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Selection rules and line strengths of Zeeman-split dark resonances
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In a weak magnetic field coherent dark resonances in cesium vapor are split into up to 15 resolved compo-
nents, depending on field direction and laser polarizations. We find that the selection rules are different for
vapor cells with and without buffer gas due to a change in multipolarity of the two-photon coupling. At low
laser intensities or sufficiently high buffer-gas pressure optical pumping between different dark resonances can
be neglected so that a simple model allows one to calculate the relative line strengths, giving complete
agreement with the experimental specf@1050-294{@8)00907-X]

PACS numbsgs): 32.70.Cs, 32.66:i, 42.50.Gy, 32.70.Fw

I. INTRODUCTION nances in magnetic fields. In this paper we describe how
symmetry arguments can be used to calculate the selection

Dark resonances can occur when two coherent light fieldsules and the relative line strengths in such a superposition of
couple two atomic levels to a common third level. A particu-A systems, both with and without the presence of a buffer
larly useful system for the observation of such resonances igas, and compare the results to experiments oDthiéne in
provided by the vapors of the alkali metals, where the twocesium vapor.
hyperfine-split ground levels can be coupled to the first ex-
cited level by two light fields resonant with @ line. This Il. EXPERIMENTAL SETUP
arrangement of levels is calledAa configuration. When the
laser difference frequency matches the ground-state splitting, !n the experiments two diode lasers resonant with the ce-
the atomic popu'ation is Opt|ca”y pumped into a Coherentsium D2 transition at 852 nm are phase |OCked to eaCh Other
superposition of the two lower states with a phase such tha¥ith a frequency difference of 9.2 GHz, corresponding to the
absorption of the optical fields vanishes. This coherence hagesium ground-state hyperfine splittitgig. 1). The 9.2-

a very long radiative lifetime because a direct transition be GHz reference signal is provided by stable rf oscillators so
tween the two ground states is electric dipole forbiddenthat all fluctuations of the laser difference frequency are
which leads to potentially very narrow resonance lines. In€liminated by the phase-locked lof@]. The laser beams are
practice, the linewidth is determined by laser difference fre-superposed and copropagate through a cesium vapor cell at
quency jitter and time-of-flight, collisional, and power broad- ambient temperature. Dark resonance widths of 30 kHz can
ening. be observed in this way, mainly limited by time-of-flight

In a real atom the pure three-level case is rarely realized?roadening10]. Recently we have narrowed the linewidth to
In the case of cesium, for instance, which was used in th&elow 50 Hz using neon as a buffer d&s. In the buffer gas
experiments described here, a total of 32 levels are involvethe free motion of the cesium atoms through the laser beams
in the D, line and 48 levels in th®, line. In a weak mag- IS impeded by frequent collisions with Ne atoms so that the
netic field these levels are Zeeman shifted and in generdfteraction time is increased. At a neon pressure of several
different A systems with different ground-state splittings, 10 mbar the coherence survives more thah @8-Ne colli-

i.e., resonance frequencies, are formed. The relative strengt¥ns (corresponding to a lifetime of millisecondwhereas
of the individual resonances depend on the magnetic fieléhe upper state is broadened to about 1 GHz or more. This is
direction and the ||ght po'arizations_ mUCh more than the hyperfine Sp|lttlng Of th@:ﬁz state so

Since the observation of coherent dark resona[ﬂ::bﬂ]e that its F:2,3,4,5 levels are not resolved. SinEe=2 and
unique combination of low absorption and narrow linewidth F=5 can be reached by one-photon transitions but cannot be
has found many applications, among them atomic beam fre-
guency standardg?], electromagnetically induced transpar-
ency in optically thick medig3], and laser cooling below the
one-photon recoil limif4]. These and other related activities
were recently reviewed by Arimond®].

