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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 can be
used to completely control the polarization state of another field. Theoretical and experimental results
show that by applying a field with a frequency tuned near one transition, an initially isotropic atomic
vapor can be made to behave as a linearly or circularly birefringent material for fields tuned near an
adjoining transition. [S0031-9007(98)07434-1]
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Phenomena resulting from quantum coherence haveystem this technique allows for the construction of wave
been the subject of great recent interest. The essentiplates that operate in the deep UV and other wavelength
feature of these phenomena is that an atomic coherencegimes where none are currently available [11].
is induced in a multilevel quantum system by applying a We consider the three-level ladder scheme shown in
strong “control” laser field which alters the response offFig. 1(a). The coherence-induced polarization control we
the system to a “probe” laser field. The resulting changebserve is a direct result of the selection rules govern-
in the imaginary part of the susceptibility experienced bying transitions between the magnetic sublevels that are
the probe laser can result in electromagnetically inducedoupled by the control and probe fields. Figure 1(b)
transparency (EIT) [1], and has lead to the demonstratioshows the energy level scheme including magnetic sub-
of an inversionless laser [2]. The corresponding changévels (neglecting fine-structure and hyperfine-structure
in the real part of the susceptibility allows for the control interactions) and demonstrates how the presence of a lin-
of self-focusing effects [3,4] and for large changes ofearly polarized control field can result in birefringence for
the refractive index with no corresponding increase inthe probe beam. If the axis of the system is taken to be
absorption [5-7]. along the polarization direction of the control field, then

In this Letter, we use quantum coherence to providehis field will couple only them; = 0 sublevel of theP
complete and efficient control over the polarization statestate to the upper state. A probe field that is alsmo-
of a probe field. We show that an initially isotropic larized couples the ground state to this sublevel as shown
atomic vapor can be made to exhibit either linear or cir-by the solid arrow in Fig. 1(b) and can experience EIT
cular birefringence near one atomic transition by tuning aand a coherently induced change in the refractive index.
control field near another optical transition. PolarizationA probe field that is polarized in a direction orthogonal
rotation in a three-level atomic system was observed by
Liao and Bjorklund [8], but the rotation in these experi-

ments is a result of resonant enhancement of the disper- @y 72, u% EETEEE

sion associated with a two-photon transition rather than hg=Tim N\

of a quantum coherence. Moreover, the intensities nec- oy s2ry, s, FomliNH:
essary to produce a significant rotation by this method Tx =7§0nm

(~10% W/cn?) required the use of pulsed lasers. Circular - Tg=6MHs
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birefringence resulting from atomic coherences has been "

observed to produce small polarization rotations [9,10], ®) —_— (©)
but these experiments suffered from significant absorption 1
loss and produced rotations of at most a few degress. Us-
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ing our technique, we are able to change the polarization m;=- ;\ VoA e e % my =+
state of a probe beam from linear to any desired polar- | L7 probe o-probe o+ probe
ization state with very high efficiency by coherently in- oo my =0

ducing either linear or circular birefringence. This work FIG. 1. (a) Energy level scheme for the ladder system. Also

represents a qualitative improvement over previous "®hown are the corresponding states and wavelength separations

search with important implications because it allows light-for atomic rubidium. (b) shows the magnetic sublevels coupled
induced polarization control at intensities accessible byy a z-polarized control field; the solid arrow on the lower
continuous-wave lasers and because the high efficiendjansition shows the sublevels coupled by-polarized probe
makes feasible the contruction of practical optical deviceg€!d: and the dashed arrow shows the sublevels coupled by

. S o ._an orthogonally polarized probe field. (c) shows the sublevels
A possible application of coherent polarization control iS;njed by ac— control field; the solid arrow shows the

