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Role of degenerate Zeeman levels in electromagnetically induced transparency
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We have observed various-type electromagnetically induced transparefeyT) spectra in laser-cooled
8Rb atoms of different laser polarization configurations. Unexpected profiles occur in the EIT spectra. We
have found the degenerate Zeeman sublevels are responsible for these profiles. The experimental data are in
good agreement with the results from the theoretical calculation which takes into account all the 13 Zeeman
levels in the A system. Our study demonstrates that Zeeman sublevels play important roles in quantum
interference phenomena such as EIT and amplification without population inveérsigh), and should be
taken into account in the analysis of these phenomena.

PACS numbes): 42.50.Gy, 42.62.Fi, 32.80.Pj

Since the phenomenon of electromagnetically inducedtates that the degenerate Zeeman sublevels play important
transparencyEIT) [1] was first proposed and obsern&j3],  roles in the EIT spectra. In order to clarify the experimental
it has attracted great attention along with its applications andata, we conduct the theoretical calculation that considers all
the related effects such as lasing without population inverthe Zeeman levels. The results of the theoretical calculation
sion (LWI) [4], coherence population trappif@PT) [5],  are in good agreement with the experimental data. We pro-
enhancement of nonlinear wave mixif§7], and modifica-  vide a simple theoretical picture to explain the observed
tion of the refractive index{8,9]. Recently, it gains more gpectra. Our final step is to extend the theoretical calculation
popularity to employ laser-cooled atoms in studying thesg predict spectra of room-temperature samples.
quantum interference phenomeiid—14,17-19 The effect Figure 1 illustrates the experimental arrangement. Cold
of Doppler broadening is eliminated in cold atoms with tem- 875 "atoms are produced with a vapor-cell magneto-optical

peratures below mK. This allows the coupling and the probt;trap (MOT) [15,16]. Pressure of the vapor cell is about 4

beams to propagate in arbitrary directions and to have varis 059 Tor The MOT is formed with a spherical quadru-

ous kinds of polarization configurations in the experiments - . .
of studying these phenomena. The flexibility of the experi—_pOIe magnetic field, six trapplng laser bea”_‘s' and a repump-
mental arrangements and the degree of freedom of the stufld 1aser beam. Two anti-Helmholtz coils generate the
ies are improved. In addition, the motion of cold atoms isSPherical quadrupole magnetic field with an axial gradient of
very slow. One can have very high density sample of coldt2 G/cm. The circular trapping beam_s have dv’a_lmeters of
atoms for the studies and the collision perturbation is still9-6 mm and the power of each trapping beam is 2.3 mW. Its
negligible. This can greatly enhance the quantum interferfrequency is tuned to 15 MHz below theSH,,F=2
ence effects. We therefore choose to use laser-cofieRi ~ —5P32,F'=3 transition. The repumping beam drives the
atoms to study the -type EIT. 5S,,,F=1—5P4;,,F'=2 transition with an ¥ diameter

In this work, an unexpected profile appears in the EITof 10 mm and a power of 4 mW. Typically, we trap 5
spectrum which, in our knowledge, has not been demonx 10’ atoms with a temperature of 43K in the MOT. We
strated in the literature. This has prompted the motivation ofise a coupling laser beam and a weak probe laser beam to
the study. We vary the polarization configurations of the la-measure EIT spectra. The frequency of the coupling laser is
ser fields and obtain different EIT spectra. The result indidocked to the %,,,F=1—-5P;,,F'=2 transition, while

F'=3
1 L
0 I TlL /K’ FIG. 1. (a) The diagram of®’Rb energy lev-
probe | | Conpling / Coupling els. (b) The scheme of the experiment. T denotes
I,aser: | Laser T —)*/”" Laser the trapping beams anl denotes the anti-
| Y e ik Helmholtz coils. The repumping beam is not
Trapping| Repumping | | yf// shown in the figure. The coupling and probe
Laser Laser ' A7 WT beams propagate in they plane and their propa-
F=2 [ / gation directions are orthogon&D is the pho-
! {“’be < > M todetector for measuring the probe absorption.
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L L expected spectrum is independent of the absolute orientation
of the laser polarization in the space. We keep the polariza-

tion direction of the coupling beam in thé and rotate that
of the probe beam to any direction perpendiculaktoWe

also try the polarization direction of the probe beamyin

and rotate that of the coupling beam to any direction perpen-
dicular toy’. The observed spectra in any of the above situ-
ations are the same as the one shown in cucyeThe un-
expected bump is also not caused by the presence of the
MOT. We perform the measurements of the probe absorption
spectra when the MOT is temporarily shut ¢én 1-ms in-
terval) and all the other conditions are kept the same as those
of curve (c). The signals of such measurements are smaller
and much noisier. Curvi@) is the average of 5 times of such
measurements and normalized to the height of c(zueDue

to the laser-field excitations and the magnetic-field inhomo-
geneity of the MOT, the spectral width in cur@ is a little
broader than that in curvéd). Except for this difference,

