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Complete electromagnetically induced transparency in sodium atoms excited
by a multimode dye laser
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Complete electromagnetically induced transpargidy) in sodium vapor is demonstrated experimentally
by means of excitation with a broadband multimode dye laser tuned ob{Hme. One hundred percent
transparency is observed by excitation of the Na vapor with circularly polarized laser light. The linear polar-
ization excitation produces, instead, complete destruction of the EIT resonance. For laser power density in the
0.1 to 1 W/cnt range, the linewidth of the EIT resonance remains in the interval of 90—-400 kHz. This
complete transparency of the medium in a narrow frequency interval is interesting for many applications where
the enhancement of the refractive index is important and where the improvement of the signal-to-noise ratio of
the dark resonances allows a more sensitive measurement of weak magnetic fields.
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I. INTRODUCTION tive level structure of the atom. Among other competing ef-

Coh o f d Its in | fects, optical pumping is very important as it accumulates the
oherent excitation of ground-state atoms results In intery;, i nopulation into levels not involved in the laser exci-

esting effects that open 'important perspectives in fundameqétion_ In fact, a dramatic decrease of the MC resonance con-
tal physics and applications. Among others, coherent poplyz,q; s ohserved that may reach the value of 50% as shown
Ialtlon trapping "(C'.Tg a(r;d the relat?rd effect  of iy previous experimentts,7]. A strong and steep resonant
electromagnetically induce tran;parer(@ ) are NoOWa- — anhancement of the refractive index can be observed only in
days extenswely studied and e_lpphed to f|§ald_s as different 3the case of vanishing absorption of atomic medium. In order
laser cooling of atom$1], precise magnetic field measure- 1, »chieve this, Rb atoms have been excited by means of
ments[2], atomic clocks[3], slowing down of light[4] and three lasers with controlled frequenfd]. The refractive in-

others. . . . dex enhancement is the main cause of the significant slowing
CPT manifests itself as a fluorescence quenching transiown of the group velocity of light9]

tion with _Iinewidth orders of magnitudg narrower than the In this paper we propose a simple method to make the
natural width of the corresp_ondmg optical transitions. .CPT opulation losses negligible by involving all atoms of the Na
{i?:i?gra?ﬁiseRsxghbgfsq[esrausdilr?\(ljoll?/irrlgagi}[/hzlrkgp[étgink;tlr? Pafround state in the_formation of the narrow coheren'_[ reso-

' s ) nances. The basic idea for overcoming the loss during the
[6] ground state hf levelgy have been studied in sodium. In MC resonance preparation is to excite tbe line with a

Fhe fir§t_case, a properly polarized monochromatic laser ﬁel%ultimode dye laser, whose spectral bandwidth is larger than
is sufficient to induce the CPT resonance due to the fact th e D, absorption linewidth and whose longitudinal mode

different polarization components connect couples of deg?“s‘ paration is comparable with the natural linewidth. This in-
erate ngr?“”d state Zeemarrl] suble\:jels to a common exCitglyivs ht optical pumping. Moreover, when a large number of
state. These resonances, that we denote as magnetic Coiglso, nodes is used, all velocity classes of the Na atoms are
ence(MC) resonances, are excited at zero magnetic field anghqynant with the radiation and contribute to the MC reso-
are dgtected by scanning it around Its zero value. .__hance, with automatic compensation for the loss due to
Main problems for full understanding of the effect arise velocity-changing collisions
from the complex level structure of the atoms, as the two or -~ Apqiher advantage given by this approach is that the total
three level atom models are crude simplifications of the ef]aser power is spread over a large number of modes, each

fective atomic level structure. In fact differences among thqnteracting with different atoms. This reduces the power
results expected from the model and the results obtained i roadening effect and makes é" atoms exhibiting narrow

the gxperlment_s are usually obsgrveq: this makes useful orescence resonances at zero magnetic field. As a result,
detailed analysis with a model taking into account the effecy,. .\ resonances with a contrast up to 100% and a significant
decrease in the resonance linewidth have been observed.

