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Polarization effects in electromagnetically induced transparency
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We demonstrate the magnitude dependence of electromagnetically induced transparency, in a three-level
cascade scheme in rubidium, on the probe and coupling field polarizations. We show that this dependence is
due to the presence of the degenerate magnetic sublevels and the strengths of their relative dipole matrix
elements. It is shown that this can lead to modified absorption profiles when electromagnetically induced
transparency is used for spectroscopic purposes. We present theory that is in good agreement with our
experiments.

PACS numbdis): 42.50.Gy, 42.25.Ja, 32.70n

I. INTRODUCTION excitation” model of EIT and show that the strength of the
two-photon absorption results in enhancement or degradation
Electromagnetically induced transparen@IT) [1] is a  of EIT depending on the probe and coupling field polariza-
phenomena in which an atom subjected to a weak probe fieltion. In our cascade scheme it is also possible to resolve the
on one transition and a stronger coupling field on a linkedhyperfine structure of the upper coupling field level using
transition will no longer absorb the probe radiation. As well EIT [14], and we show how polarization affects this method
as being of considerable interest in its own right, EIT under-0f atomic spectroscopy.
pins phenomena such as lasing without inverdigh and
more recently, slow lighf3—5]. In the following paper, we Il. THEORETICAL CONSIDERATIONS
present a study of probe and coupling field polarization on A. Two-photon effects
the EIT absorption trace in a multilevel cascade scheme ) . . - .
within rubidium. Previously, the role of polarization has . '€ experimental atomic system is shown in Fig. 1. Itis

been largely ignored in studies of EIT, although of late therd" €SSence a simple three-level cascade scheme used in a
has been some interest, particularly in coherent control ofumber of experimentpl5,16. However, rubidium has a
polarization6], where EIT is used to change the polarizationml?Ch more compllcated structure due to its intrinsic nuclear
state of the probe field, thus turning the atomic medium intg>Pin: therefore in order to examine fully the two-photon ef-

a waveplate. Interest has also fallen on the use and enhan

Jg_cts, we must take into account all the sublevels. Note that
ment of magneto-optical effec{$,7,8, where EIT effects

in this paper we only consider theShy(F=2)—5P5,(F’
coupled with nondegenerate magnetic sublevels can produced:2:3)~5Ds;(F"=1,2,3,4) transitions of R but our ar-

enhancement of magneto-optical rotation and even produce@ments are valid for any of the rubidium isotopes or
magneto-optical switch. Studies by Durraettal. [9] have ground-state F Ievels: Previously, the aqthors have shown the
examined the role of polarization in EIT in a Lambda ole that two-photon interference plays in EIT4]. Extend-
scheme within a MOT. We also note that a study of polar-ng this work by calculating the two-photon transition prob-
ization effects as a function of beam intensity in two-leve| @Pilities for the 3~ 5P, 5D, transition, we are able
systems has been carried out by Lezaetal. [10] while  t© predict the relative magnitudes of EIT features for various
both Ling et al. [11] and Fultonet al. [12] have examined p_rpbe and poupllng field polar|zat|on_o_rlentatlons. The tran-
EIT in media with Zeeman structure. A theory of saturationSition amplitude for an atomic transition between twi
spectroscopy outlined by Feuillade and Berrfiz8] may be  €vels is given by17]

relevant for this work but is beyond the scope of the simple F M
theoretical outline taken here. g 1 ‘67.7MHZ_ ———_
In this paper, we examine the effects of polarization on a 5D ===

system with degenerate magnetic sublevels. Many papers
that discuss EIT mention some arbitary use of coupling field
or probe field polarization but never actually discuss why .
those polarizations were chosen. In this paper, we discuss —1
why it may be appropriate to choose certain polarizations in
a typical EIT experiment. It is shown that the Zeeman-level
degeneracy is responsible for the changing EIT absorption

profiles observed when the polarizations of the optical fields ) ImGH?__ -
are varied. More specifically, we examine the “two-routes to 38
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FIG. 1. The atomic system under consideration:5%5,,,
*FAX: +44 (0)1334 463104. Email address: dm11@st-and.ac.uk—5P5,—5Ds5,).
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(IJFm,:|d I 'J'F'm) TABLE |. Transition probabilities for atoms moving between
a the 5S,(F=2)—5P4(F'=1,2,3)-5Ds,(F"=1,2,3,4) states as
F 1 F' parts of 35000, for each possible polarization geometry.
= ( - 1) Fome _ ’
M G Mg Probe Coupling Peak | Peakll Peaklll Peak IV
X (— 1)| +J+F+1\/(2F +1)(2F +1) polarization polarization F"=4 F"=3 F"=2 F'=1
J 1 ¥ T T 3600 1232 1160 168
x{ ) ](J|d||y), ) T ot 2700 2044 695 231
F* 1 F ™ o 2700 2044 695 231
. . . + + 5400 1848 690 252
wherel is the nuclear spinlE 3/2 for RB), Jis the angular ; :, 000 1428 1165 147
momentumf is the total angular momentum, ang stands ot - 2700 2044 695 231
for the magnetic sublevels df states. EachF state has _ _ 5400 1848 690 52
(2F +1) degeneraten: values. The primes on the quantum 7 _ 7, 900 1428 1165 e
numberge.g.,J’) correspond to the initial state in which the ¢ 7
de.g.J') P g T 2700 2044 695 231

