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Coherent Control of the Polarization of an Optical Field
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Through use of quantum coherence in an atomic system, we demonstrate that an optical field c
used to completely control the polarization state of another field. Theoretical and experimental re
show that by applying a field with a frequency tuned near one transition, an initially isotropic atom
vapor can be made to behave as a linearly or circularly birefringent material for fields tuned nea
adjoining transition. [S0031-9007(98)07434-1]

PACS numbers: 42.50.Gy, 32.80.Qk, 42.25.Ja
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Phenomena resulting from quantum coherence ha
been the subject of great recent interest. The essen
feature of these phenomena is that an atomic cohere
is induced in a multilevel quantum system by applying
strong “control” laser field which alters the response
the system to a “probe” laser field. The resulting chan
in the imaginary part of the susceptibility experienced b
the probe laser can result in electromagnetically induc
transparency (EIT) [1], and has lead to the demonstrat
of an inversionless laser [2]. The corresponding chan
in the real part of the susceptibility allows for the contro
of self-focusing effects [3,4] and for large changes
the refractive index with no corresponding increase
absorption [5–7].

In this Letter, we use quantum coherence to provi
complete and efficient control over the polarization sta
of a probe field. We show that an initially isotropic
atomic vapor can be made to exhibit either linear or c
cular birefringence near one atomic transition by tuning
control field near another optical transition. Polarizatio
rotation in a three-level atomic system was observed
Liao and Bjorklund [8], but the rotation in these exper
ments is a result of resonant enhancement of the disp
sion associated with a two-photon transition rather th
of a quantum coherence. Moreover, the intensities ne
essary to produce a significant rotation by this meth
(,106 Wycm2) required the use of pulsed lasers. Circula
birefringence resulting from atomic coherences has be
observed to produce small polarization rotations [9,10
but these experiments suffered from significant absorpti
loss and produced rotations of at most a few degress.
ing our technique, we are able to change the polarizat
state of a probe beam from linear to any desired pola
ization state with very high efficiency by coherently in
ducing either linear or circular birefringence. This wor
represents a qualitative improvement over previous
search with important implications because it allows ligh
induced polarization control at intensities accessible
continuous-wave lasers and because the high efficien
makes feasible the contruction of practical optical device
A possible application of coherent polarization control
its use in conjunction with a polarizing beam splitter as
two-port optical switch. Moreover, in a suitable atomi
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system this technique allows for the construction of wa
plates that operate in the deep UV and other wavelen
regimes where none are currently available [11].

We consider the three-level ladder scheme shown
Fig. 1(a). The coherence-induced polarization control w
observe is a direct result of the selection rules gover
ing transitions between the magnetic sublevels that a
coupled by the control and probe fields. Figure 1(
shows the energy level scheme including magnetic su
levels (neglecting fine-structure and hyperfine-structu
interactions) and demonstrates how the presence of a
early polarized control field can result in birefringence fo
the probe beam. If thez axis of the system is taken to be
along the polarization direction of the control field, the
this field will couple only theml ­ 0 sublevel of theP
state to the upper state. A probe field that is alsoz po-
larized couples the ground state to this sublevel as sho
by the solid arrow in Fig. 1(b) and can experience EI
and a coherently induced change in the refractive inde
A probe field that is polarized in a direction orthogona

FIG. 1. (a) Energy level scheme for the ladder system. Al
shown are the corresponding states and wavelength separa
for atomic rubidium. (b) shows the magnetic sublevels coupl
by a z-polarized control field; the solid arrow on the lowe
transition shows the sublevels coupled by az-polarized probe
field, and the dashed arrow shows the sublevels coupled
an orthogonally polarized probe field. (c) shows the subleve
coupled by as– control field; the solid arrow shows the
sublevels coupled by as1 probe field, and the dashed arrow
shows the sublevels coupled by as– probe field.
© 1998 The American Physical Society 3359
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to the z axis couples the ground state to theml ­ 61
sublevels as shown by the dashed arrow in Fig. 1(b) a
therefore experiences a refractive index unaffected by t
presence of the control field. The net result is that th
control field causes the ladder system to behave as a b
fringent material with an optic axis determined by th
polarization axis of the control field. A similar analysis
illustrates how the control field can be used to produc
circular birefringence as shown in Fig. 1(c). If the con
trol laser iss– polarized, it couples only theml ­ 1 sub-
level of theP state to the upper state with the result tha
s1 probe light experiences a coherently induced chan
in the refractive index whiles– probe light experiences
no change. In this case the net result is that the cont
field causes the system to behave as an optically act
material with a chirality that is determined by the sense
polarization of the control field.