They are detected looking at the atomic fluorescence when

*Electronic address: silvia@ipcf.cnr.it the applied magnetic field is scanned around its zero value.
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FIG. 1. Experimental setup. Magnetic field [ Gauss ]

Results are obtained with two different experimental con- FIG. 2. Example of dark MC resonance obtained by sweeping B
figurations that use either linearly polarized or circularly po-around its zero value. The zero line is obtained by detuning the laser
larized laser light. These different polarizations lead to dif-out of resonance. The fluorescence levels used to determine the
ferent population redistribution among Zeeman and hf levelgontrast C are shown. In the inset approaching of the complete
and, because of that, to different results. In this paper w&ansparency is shown for the coated cé|l=360 mw/cnf, T
present the experimental results obtained together with a the-103 °C.

oretical analysis according to a multilevel rate equation

scheme. ]
sured by means of the beat signals detected by a fast photo-

diode connected to a spectrum analyzer. The laser spectrum
is controlled also by means of a Fabry-Perot interferometer

The experimental setup is shown in Fig. 1. As alreadywith 8 GHz FSR. The diameter of the laser beam falling on
discussed, the main idea is to use a broadband laser able ttee cell is 6 mm. The sodium vapor is confined in Pyrex cells
excite at the same time all atoms in the ground state indehaving different characteristics. The experiments have been
pendently of their velocity or of their sublevel occupation. performed with a cell containing only Na vap@moted as
Thus, we follow a very simple approach which has beervacuum cell, with a poly-dimethyl-siloxan€PDMS) coated
successfully used in Hanle effect and optical pumping exvacuum cell(coated celland with a cell filled with 6 Torr of
periment§10,11]. There are many possible ways to generateAr (buffer gas cell. The coating has the property to preserve
such a spectrum. The main tool is a free running multimodehe atomic orientation or alignment in the collisions with the
laser having a cavity adjusted in length in order to fit thewalls. The laboratory magnetic field has been shielded by
experiment requiremenf42]. Suitable etalons have been in- means of gu-metal cylinder, in which a solenoid or a couple
serted in the cavity to tailor the spectrum profile and opti-of Helmholtz coils are inserted. They in turn generate a mag-
mize the laser-vapor coupling. A dye laser with cavity lengthnetic field that is modulated around the zero value. The so-
variable between 0.5 m to more than 3 m is tuned toDhe lenoid is oriented parallel and the Helmholtz coils perpen-
line of sodium. When the cavity is short, three stable modeslicular to the laser beam, respectively. The atomic
can be selected with 1705 MHz frequency difference. Influorescence is collected by a fiber at right angle with respect
creasing the cavity length up to 3 m, a dense spectrum ab the laser beam propagation direction, and measured in
longitudinal modes separated by 50 MHz is obtained whichdependence on magnetic field. In some experimets[14]
covers a frequency interval of about 5 GHz. In this way weand references thersgithis kind of resonance is registered as
obtain about 40 modes resonant with the vapor within thenagneto-optical rotation of the probe beam polarization.
Doppler profile; this induces transitions from both the hyper- In Fig. 2 an example of a MC signal is presented which is
fine sublevels of the ground states. This particular configuebtained in the transverse field configuration with long cav-
ration has been successfully applied in experiments in whiclty laser. From the fluorescence intensity variation at the oc-
a huge vapor-radiation coupling is requirésee, for ex- currence of the coherence, we extract the value of the con-
ample,[13]). The distance between the laser modes is meatrast, defined in our case as

Il. EXPERIMENTAL SETUP
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g In the first set, the magnetic field is collinear to the propaga-

tion direction of the laser field (z direction in Fig. 2 whose
grg)larization is lineacelectric vector E irx direction). In the

splitting per Gauss between adjacent magnetic sublevels is giver?.econd set of experiments Na atoms were irradiated by a

Two different kinds of transitions are distinguishefy— F circularly polarized laser beam propagating along zh-
=F,, Fg—1 (solid line), andFy— F=F4+1 (dashed ling rection, while the magnetic field in the direction was ap-
’ ’ plied and scanned around,£0.

FIG. 3. The hf level structure of thB,; sodium line. The fre-

C= (}—max_ fmin)/}-maxa (l)

whereF . and F i, are the fluorescence levels out of and in
the MC resonance. In the figure insert, the 100% contrast is As the dark resonance is observed in a narrow interval of
shown for the PDMS coated cell. the magnetic field around B=0, the direction of E is taken as
a quantization axigFig. 4).