atom resides. The valué, is the dipole operator and the
value of q is polarization dependent, with

g=me—m.=0 ) c2)ptical fields haver polarization have been included in Fig.

It should be noted that for our system we can legitimately
multiply and add across the relevant dipole transitions be-
3) cause each system is independent of the others. An exami-

nation of Fig. 2 highlights this fact. In order to end up in the

5Ds(F=1) upper state, an atom may interact with the ap-

duced matrix element as defined by Shft@], and can be plied optical fields and arrive in this state via either the
left unevaluated if one is considering only the relative dipole®P#2F =1) or 5P3(F=2) intermediate state. The choice
matrix strengths, as is the case in this work. The values in th@f which route is employed by the atom is dependent on its

parentheses denote standard 3j symbol notation and sinfielative velocity. This velocity component selects which in-

larly, the values in the curly brackets denote standard 6 symt_ermediate level the atom is Doppler shifted into resonance

bols [17,18. In this work they are evaluated via a math-

for linearly polarized light and
g=mg—mg==1

for circularly polarized light. The valueJ(d||J’) is the re-

ematical algebra package. .
We can then easily calculate the relative transition
strengths[without evaluating the reduced matrix element 2
(3377 using 3
-4 S T & | 1 2 3 4
Sg=[(1IFme|dg[13"F mE) . 4
q |< F| q| F>| (4) 9/4000 0 | 9/400
We then normalize the relative transition strengths for 320000 | [0 3/20000

each transition for given initial values &f andq (polariza-
tion). The normalized transition strengths are then treated as 4
the probability value for excitation, and by appropriate addi-
tion and multiplication we are able to calculate the probabil- 2
ity of starting in a givenF, mg level and ending up in any
otherF, mg level. As such we are able to predict values for
the two-photon transition strengths and hence the strength of
observed EIT features.

In examining the EIT in our cascade system, we use nine
combinations of field polarization, withr representing lin-
early polarized light,o*, right-handed circularly polarized
light and o, left-handed circularly polarized light. We see
that there are a number of possible transition routes to the
upper state, each with its own weighted probability. By mul-
tiplying probabilities for the two transitions &;,—5P3»)
and (5P3,—5Dgp), we end up with a two-photon transition 1
probability for each allowedng to mg level. Then, summing
over all allowed transitions, we arrive at a transition prob- FIG. 2. Possible transitions in the linear-linear polarization case
ability betweenF states. The full set of probabilities can be with q=0. Normalized transition probabilities of allowed two-
seen in Table | below. The values for the case where botbhoton transitions, ending in theDg,(F=1) state are given.
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TABLE II. Relative probabilites for getting to theSg,,(F=2)

—5Pg(F'=1,2,3)-5Dg,(F"=4) state, normalized to the largest Coupling Laser
value for each polarization oreintation. This value gives a value of
the relative amount of EIT found for a pair of given polarizations. S-B [
Compensator Detector
Probe polarization Coupling polarization Peak | HD—»
B i
eam splitter Gl
T T 0.69 l H
T ot 0.48 < Rb § U Probe Laser
T g 0.45 SB
ot Pl 1 Compensator
o v 0.16 FIG. 3. Experimental set
ot . 0.48 - 3. EXpen up-
7 "+ 0.97 necessary to reduce the two photon residual linewidth below
T 7 8;? that of the single photon probe field Doppler width. The
g a .

residual Doppler width of the two-photon transition is

i ) . AVD:|(k1+k2)U|, (8)
with, and hence which route it employs to the upper level. If

the situation had been that the atom had a certain probabilityhere
of employing one route as opposed to the other then the route
to the upper state would be more complicated. It would in- [2kgT
volve calculating the coherent superposition of two separate u= M '
wave functions and therefore we would be unable to simply
add and multiply across the normalized transition probabili-T being the temperature of the gas didhe atomic mass.
ties. The first requirement to minimize the residual Doppler width
Shown in Table Il are the two-photon transition probabili- is to choose a system that employs optical fields of nearly
ties of ending up in thé=4 state of the Bg, level, nor-  equal wavelengths, i.e|ki|~|k,|. If the two input fields
malized against the largest value. This gives us a measure tien counterpropagate, the frequency shifts on the individual
the relative amount of EIT we expect for each combinationtransitions will be in the opposite direction and the residual