Our three-level ladder system is experimentally realize
by a vapor cell of Rb atoms with the energy levels show
in Fig. 1. The probe is tuned near the5 2S1y2 ! 5 2P3y2
D2 transition at a wavelength of 780 nm, and the contr
field is tuned near the5 2P3y2 ! 7 2S1y2 transition at a
wavelength of 741 nm. A schematic of the apparatu
is shown in Fig. 2. The Rb vapor cell is 5 mm thick
and is operated at a fixed temperatureT between50
and 100 ±C. The control transition is driven by a single
frequency (linewidth of 5 MHz) Ti:sapphire laser beam
which produces up to 1 W of power at the Rb ce
focused to a waist of 80mm. The probe transition is
driven by a linearly polarized 1-mW beam from a single-
frequency (linewidth of 4 MHz) external-cavity diode
laser focused to a spot size of 40mm. Two-photon-
Doppler cancellation is achieved with counterpropagatin
pump and probe beams. The transmitted probe beam
separated from the control beam via a dichroic mirro
at an angle of incidence less than1.5± to assure that
the polarization state of the probe is not disturbed upo
reflection from the mirror. The polarization of the contro
laser beam can be varied via a rotating polarizer a
a quarter wave plate, and data are taken by scann
the frequency of the diode laser and recording th
detected probe transmission on a digital oscilloscop
Frequency calibration of the laser scan is obtained
using the known hyperfine splitting and isotope shifts o
the Rb5 2S1y2 ground state. All data presented here a
associated with transitions from theF ­ 2 hyperfine level
of the 85Rb 5 2S1y2 ground state.

Rb
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FIG. 2. Schematic of the experimental setup.
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The experimental results shown in Fig. 3 demonstra
the flexibility of our technique in controlling the polariza-
tion of the probe. We plot as a function of the probe
detuning from resonance the transmission of the prob
field, after exiting the cell, through various polarization
analyzers for the case in which the probe beam is in
tially linearly polarized. The transmission is defined suc
that unity transmission corresponds to the detected pro
power with no analyzer when the probe is tuned far from
resonance. Optimal efficiency in polarization control is
found to occur for a nonzero control field detuning from
resonancedc, and in Figs. 3(a)–3(c), the control field is
tuned to produce the maximum transmission through th
polarization analyzer. In agreement with our theoretica
analysis discussed below, we observe that the birefri
gence experienced by the probe field does not depend
the intensity of the control field in a simple manner sinc
both the magnitude and location of the peak birefringenc
vary with the strength of the control field. For the data
shown here, a fixed control field power of 300 mW is
used. Figure 3(a) shows the probe transmission throu
a polarizer whose transmission axis is orthogonal to th
initial polarization of the probe laser for a control field
linearly polarized at45± to the probe’s initial polariza-
tion direction. For a probe detuning near 1.1 GHz, th
system behaves as aly2 wave plate oriented at45± to
the initial probe polarization as demonstrated by the larg
transmission through the crossed polarizer. At a lowe
atomic density, we observe that the system can operate
a ly4 wave plate, as shown in Fig. 3(b) in which we plo
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FIG. 3. Experimentally measured probe transmission as
function of probe detuning from resonance. In (a)–(c) th
control field detuning isdc ­ 1.3 GHz. (a) shows the
transmission through an orthogonal analyzing polarizer when
control field linearly polarized at a45± angle to the polarization
axis of the probe is applied; (b) shows the transmissio
through a circular polarization analyzer when the same contr
field is applied at a lower atomic density; (c) shows the
transmission through a crossed analyzing polarizer when
circularly polarized control field is applied; (d) repeats the
experiment of (a) but withdc ­ 0. In (a), (c), and (d) the
temperature is90 ±C, and in (b) it is80 ±C.
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the probe transmission through a circular-polarization a
alyzer. In Fig. 3(c), we use a circularly polarized contro
field to induce circular birefringence and again show th
probe transmission through a crossed polarizer. Grea
than 94% transmission through the polarization analyz
is achieved in all of the above cases at a probe detuni
of approximately 1.1 GHz and over a bandwidth of mor
than 500 MHz. Together the results show that we a
able to use the control field to place the probe field in an
specified polarization state with high efficiency. It is in
teresting to note that the phase shift necessary to produ
the polarization changes we observe implies a minimu
change of,1024 in the index of refraction for one po-
larization component of the probe beam with at most 6
absorption. This result is comparable to the largest r
ported value [6] of a coherently induced index change an
in our case requires no incoherent pumping mechanism