A particularly interesting application of coherent dark
states is magnetometry, where extremely high sensitivities
have been predictef,7]. For a practical realization of a
dark state magnetometer a detailed understanding of the
characteristics of coherent dark resonances in magnetic fields
is essential. Except for the work on the width of the trans-
mission window of electromagnetically induced transparency
as a function of magnetic field strendi], we do not know FIG. 1. Experimental setup for the observation of coherent
of any systematic experimental work on coherent dark resopopulation trapping resonances in cesium vapor.
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mtl +my. Only levels withAm=0 are coupled in this configu-
ration, i.e., only resonances with evaroccur, as shown in
Fig. 2.
- & F=4 lll. LINE STRENGTHS: THEORETICAL MODEL
R F=3 We consider the case ok systems involving alkali-
[ I I

metal-atom ground states. In weak magnetic fields the states

> {|aFmg)} are a suitable basis whefe) is a shorthand no-
6 4 2 0 2 4 6 resonance tation for|vLJ). The quantization directios, is taken along
the magnetic field direction. For flux densities below 10 mT
FIG. 2. Zeeman-split cesium dark resonances withr* exci-  F mixing in the upper state is negligible.

tation. Sevem\ systems are allowed by the selection rules, giving  For a complete description of the behavior of the atom in
rise to seven coherent dark resonances, the positions of which athe presence of the two light fields one has to solve the
indicated by the short vertical lines. The resonances are labeled yquations of motion for the density matrix. This is a rather
n, the sum of the magnetic quantum numbers of the coupled lowegumbersome calculation because of the large number of lev-
levels. The Raman resonance frequencies are proportiomal to  g|s involved (48 levels in the worst case, the, line in
cesium. Many authors have solved this problem numerically
part of aA system, the contrast of the coherent dark reso{see Arimondo’s review articlg5] for references The nu-
nances is reduced by one-photon absorption out of the darerical solution, however, makes it hard to obtain physical
states. The frequent collisions also lead to a rapid depolainsight. On the analytical side, there is a series of papers by
ization of the excited statgd1]. The buffer-gas pressures a theoretical group that culminated in Rg£3], where for
used in our experiment, however, are too low to cause popuzero magnetic field the density matrix was expanded into a
lation transfer between theFg,, and the &, stateq 11]. series of invariant parts, valid in the case of purely radiative
Data are taken by scanning one ladezquencyw;) over  damping. Hioe and Carro[l14] found general invariants in
the 6S,,,F =3— 6P, transition while the other laséfre-  multilevel quantum systems, while Kanokogi and Sakurai
guency w,) is kept locked to the 8,,,F=4—6P5,,F [15] gave another elegant approach that, however, takes only
= 3,4 crossover transition of a saturated absorption spectrumne excited level into account.
in an auxiliary cell[12]. Spectra are recorded by measuring Here we present a simple and physically intuitive model
the transmitted power as a function of laser difference frethat allows a gquantitative description of the measured rela-
quency. A typical spectrum consists of a Doppler or colli-tive line strengths for all polarizations, field directions, and
sionally broadened background on which the dark resonanagith or without buffer gas. The model is based on an irre-
proper is superimposed. The zero of the frequency axis coducible tensor description of the interaction of the bichro-
responds to the Raman resonance conditiQh- w,= wpss, matic light field with the atomic levels.
where wy is the frequency splitting of théF=3) and the The key idea of the model is to separately consider all
|F=4) ground states in zero magnetic field. In order to en-possible pairs of magnetic substates with one state taken
hance the signal-to-noise ratio the 9.2-GHz oscillator frefrom each ground-stat& level. For each of those pairs
quency is modulated at 1 kHz with a 1-kHz amplitude and{|«;F;m;),|a;F;m;)} the matrix element of an effective two-
the transmission signal of the cesium vapor cell is demoduphoton operato©, for the transition fromi) to |f) is cal-
lated by a dual-phase lock-in amplifier. For a spectral struceulated and summed over all possible upper states and all
ture with a linewidth much larger than 1 kHz the in-phasepolarization components present in the light fields. Since the
component yields the derivative of the spectral line shape&ontrast of the unresolved resonance lines in the unsaturated
while the quadrature component vanishes, i.e., an absorptiarase increases with laser intengi), i.e., Rabi frequency, it
feature will look dispersionlike. In all experiments describedis reasonable to assume that the total strength of the reso-
here the intensity of the fixed frequency laser is 50% largenance is distributed among the Zeeman-split components ac-
than that of the scanning laser. cording to the ratios of the effective Rabi frequencies for the
Three mutually perpendicular pairs of current coils aretwo-photon coupling. The Rabi frequencies, in turn, contain
used to compensate static magnetic fields inside the cesiuthe matrix element of the transition so that the relative
vapor. By changing the currents in these coils small homostrengths of the coherent dark resonance components are pro-
geneous magnetic fields can be applied in arbitrary direcportional to the square of the matrix elements
tions. In a small longitudinal field the 6S;,,F=3 andF
=4 ground states split into seven and nine magnetic sub- S (m;,m;)=|A,(m;,me)|2<|( a;Fime| O, @i Fimi)[2.
states whose frequencies are Zeeman shifted at a rate of
—yBmg and yBm,, respectively, wherey=g;ug/(2l
+1)h=3.5 kHz/uT, g; is the electroniay factor, andug Here A, is the transition amplitude for the process where
the Bohr magnetoriFig. 2). mz and m, are the magnetic one photon is absorbed from one of the light beams and a
guantum numbers in theE=3 andF =4 ground states. For second one emitted into the second light beam. In the unsat-
o " -polarized lasers the one-photon electric dipole selectiomrated case discussed here the absolute laser intensities enter
rules allow the formation of sevefh systems, each one off- as proportionality factors for all components equally so that
set in frequency from the unperturbed hyperfine frequencyhey do not have an effect on the relative line strengths.
by f,=nyB in the linear Zeeman regime where=m; Several assumptions underlie this approach.