At B=0, = transitions produce optical pumping to the
me =0 Zeeman sublevel which is not excited by the laser
field. In this way the alignment of the angular momentum of

The hf levels and transitions of the sodiuy line are  the atoms and the minimum of the fluorescence occur. When
sketched in Fig. 3. a small B along the laser beam is applied, the fluorescence

The Doppler width of the hf transitions at 400 K is about increases due to the magnetic transitions between ground-
1.53 GHz and the natural width is 9.9 MH45]. As the state Zeeman sublevels. Thus, dark resonance in the fluores-
frequency difference of the two ground-state hf levels iscence in dependence on the magnetic field is observed with
Avy=1771.6 MHz, the hf transitions have considerablesubnatural width determined mainly by the width of the
overlapping of the Doppler profiles. The hf transitions ac-ground-state subleve[45,2(0.
cording to theF value of the involved levels are denoted in  According to previous work$5,21], where a population
Fig. 3 by dashed or solid lines. When depolarizing collisionsloss reduction gave a resonance contrast increment, we ex-
or population losses can be neglected, fiye~ F.=Fg, Fq pected a similar result in our case, i.e., a strong enhancement
-1 transitions lead to the observation of EIT MC resonancesf the resonance contrast following the broadening of the
[S], while the Fy—F.=Fg+1 transitions lead to laser spectrum. We have attempted to see MC resonances in
electromagnetically-induced absorptidIA, or brighty MC  our different cells, but MC dark resonance centered at B
resonance§l6]. An additional condition for the bright reso- =0 has been observed only in the vacuum cell. For this cell
nance observation is the population loss to the ground stat detailed analysis as a function of the laser spectrum has
hf level not interacting with the laser field to be less thanthen been made. MC resonance with a maximum contrast of
50%[17,18. MC resonances can be observed with differentthe order of 30% was observed using a three-mode laser
relative orientations of laser polarization E, direction of spectrum, while no signal has been observed by increasing
beam propagatiok, and magnetic field direction B. [19] it  the number of modes and the spectral bandwidth of the laser
has been shown that the measured variation of the fluoregield.
cence with the magnetic field is of the same sigark or As shown in[5], in the case of Na atomic beam irradiated
bright resonancefor excitation with linearly polarized light by linear-polarization single-frequency laser beam, dark
and B parallel tc, as for the case of circular polarization of resonances have been observed for all transitions Rjth
the laser beam and B perpendiculakidrhe two cases will  —F.=F4,Fg—1, while no narrow lines have been observed
be discussed here in more detail, taking as an example tHer Fy— F.=F4+1 transitions. In that experiment, the laser
Fy=2—F.=2 transition. For both of them, the quantization field excites only one hf transition. Instead, in the case of Na
axes are chosen in a way to make the description and thetoms confined in a cell, the single-mode laser field excites
calculations in Sec. IV easier and more intuitive. The MCmore than one hf transition due to the Doppler broadening.
resonance sign reversal will be discussed for g1 For a three-mode laser, different velocity classes are excited
— F.=2 transition. Two sets of experiments have been madedor different hf transitions. In this way each atom “sees” only

A. Linear polarization of the laser light and B parallel to k

IIl. MC RESONANCES EXCITATION SCHEME
AND EXPERIMENTAL RESULTS
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FIG. 5. Population distribution among Zeeman sublevels uporpl'e_d’ part of the population of thmngl sublevel will be )
o* excitation for the transition§,=2—F,=2 (a) and Fy=1—F, redistributed to the other sublevels and the fluorescence will
=2 (b). decrease. The net result is a bright resonance observation in
the fluorescence versus the magnetic field. When a buffer gas
(ijs added, a fraction of the atoms accumulated on Iﬁﬂee
=2 sublevel will be redistributed among the other Zeeman
blevels ought to the depolarizing collisions. At B=0, tak-

one laser mode at a time and the excitations can be consi
ered independent. When instead the number of modes

strongly increased, the same atoms could interact with man%g into account the transition rate differences between the

$_Lthem, inducing a}ll &Ostst'ﬁle ht Ftratp5|t|o?s Of. thy ::?f different Zeeman sublevels, this redistribution will lead to
€ consequence IS that the excitation of a given ranSle accumulation of many atoms on thg =-1 sublevel.