Probe Absorption (arb.units)

() curve(d) is in agreement with curvée). Although the pres-
. —————— ence of the MOT can perturb the measured spectra, the per-
-100 -50 0 50 100 turbations do not influence our study much due to the rea-
Probe Frequency (MHz) sons below. The frequency of the trapping beams is far from

the resonance of the studied transition; all the light shifts of
r'%he 5S,,,F=2 Zeeman states induced by the trapping field
are much smaller than the Rabi frequency of the coupling
field; the average amount of these light shifts is estimated to
be 1.5 MHz and such amount is less than the uncertainty
(==*=3 MHz) of our frequency determination; the intensity

that of the probe laser is scanned across tfg,5F =2 of the repumping beam is much weaker than that of the cou-
—5P4,,F'=2 transition. Both lasers have linewidths less Pling beam; the Zeeman shift caused by the magnetic field in
than or equal to 1 MHz. The coupling beam is in elliptical the region of the atom cIo_ud is much smal!er than the Rabi
shape with major and minor d/diameters of 3.4 and 1.7 frequency of the coupling field; the broadening of the spectra
mm. Cold atoms produced by the MOT are completely in-due to the fields of the MOT does not modify the spectral
side this 1é beam profile of the coupling laser. The profile of féature of our study. The rest of our experimental study is
probe beam is also elliptical with major and minoe tiam- under the presence of the MOT for better signal to noise
eters of 1.1 and 0.6 mm. Before the probe beam interacttio- o _ _

with the atoms, it is sent through a circular aperture with a N Fig- 3, we vary the polarization configurations of the
diameter of 0.6 mm. We keep the power of the circular probé:ouphng and probe beams. The vertical scale of the normal-
beam at 1.5¢W through the entire measurements. The cou-zed probe absorption in the figure is chosen such that the

pling and probe beams propagate in the orthogonal directiorR€ak absorption of the probe beam is 1 in the absence of the
which are denoted a8 andx’, respectively. In this experi- coupling beam. The probe frequency is also determined in

ment. the trappind. repumping. counling. and probe beamthe same way as shown in Fig. 2. The mark of O in the
' pping, repumping, piing, P Rorizontal scale in Fig. 3 indicates the resonance frequency
come from four independent diode lasers.

Curves(a), (b), and(c) in Fig. 2 show the EIT spectra of of tfhe F:.ZHFf:ﬁ transTon. Tr(;e valglous polanzatl(?n_
the cold 8’Rb atoms for different coupling beam intensities configurations of the coupling and probe beams result in

in the presence of the MOT. The counling beam is linearl quite different spectra. These experimental data reveal that
P : piing Ythe degenerate Zeeman levels play important roles in the EIT

polarized in the direction ok’ and the probe beam is lin- spectra.

early polarized in the direction & We determine the probe In order to clarify the above experimental results, we per-
laser frequency with the saturated absorption spectrum of form the theoretical calculation of the probe absorption spec-
room-temperature Rb vapor as shown in cu@e The mark  trum that considers all the 13 Zeeman levels in shgystem

of 0 in the horizontal scale in Fig. 2 indicates the resonanc21,26. Our calculations are limited to the cases that the
frequency of theF=2—F'=2 transition. When the inten- coupling field is linearly polarized and the magnetic field is
sity of the coupling beam increases, the dip around the centetbsent. Two examples of the excitations of the coupling and
of theF=2—F’=2 transition in the probe absorption spec- the probe beams are illustrated in Fig. 4. Figu(a) 4hows
trum gets wider and deeper as expected. However, dajve that the directions of the linear polarizations of the two
in Fig. 2 differs from all the other EIT spectra that we havebeams are parallel angh) corresponds orthogonal. For the
seen in the literature, e.g., Refd2-14,17-20 An unex-  excitations in Fig. 49), the density matrix is solved with
pected bump emerges inside the dip of that curve. This unthe following equations:

FIG. 2. (a), (b), (c), and(d) are the probe absorption spectra of
cold ®Rb atoms. The averaged intensities of the coupling beam i
the atom cloud are 100, 220, and 420 mWidr (a), (b), and(c)
and (d), respectively(e) is the saturated absorption spectrum of a
room-temperature Rb vapor.
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In the equation of 4om, oIS theF=1—F’=2 transition
frequency andv,, is theF=2—F' =2 transition frequency.
The equations oH ¢ pjing @NAH 5 0pe @re written in the rotat-

ing wave approximationw, is the frequency of the coupling
laser andw, is that of the probe lasels are the Rabi
frequencies and their subscripts indicate the different transi-
tions. The equation ofdp/dt} describes all the relaxation
processes in the systeii=27x5.9 MHz is the spontane-
ous decay rate of thePy,,F'=2 excited statel’j; is the
spontaneous emission rate from an excite stajeto a
ground statgi). I'" andI'” are the decoherence rates for the
relaxation processes other than the spontaneous decay. The
linewidths (y,) of the laser fields and the magnetic-field in-
homogeneity §,,) in the experiment contributé'’ (=~ v,

+ ym) andl’ (=2y,+ yy,) mostly. Treating the weak ;gpe

as the perturbation, the calculation is carried out to all orders
of Hcoupiing @nd to the first order of pope [22]. After the

FIG. 3. The average intensity of the coupling beam is 420g¢aiionary solution of Eq(l) is found, the probe absorption

mW/cn?. The solid and dashed lines are the experimental and th

€

Cross section is the imaginary part of

oretical spectra, respectively. The coupling and probe beams are

polarized in(a) z andy’, (b) zandz+y’, (c) zandz, (d) zando,
(0_), and(e) X’ ando, (o_). In (d) and(e), the spectra of the .
and o _ polarizations of the probe beam are the satf)eThe cou-
pling beam is off. We us€¢’=0.9" andI""=0.7T" in the theoreti-
cal calculation.

dp

dp
at = i [Hatomt H coupling™ H probevp] +

rrik (1)

13 8

Hatom:ﬁw21i=29 |i><i|+ﬁ(w21—w22)i=§;‘ |i><i|: 3]

10y
Hcoupling: —e'ed T(|l><10| + |3><12|)
Qo
+ 5 [2)(11] |+ c.c., (3)
80y
H probe= — €'“P T(|4><9|+|8><13|)
Q)
+ 52 (B0 + 7)1 | +ec, (@

3}\2 iwpt ’ H :
>-€ "Ej Ij(F'=2m,=i|p|F=2m,=])/Q;;. (6)

In the above, the summation is for all the allowed probe
transitions\ is the wavelength of the probe beahy; is the
spontaneous emission rate froRf =2m,=i to F=2m,
=], and Q;; is the Rabi frequency of th&=2,m,=]| to
F’'=2m,=i transition. For the excitations in Fig(l), the
probe Hamiltonian is changed to

iwpt ﬁﬂ{)l
Hprobe:_e P T(|4><10|+|8><12|)

QI
P2 (15)(9] +7)(13))

T

QV
P2 (15)(11 +|7)(11))

i
T

Q4
S2(16)10+16)(12) | +ce. (D)

+
and the remaining part of the calculation is similar. All the
theoretical spectra of the different polarization configurations
are obtained in the same way.
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FIG. 4. The excitations of the coupling and probe fields among the Zeeman levelsAndygtem. The coupling and probe beams are
linearly polarized. Their polarization directions are parallelanand orthogonal irfb). The probe transition d6)—|11) in (a) is forbidden.
The polarization configurations @& and(b) result in the spectra of Figs(§ and 3a), respectively.

The results of the theoretical calculation are in goodpeak at the resonance frequency. All the probe transitions
agreement with the experimental data as demonstrated iflark transitionsother thar{5)—|9) and|7)—|13) result in

Fig. 3. We also compare the experimental and theoreticain EIT profile. The observed spectrum is the combination of
spectra of the probe absorption around the2—F'=1

the Lorentzian profile and the EIT profile. In the case of Fig.
transition, when the frequency of the coupling laser is locked4(b), the intensity of the Lorentzian profile is much smaller
to the F=1—F’'=1 transition frequency. The observed than that of the EIT profile. The peak of the Lorentzian pro-
probe spectra in such arrangement are similar to those in Fidile protrudes in the dip of the EIT profile such as a small

3. There are bumps or peaks around the resonance frequenioymp as shown in Fig.(2) or Fig. 3a). When the coupling

in the observed probe spectra. For the different polarizatiofbeam is not strong and the EIT dip is not too deep and wide,
configurations of the coupling and probe beams, the consighe small Lorentzian profile is concealed and becomes unno-
isfactory.