198 WYNANDS, NAGEL, BRANDT, MESCHEDE, AND WEIS PRA 58

rived in second-order perturbation theory for stimulated two-
photonA processes. When keeping only resonant terms one

Jaopw/em?
-y obtains

.15 mbar

2 (f|d-E3|s)(s|d-E,li)
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Herer is the position operator of the valence electish,are
I all possible intermediate excited states, is the frequency
—

T T T T of the light fieldﬁl, wsj IS the frequency difference between
-600 -400 -200 0 200 400 600 . . .
frequency offset (kHz) states|s) a}nd'||>, andI's is the dephasing rate of stas).
The electric light fields have been written as standard tensor
FIG. 3. Coherent dark resonance spectra in a longitudinal magcomponents
netic field foro* o excitation. The asymmetry of the middle spec-
trum is due to optical depopulation pumping. The spectrum be- E1=a1é1+ aoéo+ a,lé,l, 4
comes symmetric when the laser intensity is redudsattom or
the neon buffer-gas pressure is increageg). For higher intensi-
ties the individual lines are power broaden&dp and middle
traces.

E} =(b.e; +boeot+b_je_y)* 6)

. _ . =—(b_y)*e;+(bg)*e—(by)*e_1 (6)
(i) The shape of a dark resonance spectrum in a magnetic

field is influenced by optical pumping. When both lasers are

o* polarized the atomic population is preferentially trans-

ferred to levels with largen quantum numbergniddle trace

in Fig. 3). For lower laser powers the pumping rate is re-

duced, resulting in a more symmetric spectribottom 1

tracg. At the same time the individual peaks become nar- d-E;=—|e| > (—1)Pa_r,. (8)

rower because of reduced power broadening. p=-1

Alternatively, optical pumping can be suppressed and the
spectrum symmetrized by increasing the buffer-gas pressufféor example, in the case of the cesiuby line discussed
(top trace. Buffer-gas collisions reduce the pumping effi- here,|i)=|6S,,,F=3ms3), |f)=|6Sy,,F=4m,), and|s)
ciency through two mechanisms: The homogeneous line=|6P,,,F¢,m).
width is increased to several hundred megahertz or more, Equation(3) can be written as
which directly reduces the pumping rate, and the excited
state is depolarized, which causes a redistribution of the 2 K
population over all ground states. For sufficiently low laser Ay X 2 (—1)RUK(FIRE), 9)
power and high buffer-gas pressure optical pumping there- K=0Q=-K
fore can be neglected, which greatly simplifies the calcula- .
tion of relative line strengths. wi