its use in conjunction with a polarizing beam splitter as asuplevels coupled by a+ probe field, and the dashed arrow
two-port optical switch. Moreover, in a suitable atomic shows the sublevels coupled bya probe field.
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to the z axis couples the ground state to the = *1 The experimental results shown in Fig. 3 demonstrate
sublevels as shown by the dashed arrow in Fig. 1(b) anthe flexibility of our technique in controlling the polariza-
therefore experiences a refractive index unaffected by théon of the probe. We plot as a function of the probe
presence of the control field. The net result is that thaletuning from resonance the transmission of the probe
control field causes the ladder system to behave as a bir&eld, after exiting the cell, through various polarization
fringent material with an optic axis determined by theanalyzers for the case in which the probe beam is ini-
polarization axis of the control field. A similar analysis tially linearly polarized. The transmission is defined such
illustrates how the control field can be used to producehat unity transmission corresponds to the detected probe
circular birefringence as shown in Fig. 1(c). If the con-power with no analyzer when the probe is tuned far from
trol laser iso— polarized, it couples only the; = 1 sub-  resonance. Optimal efficiency in polarization control is
level of theP state to the upper state with the result thatfound to occur for a nonzero control field detuning from
o+ probe light experiences a coherently induced changessonances., and in Figs. 3(a)—3(c), the control field is
in the refractive index whiler— probe light experiences tuned to produce the maximum transmission through the
no change. In this case the net result is that the contrgiolarization analyzer. In agreement with our theoretical
field causes the system to behave as an optically activenalysis discussed below, we observe that the birefrin-
material with a chirality that is determined by the sense ofjence experienced by the probe field does not depend on
polarization of the control field. the intensity of the control field in a simple manner since
Our three-level ladder system is experimentally realizedoth the magnitude and location of the peak birefringence
by a vapor cell of Rb atoms with the energy levels showrvary with the strength of the control field. For the data
in Fig. 1. The probe is tuned near tﬁésl/z — 5 2P3/2 shown here, a fixed control field power of 300 mW is
D2 transition at a wavelength of 780 nm, and the controused. Figure 3(a) shows the probe transmission through
field is tuned near thé 2P3/2 — 7 251/2 transition at a a polarizer whose transmission axis is orthogonal to the
wavelength of 741 nm. A schematic of the apparatusnitial polarization of the probe laser for a control field
is shown in Fig. 2. The Rb vapor cell is 5 mm thick linearly polarized a#45° to the probe’s initial polariza-
and is operated at a fixed temperatufebetween50  tion direction. For a probe detuning near 1.1 GHz, the
and 100 °C. The control transition is driven by a single- system behaves as ¥/2 wave plate oriented at5° to
frequency (linewidth of 5 MHz) Ti:sapphire laser beamthe initial probe polarization as demonstrated by the large
which produces up to 1 W of power at the Rb celltransmission through the crossed polarizer. At a lower
focused to a waist of 8&m. The probe transition is atomic density, we observe that the system can operate as
driven by a linearly polarized W beam from a single- a A/4 wave plate, as shown in Fig. 3(b) in which we plot
frequency (linewidth of 4 MHz) external-cavity diode
laser focused to a spot size of 40n. Two-photon-
Doppler cancellation is achieved with counterpropagating
pump and probe beams. The transmitted probe beam is
separated from the control beam via a dichroic mirror
at an angle of incidence less thdrms°® to assure that
the polarization state of the probe is not disturbed upon
reflection from the mirror. The polarization of the control P T E— T
laser beam can be varied via a rotating polarizer and
a quarter wave plate, and data are taken by scanning
the frequency of the diode laser and recording the
detected probe transmission on a digital oscilloscope.
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Frequency calibration of the laser scan is obtained by
using the known hyperfine splitting and isotope shifts of
the Rb5 2S1/2 ground state. All data presented here are
associated with transitions from ti#e= 2 hyperfine level
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FIG. 2. Schematic of the experimental setup.
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FIG. 3. Experimentally measured probe transmission as a
function of probe detuning from resonance. In (a)—(c) the
control field detuning isé. = 1.3 GHz. (a) shows the
transmission through an orthogonal analyzing polarizer when a
control field linearly polarized at 45° angle to the polarization
axis of the probe is applied; (b) shows the transmission
through a circular polarization analyzer when the same control
field is applied at a lower atomic density; (c) shows the
transmission through a crossed analyzing polarizer when a
circularly polarized control field is applied; (d) repeats the
experiment of (a) but with5. = 0. In (a), (c), and (d) the
temperature i90 °C, and in (b) it is80 °C.
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the probe transmission through a circular-polarization an-
alyzer. In Fig. 3(c), we use a circularly polarized control
field to induce circular birefringence and again show the
probe transmission through a crossed polarizer. Greater
than 94% transmission through the polarization analyzer
is achieved in all of the above cases at a probe detuning
of approximately 1.1 GHz and over a bandwidth of more
than 500 MHz. Together the results show that we are
able to use the control field to place the probe field in any
specified polarization state with high efficiency. It is in-
teresting to note that the phase shift necessary to produce
the polarization changes we observe implies a minimum
change of~107* 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 re-
ported value [6] of a coherently induced index change and
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 polariza-
tion component of the probe field (in either the linear or
the circular basis) experiences a susceptibility that is di- 1.0
rectly modified by the presence of the control field, while
the other component experiences a susceptibility that is
unchanged. One can understand why it is desirable to op-
erate with a nonresonant control field by considering the
real and imaginary parts of the susceptibility for an ordi-
nary, Doppler-broadened atomic resonance shown by the
dashed curves in Figs. 4(a) and 4(b). These curves corre- 0
spond to the susceptibility for the “control-blind” compo-
nent of the probe field. The other polarization component
of the probe is coupled to a magnetic sublevel of the in- detuning (MHz)
termediate state which is ac-Stark split into two dresse(]ile. 4. Theoretically calculated probe susceptibility and

states that are a superposition of levisand|3). The transmission for g-polarized control field. (a) shows the real