As described above, all of the polarization-control ef
fects we observe here rely on the fact that one polariz
tion component of the probe field (in either the linear o
the circular basis) experiences a susceptibility that is d
rectly modified by the presence of the control field, whil
the other component experiences a susceptibility that
unchanged. One can understand why it is desirable to o
erate with a nonresonant control field by considering th
real and imaginary parts of the susceptibility for an ord
nary, Doppler-broadened atomic resonance shown by t
dashed curves in Figs. 4(a) and 4(b). These curves cor
spond to the susceptibility for the “control-blind” compo-
nent of the probe field. The other polarization compone
of the probe is coupled to a magnetic sublevel of the in
termediate state which is ac-Stark split into two dresse
states that are a superposition of levelsj2l and j3l. The
energies of these dressed states are shifted with resp
to the energy of the unperturbed intermediate state in
manner that depends on the strength of the control fie
characterized by the Rabi frequencyVc ­ 2mEcyh̄, and
on the control field detuningdc. These energy shifts
manifest themselves as a change in the susceptibility
one polarization component of the probe field, and ca
lead to satellite absorptive and dispersive features in t
susceptibility spectrum as shown by the solid curves
Figs. 4(a) and 4(b). The satellite features allow the su
ceptibility for one component of the probe field to be
manipulated by the application of an appropriate contr
field. Choosing the operating regime for optimal bire
fringence requires that two conditions be simultaneous
met. First, it is necessary that the induced refractive i
dex differenceDn for the two polarization components of
the probe beam be sufficiently large that the difference
the optical path length (DnL, whereL is the interaction
length) for the two components should be on the ord
of l for some probe field detuning range. Second, th
system should be nearly lossless over this same detun
range so that the absorption for both components of t
probe is small. We define a figure of merit for this system
that is equal to the ratio of the refractive index differenc
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FIG. 4. Theoretically calculated probe susceptibility an
transmission for az-polarized control field. (a) shows the rea
part of the susceptibility experienced by the probe beam, a
(b) shows the imaginary part. In (a) and (b), the solid lin
represents the susceptibility experienced by thez-polarized
component of the probe, and the dashed line represents
experienced by the orthogonally polarized component. T
solid line in (c) shows the predicted probe transmission throu
an orthogonal analyzing polarizer with the initial polarizatio
of the probe taken to be linear and at an angle of45± with
respect to polarization axis of the control field. The dash
line in (c) shows the corresponding experimental data fro
Fig. 3(a) for comparison.