(i) In the case of alkali-metal-atom, lines the excited
statesF =1+ 3/2 cannot couple tboth ground states simul- (K)—
taneously. These levels therefore form a loss channel for the %Q pZ‘q (1p1q|KQ)apbq, (10
coherent state through one-photon absorption. In general, the
one-photon transition rates are different for different coher-
ent states and can change the population balance betweenthe ~ R&‘=2 > (1p1q|KQ)(r,[s)(s|rg)/N(s), (11)
coherent dark states. This one-photon loss mechanism is also s P4
ignored. )

(iii ) Depending on experimental parameters, some sublev- N(S)= w1~ wgi+il's/2. (12)
els of the ground state can simultaneously be coupled to ®) o )
more than one other ground-state sublevel. In this simpl&lereal’ depends only on the laser polarizations &ff
model we ignore all interference effedise., coherences in- contains only atomic quantities.
volving more than two photonglue to shared levels among  Application of the Wigner-Eckart theorem (cf|RE3K)|i>
pairs of ground states. Initially this assumption seems unallows one to split off the) dependence
founded. However, the comparison with experimental results
shows that it is indeed justified.

=:b,e;+bgeg+b_se_4, 7)

so that

Fr K F

et o 7w

A. Two-photon matrix element
(13

Following the treatment irf16] for two-photon absorp-
tion, the two-photonA transition amplitudeA, can be de- where
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|:f K |:i n=-6 -4 -'2 0 2 4 6
M =(—1)FiFrK K11 (—1)%Fs R
a,F 1 Fs 1 _ or
s B=13
X(F||r[|FFlr[[Fi)/N(a,Fs) (14)

is the multipole amplitude of the coupling with multipolari-
ties K=0,1,2 corresponding to scalar, vector, and quadru-
pole couplings. For coherent dark resonances in alkali-metal-
atom ground states, whefg# F; , the 3 symbol in Eq.(13)
vanishes foK =0: Scalar coupling is not possible. From Eq.
(13) one also sees immediately that for each pair of initial
and final states the suig®) reduces to the two terms with
Q=m;—m;:

45° . 'i I’ . . E

FM signal (arb. units)

Selalo(fIRG i) +aB(fIRF D (19

For the case of two-photon absorption a similar separation
into a sum of tensor products was discussed by Caghat -
[17] for the casew,=w, and by Herrmanret al. [18] for T e
w17 wy. The polarization-dependent part was also derived 30 '219 df'w 0 d o 20 30

g K X normalized frequency detuning (kHz/pT)
by Bonin and Mcllrath[19] in order to study selection rules
for two-photon absorption. Yuratich and Hariiz9)] found a FIG. 4. Coherent dark resonance spectraddio™ excitation
general expression for multiphoton processes of arbitrary orand different angle® between the laser beam and external mag-
der, based on symmetry arguments, and discussed Ramastic field. There is a smooth transition from a spectrum with 7

transitions as a special case. peaks via 15 peaks to 8 peal&’ mbars of Ne buffer gas
A nonzero eIemena(,K()? means that coherences between
ground states witlm;—m;=Q are allowed, providedv1 () J(J+1)—11/41
and the 3 symbol do not vanishM (¥) can be written as the 2 V(LF)=(- 1)2'“5“/ZW N’ (21)
product of a termV(K,F) depending orfr¢ and a ternmi/(K) Fs

containing theF.-independent terms:

MO =14(K) ZF VK,Fy), (16) ; V2F9=0. 22

UK)=(—1)' TLitSiHIstlet Sy + 1)[ (2K + 1) (2F¢+1) For K=2 the triangle conditions in eachj &ymbol are vio-
lated: In a buffer gas no quadrupole coupling is possikle.