tion is not independent of the other excited hf transitions_, . . . o
This produces, as will be demonstrated in Sec. IV, the equaThIS has, in fact, the lowest transition prof)ablllty fof ex-

ization of the population on all ground-state Zeeman sublevgtatlon' Thus, the bright resonance observed in pure Na va-
els and the resonance inhibition. por transforms into a dark one when byffer gas is added to
the cell. As a conclusion of the above discussion it should be
pointed out that in the buffered cell all hf transitions will
B. Circular polarization of the light and B perpendicular to k  contribute to MC dark resonance only.
o i o . ) Let us now discuss the behavior of the three used cells.
If the sample is irradiated with circularly polarized light, \e report the results obtained by collecting the fluorescence
the Zeeman optical pumping of the atoms to the =+2  g15ng they direction and calculating from Eq1) the con-
level, hence, orientation alonk) takes place at B=0. This trast of the MC resonances as a function of the laser mode
determines a minimum in the fluorescerieey. Xa)]. When  number and of the cell temperature, i.e., of the vapor density.
a small BL k is applied, this will result in a redistribution of First, the buffer gas cell was irradiated by a three-mode
population among the ground-state Zeeman sublevels and jgser beam with frequency difference between the adjacent
an increase of the fluorescence. Consequently, a dark resgrodesA 1, =1705 MHz, which is relatively far from the hf
nance is observed. levels frequency differenceAy,;=1771.6 MHz to avoid
When several Torrs of buffer gas are added to the cellpreparation of resonance based on two hf levels’ coherent
some mixing of population between the excited-state Zeecoupling. The contrast of the dark MC resonance in depen-
man sublevels will take place due to collisions between Ngjence on the temperature is shown in Fig. 6.
and buffer gas atoms. The excited state depolarizing colli- |t can be seen that the contrast versus the temperature
sions do not influence critically the MC resonances involvingexhibits a maximum of 27%. Hence, significant population
Fg—Fe=Fg, Fg—1 transitions. They are instead responsible|osses take place in the three-mode excitation case.
for a reversal of the resonance in the case~gf Fe=F By switching to the multimode long cavity laser, a situa-
+1 transitions, as observed in C22]. tion opposite to the one corresponding to excitation by lin-
Let us consider th&;=1—F.=2 transition in Na. In the  early polarized light is obtained. Here the contrast of the dark
absence of depolarizing collisions and in the presence of inyC resonance increases dramatically. In Fig. 6, cue
tense circularly polarized lighto™), most atoms will circu-  presents the dark MC resonance contrast in dependence on
late in themg =1—mg =2 transition, that is the transition the temperature for the buffer gas cell. It can be seen that the
with the highest probabilityfFig. 5b)]. Because of this, a dark resonance contrast approaches 99% for a cell tempera-
maximum in the fluorescence is observed at B=0. When aure of 110 °C. As it was discussed above, in this case also
magnetic field perpendicular to the atomic orientation is apthe F;=1—F,=2 transition contributes to the dark reso-
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nance, providing almost complete transparency of the meeontrast. Here, due to the strongly increased transparency of
dium. the medium when the dark resonance occurs, the reduction
In the case of the vacuum cell, the increment of the modef the laser beam intensity along the cell with temperature is
number leads also to a significant enhancement of the daquch weaker.
resonance contragfig. 6, curve 3. However, the maximum
contrast value is about 85%, which is a little bit lower than
the one obtained for the buffer gas cell. This is due to the fact
that, unlike in the buffer gas cell, here thg=1—F.=2
transition produces bright instead of dark MC resonances. i ) )
The simultaneous excitation of the dark and bright reso- 1h€ main conclusion from the results presented in the
nances is therefore the reason for the lower EIT resonand@€Vious section is that there is a strong difference between
contrast in the vacuum cell. Some depolarization of thehe multimode linear and circular polarization excitations. In
ground state and hence lower resonance contrast can be € first case, the MC resonance is completely destroyed,
tributed to atom spin change relaxation to the cell walls. Thigvhile in the second one the resonance contrast reaches a
is not the case of the buffer gas cell where the number of Nd400% value.
atom collisions with the cell walls is strongly reduced. This behavior follows in a simple way if only fine struc-
Maximum contrast is observed for the coated cell, whergure of the atomic spectrum is considered, which has been
complete transparency of the medium is achie€ig. 6, used in the case of optical pumping with broadband spectrum
curve 1. Here, like for the uncoated vacuum cell, the reso-|ight. For J:% ground state, there is no accumulation of
nance obtained from excitation of tig=1—F¢=2 transi-  atomic population at single Zeeman sublevel wheexcita-
tion is bright; however, in the coated cell it does not decreasgon is applied, whiles excitation results in atomic orienta-
the Na atoms transparency. The main advantage when usifign. However, as we examine MC resonances produced
a coated cell consists in the fact that the collisions with Wa”s‘rom both narrow and broadband excitations, it is useful to
do not change the spin orientation. So the same atom is baglpply a model which takes into consideration the hf structure
in the laser beam many times without destruction of the oriof the atomic levels. In this way more information about the
entation or alignment. And this works as an enhancement ofiynamic of Zeeman sublevel population can be obtained.
the effective interaction time of atoms with the beam. More-Qur model describes the evolution of the population of all
over, the coherence is also preserved during these collisiongvels involved in the interaction scheme. Using the model of
This leads to the effect that, as it will be discussed in Sec. 1V[26] we can write the closed system of 16 differential equa-
a steady state is reached where the I&gt1 is completely  tions describing the dynamics of the atomic population:
depleted. Consequently, for excitation by circularly polarized
light, the experimental results show that it is possible to