)

of field polarizations. Doppler width will be low, similar to the situation occurring
in Doppler-free, two-photon spectroscof9]. For the cas-
B. Observation of Doppler-free EIT cade system being considered in this work, the copropagat-

ing two-photon width is 536 MHz, while with counterpropa-
gating fields this value reduces to only 1.38 MHz, at 320 K.
These values compare with the single-photon probe Doppler
width of 528 MHz. Therefore, the fact that the probe and
coupling field wavelengths are closely matched can be used,
A,+A,=0, (5) in effect, to cancel out the masking effects of Doppler broad-
ening on the probe transition that would normally act to ob-
whereA; is the probe field detuningFig. 1), andA,, the  scure the observation of EIT.
coupling field detuning. Therefore, the location of an EIT
resonance is independent of the structure and position of the IIl. EXPERIMENTAL SETUP
intermediate level. It is the energy separation of the lower ) ) ) )
and upper levels, relative to the photon energies of the ap- The gxpgnmental setup used to mvespgate these effects is
plied optical fields that is the important parameter. HoweverShown in Fig. 3. We make use of two single frequency con-
for the EIT effect to be physically observed it is required thatinuous wave Ti:sapphire lasers, one being a Microlase
the probe field falls within the absorption linewidth of the MBR-110 that is employed as the probe field. It generates
5S,,,— 5P4, probe transition. The individual detunings can light at around 780 nm for interaction with theSg,
be written in terms of the Doppler shikV, on a transition f5P3,2 transmon a}nd is tuneable across this §t0m|c trapsr
for an atom with velocity componeit, in the direction of tion. It has a linewidth ofk<100 kHz. The coupling laser is

To conclude our theory section, we briefly look at the
conditions for observing sub-Doppler EIT. EIT is a two-
photon resonance procegdst]. The location of an EIT reso-
nance in the cascade system is given by

the beam propagation: a modified Schwarz Electro-Optic Titan CW and provides
radiation at around 776 nm for interaction with th®5,

A=A%+Kk,V,, (6) —5Dy5, transition. The coupling laser is passively stable and

it is possible to manually tune it by employing a solid etalon
A=A+ k,V,, (7)  and a set of Brewster plates. It has a linewdithdd MHz.

We estimate that the coupling field Rabi frequency is ap-
whereAio is the detuning of the applied field from the atomic proximately 30 MHz. The rubidium cell used is 2 cm long
transition andk; is the wave number of the applied light. In and is heated to approximately 60 °C. The coupling field is
order to observe sub-Doppler effects on the probe field it isinfocused through the cell and the probe is only weakly
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focused in order to keep its spatial profile within that of theThis is due to the fact that high-powered coupling fields are
coupling field. We do not employ further focusing of the normally employed and both fields are also usually focused
beams so as to minimize power-broadening effects. The alwithin the cell in order to obtain better spatial profile match-
sorption traces are monitored by a photodiode placed aftang of the beams. The combined effect is to induce coupling
the cell- and phase-sensitive detection is used to improve thigeld Rabi frequencies much closer to the single-photon Dop-
signal-to-noise ratio. In order to control the polarization of pler width of the probe fieldi.e., >Avp) and hence power-
the fields, a Soleil-Babinet compensator is placed in the patbroadening effects become significant. In this experiment, by
of both the probe and coupling fields before they enter thehoosing not to focus the optical fields, we are able to re-
cell. Both fields are linearly polarized in the same sense besolve the hyperfine levels in the upper transition as shown in
fore propagation through the compensators. It should béhe experimental traces in Figs. 4 and 5. It is well known that
noted that if the polarization of the probe and coupling fieldthe two-photon absorption route is fundamental to the EIT
are set to be in the same circular polarization, then the atomiprocess. It is the interference between the one- and two-
sample will “observe” the polarization of both fields as photon routes to the upper probe level that is of fundamental
though they are circularly polarized in the opposite sensémportance in EIT. This has clearly been shown by Moseley

since the beams are counterpropagating. et al. [14]. Therefore, the greater the probability of a two-
photon transition within a particular system, the greater the
IV. EXPERIMENTAL RESULTS EIT feature we would expect to observe. Thus as the two-
The experimental traces corresponding to the rows VI, IV F'=4

and V of Table | have been reproduced in Figs)4(b), and

(c), respectively. It can be seen that each of the absorptior
profiles are broadly similar, each consisting of three resolv-
able EIT peaks. In all the traces there should in fact be a__
fourth peak, corresponding to tHe=1 state in the By, ié
level, however the relative dipole strengths of the two- S gyl
photon routes terminating in this state are so weak that thesq%
peaks cannot be resolved. The relative depths of each o¢
these peaks can be seen to depend on the relative polarizaticg
orientations of the applied optical field as predicted. Figure 5
compares directly the situation outlined in rows IV and V of
Table I. It can clearly be seen that the depth of the EIT
feature in thec™ — o " case is much greater than in the

—o case.