X(2Fi+1)(23¢+1)(23;+1)]H2 (170 =2, however, is allowed for low buffer-gas pressure where
the more general equatiofi9) has to be used, making it
Ly Ji S| [Ls Js S interesting to study the multipolarity of the coupling as a
Jo Lg 13 L, 1 (LellrlILs) function of buffer-gas pressufsee Sec. IV ¢ This can be
understood intuitively when the ratio of the two terms mak-
X{LglIr]|L), (18 ing up the sum in Eq(19) (F=F,, F&=F,+1) is calcu-
lated,
(_:I_)Fi+Fs-¢—Ff+I-%—JH—.JS-%—Jf-%—K[|:f Fs 1]
V(K,Fy)=
N(e,Fs) 1 K F V(LFs=F) 1—-12N(F;+1) -
Il Fq J)[(F Fg 1 V(1Fs=Fi+1) 1+3/2 N(F;) 3
x 1 J; FfHJS J | (19
. : : V(2Fs=F)) N(Fi+1)
At sufficiently high buffer-gas pressule, dominates the W2F=F.+1) =— N(F) (24
resonance denominatd(«,F;) in Eq. (19), making it ef- s :
fectively independent of ;. Then the sum over jgsymbols
can be evaluated explicitly: independently ofl,. Equation(24) shows that, except for
the resonance denominators, both excited-statevels con-
S WK.Fo)= o K Jel[Ji K J| 1 tribute to the quadrupole coupling with equal amplitude but
= Y R L Rl s 1 N(e)” opposite sign, thus gradually canceling out te2 cou-

(20) pling for increasing buffer-gas pressure. In contrast, the vec-
tor coupling in general survives. A similar argument was
For coherent dark resonances in alkali-metal-atom groundiven by Happer and Mathii21] for the case of one-photon
states one ha$;=S;=S=1/2, F;=F;+1, F;=1-1/2, J; optical pumping of atoms with a hyperfine splitting smaller
=J;=1/2, andJ;=1/2 or 3/2, so that than the Doppler broadening.
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B. Magnetic-field direction 1.0
o) .
When a magnetic field is applied in thez plane at an 0.8
angleB with respect to the propagation direction of the light f" 0.6
beams the input polarizations have to be transformed into a g .
coordinate system witle, alongB using the rotation matri- v 047]
(K) . E 024
cesDg - 5 927 o
0.0 =B
A= apK 0 15 30 45 60 75 90
an, = ag’'Dyags - (25)
Q o) Q ~QQ

B (degrees)

Let us look at the specific example where both light beams FIG. 5. Measured resonance strengths for the seven “longitudi-

areo™ polarized with respect to a magnetic field along theirnal” peaks(squaresand the eight “transverse” peaksircles (cf.

propagation direction. In this case the only nonzero compoFig. 4), normalized to the total strength of all resonances. The solid

nents ofagK) haveQ=m;—m;=0: Iines_ correspond to strB and_co% ,8 Where,B is the angle between
the field and laser propagation directions.

(2) 1 (1) : (0) 1
ag’=— %, ag’'=— E, ay’'=— ﬁ (26) Sreloc 0052 B for Q=0, (30)
For B8+0 the polarization tensor components are Sexsin? g for Q==1. (31
~) 1 The strengths of the even-numbered resonances are therefore
a; ' =-— Zst B, expected to decrease as tBswhile those of odd-numbered

resonances should increase ag gin

- 1 - 1
a?=—-"sin2p, a’=- Esin B,

4 IV. LINE STRENGTHS: EXPERIMENTAL TESTS

A. Magnetic-field direction

ggjzgi(%sinz g—1|, alV=- icosﬁ, The angular dependence of Eq80) and (31) is illus-
V612 V2 trated in Fig. 4 with a series of spectra recorded with identi-
1 cal circular laser polarizations in a cell with 87 mbars of
a0=—_ (270  neon buffer gas. At such a high pressure onlyKhel com-
0 \/§!
~ 1 ~ 1 0.2+ = [}
a%=7sin 28, a%=5sinp, | p=13
1 0.1
né(_Z%: - ZSII’]2 ﬁ
0.0

For B=0° only theQ=0 components do not vanish so that
only even-numbered peaks are allowed,; this is the situation
depicted in Fig. 2. FoB=90° all 15 possible components
are present in a cell without buffer gas, while in a buffered

cell, whereK=2 does not occur, only odd-numbered peaks : | ”
(|Q|=1) remain. I
The transition rates vary with the square of the probability 00

o

N
|
s

Il

N
a1
o]

