. The results show a
2’% 30 coincidence with experimentally measured trapping times,
< 40 m the black linewidth, and the contrast within 10—15 %. How-
Z; 20 ever, the physical picture and the main characteristics of
2 2 COP drawn by the four-level model remain valid.
© 10
2 13 mW/em’ 3.3 mW/em’ IV. CONCLUSION
8 ,
g 0 0 We have investigated both experimentally and theoreti-
2 15

cally the temporal evolution of the CPT process in a sodium
10 atomic beam. For that purpose we first analyzed theoretically

10 two simplified cases: the well-known closedbss-free
5 three-levelA system and a four-level system consisting of a
5 1.3 mW/em® 0.65 mW/em? A system with an additional ground state not contributing to
0 the coherent superposition state. Here the influence of a weak
1765177017751780 1765177017751780 magnetic field can be modeled by population precession be-

tween the states that contribute to the dark superposition
state and this external state. The coupling between the CPT
FIG. 12. Integrated fluorescence intensity spectrum for differenstate and the external state induced by a magnetic field criti-
total laser light intensities indicated in the figures for the case ofcally influences the temporal behavior of the trapping pro-
shielded stray magnetic fields. cess because coupling means losses out of the trapping state.

frequency difference (MHz)
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This magnetic-field coupling also sets a lower limit for the threshold, its value depending on the presence or absence of
light intensity necessary to establish CPT. Experimentallymagnetic field. This corresponds to the behavior of the mini-
we recorded the spatially resolved fluorescence intensitynum intensity necessary for CPT establishment, which is
along the atomic beanfwhich corresponds to a temporal predicted by our theory. Our analysis outlined the limits of
evolution for cases with stray magnetic fields present andapplication of the simple loss-free CPT pictures frequently
with shielding of the field, obtaining results that are in goodysed. It also showed how to model a more realistic scheme
qualitative agreement with simple theoretical model. We alsqyf the process while still retaining most of the physical clar-
recorded the fluorescence intensity at certain fixed spatiq{y of the simple theory. Despite its simplicity, our scheme
(time) positions while scanning the frequency splitting of the reproduces quite well the features of CPT in rather compli-

laser fields. The sharp drop at two-photon resonance due ¥hted realistic schemes, namely, the Zeeman level structure
CPT gets more pronouncérhore atoms trapped in the non- of sodium.

coupled statefor longer interaction times between atoms

and light. Performing measurements with different laser in-

tensities allowed us to determine how Fhis affects the time ACKNOWLEDGMENT

constant for the trapping process. The time for trapping gets
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