IV. RATE EQUATION MODEL

overcome the population losses by increasing the number of dN;
. . F oMy
modes and the spectral interval of the laser field. At lower g F =S| -N Sw
cell temperature, the Na absorption vanishes, leading to com- dt Fo For, q FomMe, ~Fee *d
plete transparency of the medium.

For the three cells, some reduction of the contrast with the + > NEme +aWe me +q—Fym,
temperature has been observed due to the increasing of q e ¢ ¢
atomic density with temperature. The atomic vapor becomes m +1
in fact optically thicker, leading to the following effectg) + 3 Ne A
light absorption[23], (ii) spin-exchange collisions, andi) ke -1 FekFek—Fgme [

radiation trapping increase.

(i) Due to the absorption enhancement, the laser light in-
tensity along the cell decreases, causing reduction in the
resonance contrast. OINFe,mFe

(i) Spin-exchange collisions, whose rates increase with dt :2 E (NFg,mpg—qWF(‘,,mFg—qaFe,mFe
the atomic density, reduce the amplitude of the resonance Fo \ d

due to the decay of coherence between ground-state Zeeman -N W, )
Feme YYFeme —F Mg —q
sublevels. e e o
(iii) Radiation trapping enhancement with atomic density M+l
[24] causes the optical pumping rate reduction. - NFe’mFekzmz—l AFe’mF;ngk , (2)
The MC resonance contrast dependence on temperature Fo

differs significantly, when excited by a dense and broad laser

spectrum, from that of the three-mode excitation. In the sec- i

ond case, in fact, the contrast diminishes very rapidly, as ca\‘\’here’\‘Fg,mpg'NFe,mFe are the populations of the ground and
be seen in Fig. 6, curve 4, and reported[25]. On the excited states Zeeman sublevels atlEhdine of sodium and
contrary, in the case of multimode excitation, when the numg=0,+1,-1 fors, ¢* and o™ polarization of the laser light,
ber of atoms involved in the resonance preparation is muchespectively. The coefficienté/ are the induced transition
higher, the temperature has lower influence to the resonancates and are given by
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~ 3}\3|L 0.18
WFg,mFgﬂFe,mFe_ 8772hC Fg,m,:gﬂFe,mFe g m_=-1
= mF_1_o
oo g 016, m =1
Xf gFg'mF —»Fe,mF (V)pL(V)dVa (3) E m= -2
— g e = aw
* 8 omq - %, m_=-1
i i ; a N m__=0
where\ is the laser wavelength,is the Planck constant,is ° m,_=+1
the speed of lightl, is the laser intensity expressed in % 0.12- m,_=+2
W/m?, andg(») andp(v) are the atomic transition and laser E
light spectral profiles, respectively. The case of 5 GHz multi- 2 of
mode laser excitation is considered first: for simplicity, we 0107
assume a flat profile of the spectrum whose widtlyisThe : o o - 2000
absorption linewidth of the atomic medium can be ignored, Relative time [t/t]
as it is orders of magnitude lower thap. Thus, for W
coefficients we derive FIG. 7. Dynamics of the populations of the ground-state Zee-
man sublevels for Na atoms underexcitation (broadband spec-
W, 3)\3|L 1 4) trum; I, =400 mW/cm).
Fg,mFgHFe,mF 87T2hC’y Fg,mFgHFe,mFe-
The coefficient Ae o —Fa, =a? P /7 is the Opposite to ther excitation is the case af* excitation,