between the two polarization components of the pro
field and the corresponding residual absorption. Once t
ratio is optimized, an arbitrary optical path length differ
ence can be achieved by adjusting the atomic density.
minimize the absorption of the control-blind componen
of the probe field, it is desirable to operate at a rel
tively large probe detuning. To simultaneously achiev
large birefringence, it is necessary to operate with a lar
control field detuning, which places the induced satelli
dispersive feature at an appropriate location in the pro
detuning spectrum. Since the control-induced satellite a
sorption peak falls off more rapidly than the correspon
ing refractive index change, substantial birefringen
3361
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with negligible absorption can be achieved. To illustra
the value of operating with a nonresonant control fiel
Fig. 3(d) shows the experimentally observed transmissi
through a polarizer with its transmission axis orthogon
to the probe laser’s initial polarization axis, reproducin
exactly the conditions of Fig. 3(a) except with the contro
field tuned to resonance. The maximum probe transm
sion with the control field on resonance is less than 32%
compared to more than 94% with a detuned control fiel
The nearly lossless birefringence we achieve is possib
only with a detuned control field and represents a qua
tative improvement in both method and efficiency ove
earlier experiments on coherently induced birefringen
[9,10]. In previous work on two-photon-induced circula
birefringence [8], the observed birefringence can be inte
preted as a result of thex s3d response of the atomic system
[12]. In our scheme, we operate completely beyond th
x s3d limit such that the resulting birefringence has a com
plicated dependence on the intensity of the control fiel
Changing the control field intensity changes both the si
and location of the satellite features in the probe suscep
bility described above and therefore changes not only t
magnitude of the induced birefringence, but also the pro
detuning at which optimal birefringence occurs.

To demonstrate that the simple model we outline abo
qualitatively describes the behavior we observe expe
mentally, we model the case of our coherently induce
half-wave plate. The real and imaginary parts of the su
ceptibility for the probe both with and without the con
trol field are calculated from the relevant density-matri
equations in the weak-probe limit [13] with the parame
ters given in Fig. 1(a) for Rb, and a Doppler average
performed over a Maxwell-Boltzman velocity distribution
These results are shown in Figs. 4(a) and 4(b). The co
plete polarization state of the probe after interaction wi
the ladder system is determined from the calculated su
ceptibilities, which allows for the prediction [Fig. 4(c)] of
the transmission through a crossed polarizer. An expe
mental measurement ofa0L with the control field off pro-
vides a calibration constant for the calculated susceptibil
and allows quantitative predictions to be made by the th
ory. The experimental conditions from our experimen
that are used in our simulation areT ­ 90 ±C, a0L ­ 28,
dc ­ 1300 MHz, and Vc ­ 870 MHz. The value used
for Vc is inferred from the control field-induced ac-Stark
splitting of the intermediate state measured at a smal
value ofa0L. Comparison of Figs. 3(a) and 4(c) show
that reasonable qualitative agreement exists between
periment and theory. In particular, this simple model pre
dicts the detuning at which maximum birefringence occu
and the bandwidth over which significant birefringence
observed. The theoretical data show several oscillatio
in the transmission of the probe not found in the exper
mental data. These oscillations are a result of the lar
and varying birefringence experienced by the probe in th
spectral region which induces a large phase difference b
tween the two polarization components of the probe (i.e
3362
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.p). Thus, the probe transmission undergoes several o
cillations as the probe’s frequency is scanned, resultin
from the fact that its polarization axis oscillates betwee
an orientation that is parallel to the transmission axis o
the polarization analyzer and one that is orthogonal to i
Our model does not consider the significant complication
in the energy level scheme introduced by the fine and h
perfine structure that are present in our experiment, whic
we believe is the primary reason for the lack of quantitativ
agreement between our experiment and the predictions
the model. The addition of fine- and hyperfine structure a
fects the system in several ways. For a fixed control-fiel
intensity, there is a range of corresponding Rabi freque
cies that describe the varying coupling strengths betwee
the various hyperfine levels and magnetic sublevels th
compose levelsj2l and j3l in our model. Moreover, the
hyperfine splittings of levelsj2l and j3l result in a range
of control-field detunings of more than 300 MHz for tran-
sitions between the various hyperfine levels. Our simula
tions indicate that the combined result of these two effec
is primarily to increase the bandwidth over which there i
large birefringence, which is consistent with our experi
mental observations. The selection rules within the mor
complex level structure also complicate the analysis sinc
in general no polarization component of the probe fiel
will be completely control-blind. Nonetheless, even when
considering the full hyperfine structure of our atomic sys
tem there persists an asymmetry in the effective couplin
strength of the control field for various sublevels of leve
j2l that results in a coherently induced birefringence fo
the probe field.

In conclusion, we demonstrate the first use of quantu
coherence to provide complete and efficient control ove
the polarization state of a probe field. We find that th
process is optimized by operating with the control field
detuned from resonance and present a model based
a simplified energy-level structure that provides a goo
qualitative understanding of our results.
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