relative signal
=
—
|

amplitudes and in the special case considered here one ob- 029 B = 86°
tains forS,, 1M
0.1
1 1/3
Ser| — —=cos B(f|RM|i) + —| =sir? ,6’—1)
el | \/E < | 0 | > \/6 2
212 0.0 T-Tor o7 -TOT-TOT-TOT 18T 1
X(f|RG[i)|* for Q=0, (28) 765432101234567
peak number
1. T . )
Swe| sin B(FIRY)|i)— =sin 28(f|RA[i)|? FIG. 6. Comparison of calculate@oty and measuredcol-
2 4 umng resonance strengths for selected spectra of Fig. 4. The col-
for Q==1. (29 umn heights reflect the strengths of the experimental peaks, while

the dots(solid lineg indicate the results of a calculation in the limit
of high buffer-gas pressure. The dashed lines correspond to a com-
plete calculation using Eq13) with I'¢=27 X300 MHz.

In the limit of high buffer-gas pressure tie=2 terms be-
come negligible:
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1.00
1.0
— 0754
£ ] 0.5-]
g 0.50—_ 1. 1.
f‘ ] - 00 in || lin
@ 0251 0 mbar 1.0
— O 13 mbar X
] A O 87 mbar
0.04——"T—T1T—T T —T7— 0.5
30 <15 0 15 30 45 60
waveplate axis angle ¢ (degree) 00 G 0+
FIG. 7. Dependence of resonance strength on laser polarization 1.0
in a buffer-gas cell and zero magnetic fiedg= 45°, circular polar-
ization; ¢=0°, linear polarization. The solid lines are numerical fits = 05
with a sirf 2¢ dependence on top of a constant offset. 'gb ’
D] + -
. . . = oS G o
ponent of the coupling effectively survives. When the angle g VTN
B in the x-z plane is increased the seven even-numbered ug 1.0 X
resonances seen at lggv gradually vanish, while the eight T;i

odd-numbered resonances continually grow until, for large 0.5
B, they alone make up the spectrum. The broadening of the
lines toward the outer peaks is due to field inhomogeneities.

For a quantitative comparison with theory one has to de- 0.0
termine the total strength of each component. This was done
by performing a “running sum” on the raw spectra in Fig. 4,
i.e., for each frequency the intensities of all data points to the
left of it are summed. The result is a series of lines with
absorptive shapes whose areas can be determined by integra-
tion. This area is taken as a measure of the relative line
strengths.

The sirf 8 and co$ B dependences for the line strengths
of odd- and even-numbered resonances were checked using 0.5
eight spectra for differens, five of which are shown in Fig. |
4. For eachB the sumS,,e,0f the strengthss,; of the seven G o
even-numbered resonances and the sgygy of the eight 00 05 ' 0'3 ' o|1 ' 0'1 ' 0'3 ' 05
odd-numbered resonanc8s , ; were normalized to the total "7 Hequency offset (MHz) | '
strengthS= S, .+ Syqq (Squares and circles in Fig).5The
solid line represents the pure égsand sirf 8 dependences FIG. 8. Polarization dependence of line strengths in a cesium
anticipated from Eqs30) and (31). cell without buffer gas(crosses, theoretical vallesThe highest

While there is qualitative agreement, there are systematipeak in each experimental and theoretical spectrum was normalized
differences: The squares are mostly too low and the circlet® unity. The experimental data were taken frE@2].
too high. Such a systematic deviation could be due to an

Iin 1 lin

additional magnetic field component in tigedirection. ized to the unit total line strength. The good agreement jus-
tifies our omission in the theoretical model of interaction
B. Relative line strengths in buffered cells effects between differenf\ systems with shared lower

levels.
In the raw data fo3=86° the outermost lines seem very
weak (Fig. 4), while in reality they are the strongest compo-

If the buffer-gas pressure is high enou@eater than 10
mbars of neon for the cesiub, line) the resonance denomi-

natorsN(F;) are mainly determined by the collisionally in- nents(columns in Fig. 6 This effect is due to field inhomo-

c_reas_edl“s, as d|sc_ussed above' It is therefore possible tcbeneities that broaden the lines at the expense of their
S|mp||f_y _the _calculanons by treatm[sj(FS)_as a constant gnd heights while leaving the peak areas constant.
by omitting it from Eq.(3) for a calculation of relative line

strengths. The results of a numerical calculation for circular
light polarizations are shown in Fig. 6 as dots connected by
solid lines. For completeness the results of the full calcula- The circular polarization used to record the spectra shown
tion using Eq.(13) including the resonance denominatorsin the previous figures is produced with a quarter-wave plate
N(Fs) with I's=27Xx300 MHz are shown as dashed lines. whose axis is aligned along theaxis. The direction of the