where the light orients all atoms to states with maximum
values of their angular momentum projection on the quanti-
zation axis(the laser light propagation directiprOur calcu-
lation has shown that if both ground-state levels are excited
simultaneously, at steady state all atoms will be accumulated

spontaneous tranS|t|on rate is the tranQS|t|on lifetime and
the transfer coefficients are

aFe, e i FgyMe ;) = (= 1)H1%tFetFme

><\e"2Fg+ 1 2F + 123+ 1 only on the ground-state sublevig}=2, mFg:+2 (Fig. 9).
X( Fe 1 Fg>{Fe 1 Fg} g o018
-—me g ny Jg I Je 016, o me=-1
A + m=0
(5) c oa{s ", "
) = 0124 &
where the parentheses and curly brackets denofeadéd 6 i 2
- coefficients, respectively. We assume the induced transi- g™ &
tion rate to be time independent, which is valid for our case gooy %
of Gaussian laser profil27]. In our approach we do not take % 0.064 %
into account any coherence, because the spectral interval of g 004,
the laser excitation is greater than the transition linewidth =z
[28]. We neglect the residual magnetic field and any depo- 0021
larizing mechanisms affecting the Zeeman states or relax- 0.00

—
0 500 1000 15'00 2000

ation processes other than the spontaneous emission. We Relative time [ U]

solve numerically the system of differential equations with
the initial condition that the population of the ground state is
equally distributed among its hf levels, so the population of
elach magnetic sublevel of tig=1 is ¢ and forF,=2 it is

b) 10

n

0.8

-

o4

w0 In the case ofr excitation(linear polarization of the light
and quantization axis along the polarization vegtour cal-
culations show that the laser field does not induce any accu-
mulation of population on a particular ground-state Zeeman
sublevel(Fig. 7).

Moreover, the initially different populations of the sublev-
els are completely equalized at steady state, i.e., the sodium
D, line is depolarized. This result is in accordance with what
obtained in an earlier worj29], where no polarization of the
D1 line fluorescence has been measured under excitation
with a broadband linearly polarized light. This absence of
atomic population accumulation to a certain Zeeman sub- FIG. 8. Dynamics of the populations of the ground-state Zee-
level at B=0 is considered to be the reason for the MCman sublevels of the hf leve{s) Fy=1 and(b) F,=2, for Na atoms
resonance destruction at multimode excitation. under broadband* excitation;l, =400 mW/c

n

3333
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n
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FIG. 9. Dynamics of the populations of tiig=2 Zeeman sub-
levels under narrow band"* excitation;|, =400 mW/cn3.

For narrow band excitation, it is shown in Fig. 9 that the
time for the steady state establishment is significantly longer.
This can be considered as a reason for lower MC resonance
contrast observation at few-mo@é excitation.

Consequently, exciting all hf transitions by broadband la-
ser light, complete orientation of atoms along a single direc-
tion can be achieved. Due to the complete accumulation of
atoms on a Zeeman sublevel not interacting with the laser
field at B=0, the application of magnetic field &ill lead to
a 100% contrast MC dark resonance. This is the case for
coated and buffer gas cells, where the interaction time be-
tween atoms and light is large enough for reaching steady
state. For the vacuum cell, the interaction time is (gdsut
10 ws) and hence there could still be some population left on
the other Zeeman sublevels. Beside the dramatic increase of
the MC resonance contrast, the complete orientation of at-
oms along a single direction is interesting for other purposes.
In [30], using a single-frequency dye laser with 1 MHz jitter
and a degree of circular polarization of 0.9998, by irradiating
a Na beam, less than 50% atomic accumulation onRhe
=2, mg =+2 level has been achieved. Under the conditions
of the experiment presented ihl] even broadband pumping

Fluorescence [arb. units]

Fluorescence [arb. units]