0 s 100 10 200 250 300 350 400
V. DISCUSSION Probe Field Detuning (MHz)

In general EIT experiments upper-state hyperfine struc- FIG. 5. Change in depth of EIT with polarization. Dashed line
ture would not be observed due to power-broadening effect&orresponds ter* — ot case, solid line isr* — o~ case.
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photon transition probability changes, as it will do as thecase and the fact that the=4 hole is larger than th&
probe and coupling field are altered, we expect the EIT to=3 hole in thee™ — o~ case(which is not an obvious re-
change as well. EIT is the imprint of the two-photon processsult) mean our theory is largely correct.
on the probe field absorption. This is exactly what we ob- Such findings have potential use when using EIT as a
serve, as outlined in Fig. 5. In the casecof — 0" polariza- method of spectroscopjl4]. We can envisage a situation
tion, we expect a two-photon probability of 0.22 of being in where hyperfine structure is unable to be resolved, for ex-
the 5D5), level, compare this to the probability of 0.11 of ample due to power-broadening effects of the coupling field.
being in the s, level with o™ — o~ polarization. We see If we can change polarization orientation to enhance the EIT,
in Fig. 4 that the overall amount of EIT does indeed changeve can bring down the required coupling field power and
from one polarization orientation to the next, explained quitetherefore begin to resolve the structure. We note that such
simply by the two-photon transition probabilities. effects in other schemes; e.g., Lambda and V scheme may
We now examine the EIT traces showing the structure iralso be of interest7].
the upper coupling field level. Consider the three traces
shown in Fig. 4. It can be seen that there is a significant
difference when the circular polarization of the applied fields
is in the same or opposite sensas experienced by the  In conclusion, we have shown that the polarization of the
atomic sample Relative to ther " — o™ field orientation, it  optical fields plays an important role in electromagnetically
can be seen that in the” — o~ case theF=4 peak is sig- induced transparency experiments. EIT can be enhanced or
nificantly reduced, to such an extent that the 3 peak is degraded by the appropriate choice of polarization for the
larger. These results are readily explained when the twoprobe and coupling fields. We have shown that this phenom-
photon probabilities are examinddee Table )l However, enon is a direct result of the relative probability of the two-
we cannot directly compare the EIT in each of the polarizaphoton transition from the ground state to the upper state
tion cases. This is due to the fact that rotation of the Soleil-connected by the coupling field. By taking into account all of
Babiney compensators shifts the probe and coupling beanthe degenerate magnetic hyperfine levels, it was possible to
slightly changing their overlap. Also, the drift of the cou- explore and explain the cases where EIT may be used as a
pling field changes the exact position of the peaks and henamethod of spectroscopy to examine the hyperfine structure of
exactly where their height should be measured from. We cathis upper coupling field state. Again it was seen that polar-
however, examine how our theory compares with experimenitzation orientation effects were evident. EIT absorption pro-
in each individual case. In Fig.(®, the o™ — 7 case, we files can be significantly altered by use of appropriate polar-
predict a ratio of peak depthsFE4:F=3:F=2) of ization orientations of the optical fields. If EIT is to be
1.32:1.0:0.34. We observe a ratio of 1.2:1:0.6, in reasonablgmployed as a method of spectroscopy, this must be taken
good agreement with our predictions. For thé—o* case, into account. A second area of relevance where these effects
[Fig. 4b)], we predict a ratio of 2.92:1:0.37 and observe ashould be considered is in experiments to study EIT effects
ratio of 1.62:1:0.46, which implies we did not resolve the where a magnetic field is applied to a medium in order to lift
F=4 peak with enough resolution. In the final casesdf  the magnetic sublevel degeneracy, i.e., in magneto-optical
— o, [Fig. 4(c)], we predict a ratio of 0.63:1:0.82 and pre- effects.
dict a slightly worse ratio of 0.83:1:0.88. So our predictions
are in broad agreement _vvith our observations and the general ACKNOWLEDGMENTS
trends in relative peak sizes are all correct. We also see from
Table | that in fact the optimum orientation for observing  The authors wish to thank the Engineering and Physical
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