I's was estimated from a Voigt profile fit to a Doppler and linear input polarization makes an angle @f 45° with the
collisionally broadened optical transmission profile. The exx axis. Wheng is reduced from 45° to 0° the polarization
perimental and theoretical spectra have each been normajfadually changes from circular to linear:

C. Change of multipolarity
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(32) optical detuning is too large. In effect, there are no atoms
that give contributions for both values &f;, so that the

(33) relative signs of the contributions are irrelevant and one can
sum over rates instead of amplitudes. The calculatio8,gf
can therefore be simplified by performing an incoherent
summation oveF¢ and by once again omittinly(F) (thus

p=(CcOS )& +i(sin ¢)e,

=(cos p—sin @)e,— 2(sin )&,

and similarly forg, giving, for a3,

ey 1 assuming equal numbers of atoms in each relevant velocity
a; )=§cos 2p, class:
~ ~ F:f K Fi) 2
(2) — (1) — = —1)Q4q(K)
a;”’=0, a;’=0, = 1)~at UKV(K,FY)| .
i i Se= |2 (V0N _ g JUEOVKFY

~ 1 ~ 1 (39
al=—sin 29, aP=-—, (39 , _
V2 NE) In this way the power-broadened spectra for various po-
larization configurations that were measured in our labora-
5@{:0, 59{:0, tory [22] in a cell without buffer gas can also quantitatively
be reproducedFig. 8). Small deviations between experiment
- 1 and theory can be explained by an imperfect quarter-wave
a(—ZEZECOS 2p. plate. The upper three spectra in Fig. 8 correspond to pure
quadrupole coupling K=2); in cells with buffer gas no
In a buffer gas, where only)K=1 contributes, the line Spectra can be seen for these polarization configurations. The

strength should thus depend @n like sir? 2¢. This was lower three spectra in Fig. 8 have bdh=1 andK=2 con-
checked experimenta”y in three cesium cells with 0, 13, andributions. This is the reason Why the relative line Strengths
87 mbars of Ne at zero magnetic field. In Fig. 7 the total arediere are different from the spectra for thé o configura-
of the dark resonance is plotted as a functiorpofrhe solid  tion in buffer-gas cellgsee Fig. 3where onlyK=1 contrib-
lines are numerical fits of A+ (1— A)sir? 2¢ dependence. Utes.

From the fit one obtain®=0.45, 0.095, and 0.036 for
pressures 0, 13, and 87 mbars, respectively. This confirms V. CONCLUSION
the gradual change in multipolarity predicted by E¢3) ) )
and(24) and might be a way to determifiz as a function of We have developed an analytical model for the relative

pressure without actually having to measure lifetimes or deline strengths in coherent dark resonances in multilevel
tailed line shapes. systems. This model is valid for low light intensities or high

buffer-gas pressures when optical pumping between different
A systems can be neglected. We find good agreement with
our experimental data on the cesildy line. For the case of

In a vapor cell at room temperature the Doppler width ofa|kali-metal atoms the calculations can be simplified for the
the cesiunD, line is 370 MHz, which is comparable to the special cases without buffer gas and of high buffer-gas pres-
hyperfine splittings of 251, 202, and 151 MHz in thB#,  sure. The spectral features observed for different field orien-
state. If the laser frequencies are tuned into the hyperfingations, polarizations, and buffer-gas pressures were traced
manifold of the @3, state there is, for each levéf), a  back to multipole orders of an effective coherent two-photon
velocity class that is resonant with the transitioh—[s).  coupling between the lower states of thesystem.
This class with a width corresponding to the homogeneous
width I'g will give the dominant contribution of levéF) to
the line strength. If the statgs) have a frequency difference
larger thanl', for each individual atom only one levgF) This work was supported in part by the Deutsche For-
will effectively enter intoS, because for the other level the schungsgemeinschatt.

A=

5

D. Cell without buffer gas
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