Fluorescence [arb. units]
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0120
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-OI.S 0:0 05 10
Magnetic field [Gauss]

0.134

0.132

0.130 4

0.128

0.126 4

T T T T T
-1.0 05 00 05 10

Magnetic field [Gauss]

results in about 90% polarization of Rb. In our case 100%
accumulation of atoms on a single level has been realized
which is evidenced by the observation of a 100% contras

MC resonance.
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FIG. 11. Comparison of experimental and theoretical profiles of
he MC resonances for buffer gas cell at 133 °C for three different
Aser power densitiesta) 360 mW/cn®; (b) 270 mW/cn¥; (c)

6 mW/cn?. The experimental profiles are presented by dots, the
theoretical Lorentz profiles by solid lines and the profile calculated
according to Eq(7) by bold lines.

V. FWHM AND PROFILE SHAPE OF THE MC
RESONANCES

As expected, the influence of the radiation broadening on
the MC resonance width in our experiment is less than the
one observed in the case of single-frequency laser excitation
having the same intensity. FWHM exceeding 1 G has been
observed in Na for 0.1 W/ctpower density and single-
frequency excitatiori5]. In our experiments, the FWHM of
the MC resonances remains below 1 G for laser power den-
sities up to 1 W/cra

The resonance width dependence on the power density is
shown in Fig. 10 for the three Na cells under consideration.

FIG. 10. MC resonance width as a function of the laser powerFor a cell temperature of 130 °C, practically with the accu-
The cell temperature is 130 °C

racy of our experiment there is no difference between the
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resonance width observed in vacuum, coated and buffer gas It can be seen that in our case also the MC resonance has
cells. For lower temperature-100 ° Q) the resonance width a Lorentzian shape only at very low pumping rate. Increasing
in the vacuum cell is two times larger than in the coated andhe power density, the resonance profile differs significantly
buffer gas cells. from the Lorentzian and it is in agreement with what is de-
In principle, due to the increased interaction time of thetermined by Eq(7). This can be considered a proof of the
atoms with the laser light, which is the case of buffer gas andmportance of the laser beam profile
coated cells, the FWHM is supposed to be about an order of
magnitude less than in the vacuum cell. However, the Na
density rising with temperaturgor temperature change from
100 to 200 °C, the Na vapor pressure increases by three Strong enhancement of the contrast of the MC resonances
orders of magnituddeads to a strong increment of the num- in Na vapor up to 100% has been achieved by increasing the
ber of Na—Na collisions which can cause some relaxation oépectral interval of the laser field with™* excitation. For
the Na atoms ground-state coherence and, hence, the broddser power density from 0.1 to 1 W/émthe FWHM of
ening of the resonance. In contrast with the interactions rethe resonance ranges in an interval of 90-400 kHz. This com-
sponsible for the relaxation in buffer gases, the forces replete transparency of the medium in a narrow spectral inter-
sponsible for the spin exchange as a result of Na—Naal is interesting for the purposes of the enhancement of its
collisions are of electrostatic nature and their cross-section igefractive index and of the signal-to-noise ratio of the dark
very large(o~ 10" cn?) [31]. resonances. The signal-to-noise ratio enhancement is very
In our experiment we also measure the influence of thémportant for application of such resonances in precise mea-
laser power density on the shape of the MC resonances. Thigirements of weak magnetic fields. For excitation by linearly
influence has been discussed[82] for CPT resonances in polarized light, the MC resonance vanishes when the number
Rb and Cs. There it has been shown that at low pumping ratef modes of the laser is increased. This behavior is supported
the dark resonance has a Lorentzian shape with a FWHNAy theoretical calculation of the atomic population distribu-
given by tion among the Zeeman sublevels of the two ground-state hf
levels for two laser polarizations and without consideration
of the coherence induced by the optical fields. This complete
orientation of atoms is evidenced experimentally by the ob-
servation of 100% transparency of the medium.

VI. CONCLUSIONS

2

* = 4 OR

r Y+ T ,

wherewg is the Rabi frequencyy is the ground-state coher-

ence relaxation rate afdis the relaxation rate of the excited
state. However, at high pumping rate, the resonance line-
shape is quite different from a Lorentzian shape due to the

effect of the Gaussian shape of the laser beam profile. In thiR/v

case the resonance profile is given by the expression

(6)
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