tency between the experimental and theoretical spectra is sateeable as shown in Figs(& and 2b). On the other hand,

the intensity of the Lorentzian profile is comparable to that

When we consider all the degenerate Zeeman sublevels wf the EIT spectrum in the case of Fig(at A narrower
the A system, the reason of the unexpected profiles of théorentzian shape can be seen clearly on the top of the
EIT spectra becomes clear. For example, Fith) $hows

broader EIT profile as shown in Fig(@. Although our ex-

|5)—|9) and|7)—|13) of the probe transitions without the perimental observations were carried out in the regime of
interference of the coupling field. Such probe transitionshigh coupling field intensity where the spectra of the dark
(nondark transitionsresult in a Lorentzian profile with a transitions can be seen as Autler-Townes doull&®s18,
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the above illustration about the bump is still valid. At low 1.00
coupling field intensity where the spectra of the dark transi- ]
tions are undoubted EIT phenomena, one can also expec ¢.5]
that the nondark transitions will degrade the EIT effect. ]
We also examine the other twho-type EIT systems in the
5S,, and the P, states of®’Rb atoms, while the coupling
field is linearly polarized. In one case, the probe field drives
F=1—F'=2 transitions and the coupling field drivés
=2—F'=2 transitions. Because th&=2m=0—F’
=2mg=0 transition is forbidden, the nondark transition of
the probe will still exist in all kinds of polarization configu-
rations. In the case that the probe field drives 1—F'’
=1 transitions and the coupling field drivés=2—F'=1
transitions, all probe transitions will be dark transitions in all
polarization configurations. In th&-type EIT systems of the

0.90 ]

0.85 h

0.80 V ]
] i ]

0.75 +————+——F—"——F—"——T———————————
120 -90 -60 -30 0 30 60 90 120
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5S,,, and 5Py, states of®’Rb atoms with a linearly polar- I_:IG_. 5. The EI_T spectra of room-temperat§f&b atoms for th_e
ized coupling field, this is the only arrangement of the lase€xcitations described in Figs(a} and 4b). The vertical scale is
frequencies that will not have any nondark transition. chosen such that the peak absorption of the probe beam is 1 in the

We further extend the theoretical calculation to a room-absence of the coupling beam. The top spectrum is in the parallel
temperature samp[@3]. The calculation considers all the 13 polarization cqnfiguration._ The _Iower two spectra are in the or-
Zeeman levels, and assume that the coupling and proﬂgogonql polarization c_onflguratl_on._ The spectra from the 13-level
beams are copropagating to eliminate the Doppler effect. Th Iculation are shown in the solid lines and the spectrum from the
two solid curves predicted from the 13-level calculation int ree-level calculation is shown in the dashed line. The intensity of

Fig. 5 are the spectra of the orthogonal and parallel polarizal'® c0UPling beam is 420 MW/mr'"=0.5" andI""=0.7T"

tion configurations of the coupling and probe beams. The |n summary, we have demonstrated experimentally and
absorption-reduction dips of the two spectra differ greatly intheoretically that the degenerate Zeeman levels play impor-
depth. This indicates that proper arrangement of a lasetant roles in the EIT spectra. Only the calculation that takes
polarization configuration or proper selection of hyperfineinto account all the degenerate Zeeman levels can predict
levels will certainly improve the absorption reduction or the spectra properly for different laser-polarization configura-
amplification gain in EIT or LWI experiments with room- tions. The experimental data are in good agreement with the
temperature samples. The dashed curve in Fig. 5 is the préesults of the theoretical calculation. Our study shows that
dicted spectra of the orthogonal polarization configurationz€eman sublevels should be taken into account in the analy-
from a three-level calculation. The three-level calculationsis of the quantum interference effects such as EIT and AWI.
does not consider the degenerate Zeeman sublevels and u§g§er than our demonstration, the effect and the importance
the average Rabi frequency of all the coupling transitions®f Zeeéman sublevels in cold atom spectroscopy or in quan-
The spectra of the orthogonal polarization configuration fromfUM interference phenomena have also been presented in
the 13-level and three-level calculations differ a little. Al- Refs.[24-27.

though the three-level calculation cannot deal with laser po- This work is supported by the National Science Council
larization, it can be fair to predict spectra of a room-of the Republic of China under NSC Grant No. 88-2112-M-
temperature sample in the orthogonal laser-polarizatio®07-047. We thank Professor Jow-Tsong Shy and Dr. Mao-

configuration. Sheng Huang for loaning us some instruments.
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