energies of these dressed states are shifted with respgit of the susceptibility experienced by the probe beam, and
to the energy of the unperturbed intermediate state in &) shows the imaginary part. In (a) and (b), the solid line
manner that depends on the strength of the control fieldepresents the susceptibility experienced by thpolarized
characteized by the Rabi frequently — 2uE, /i, and ST o e proce, ane e fasner 1 preserts
on the control field detuningg.. T_hese energy .sh|_fts soﬁd line in (c)éhows the p%edict)édpprobe transmigsion through
manifest themselves as a change in the susceptibility fofn orthogonal analyzing polarizer with the initial polarization
one polarization component of the probe field, and camf the probe taken to be linear and at an angle4®f with
lead to satellite absorptive and dispersive features in theespect to polarization axis of the control field. The dashed
susceptibility spectrum as shown by the solid curves irl':r_‘e in (c) shows the corresponding experimental data from
Figs. 4(a) and 4(b). The satellite features allow the sus- ig. 3(a) for comparison.

ceptibility for one component of the probe field to be

manipulated by the application of an appropriate controbetween the two polarization components of the probe
field. Choosing the operating regime for optimal bire-field and the corresponding residual absorption. Once this
fringence requires that two conditions be simultaneouslyatio is optimized, an arbitrary optical path length differ-
met. First, it is necessary that the induced refractive inence can be achieved by adjusting the atomic density. To
dex differenceAn for the two polarization components of minimize the absorption of the control-blind component
the probe beam be sufficiently large that the difference irof the probe field, it is desirable to operate at a rela-
the optical path lengthAnL, whereL is the interaction tively large probe detuning. To simultaneously achieve
length) for the two components should be on the ordetarge birefringence, it is necessary to operate with a large
of A for some probe field detuning range. Second, theontrol field detuning, which places the induced satellite
system should be nearly lossless over this same detunirdispersive feature at an appropriate location in the probe
range so that the absorption for both components of thdetuning spectrum. Since the control-induced satellite ab-
probe is small. We define a figure of merit for this systemsorption peak falls off more rapidly than the correspond-
that is equal to the ratio of the refractive index differenceing refractive index change, substantial birefringence
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with negligible absorption can be achieved. To illustrate>7). Thus, the probe transmission undergoes several 0s-
the value of operating with a nonresonant control fieldcillations as the probe’s frequency is scanned, resulting
Fig. 3(d) shows the experimentally observed transmissiofrom the fact that its polarization axis oscillates between
through a polarizer with its transmission axis orthogonalan orientation that is parallel to the transmission axis of
to the probe laser’s initial polarization axis, reproducingthe polarization analyzer and one that is orthogonal to it.
exactly the conditions of Fig. 3(a) except with the controlOur model does not consider the significant complications
field tuned to resonance. The maximum probe transmisin the energy level scheme introduced by the fine and hy-
sion with the control field on resonance is less than 32%perfine structure that are present in our experiment, which
compared to more than 94% with a detuned control fieldwe believe is the primary reason for the lack of quantitative
The nearly lossless birefringence we achieve is possiblagreement between our experiment and the predictions of
only with a detuned control field and represents a qualithe model. The addition of fine- and hyperfine structure af-
tative improvement in both method and efficiency overfects the system in several ways. For a fixed control-field
earlier experiments on coherently induced birefringencéntensity, there is a range of corresponding Rabi frequen-
[9,10]. In previous work on two-photon-induced circular cies that describe the varying coupling strengths between
birefringence [8], the observed birefringence can be interthe various hyperfine levels and magnetic sublevels that
preted as a result of the'® response of the atomic system compose level§2) and|3) in our model. Moreover, the
[12]. In our scheme, we operate completely beyond thényperfine splittings of levelf2) and|3) result in a range
x® limit such that the resulting birefringence has a com-of control-field detunings of more than 300 MHz for tran-
plicated dependence on the intensity of the control fieldsitions between the various hyperfine levels. Our simula-
Changing the control field intensity changes both the sizéions indicate that the combined result of these two effects
and location of the satellite features in the probe susceptis primarily to increase the bandwidth over which there is
bility described above and therefore changes not only thiarge birefringence, which is consistent with our experi-
magnitude of the induced birefringence, but also the probenental observations. The selection rules within the more
detuning at which optimal birefringence occurs. complex level structure also complicate the analysis since
To demonstrate that the simple model we outline abovén general no polarization component of the probe field
qualitatively describes the behavior we observe experiwill be completely control-blind. Nonetheless, even when
mentally, we model the case of our coherently inducedtonsidering the full hyperfine structure of our atomic sys-
half-wave plate. The real and imaginary parts of the sustem there persists an asymmetry in the effective coupling
ceptibility for the probe both with and without the con- strength of the control field for various sublevels of level
trol field are calculated from the relevant density-matrix|2) that results in a coherently induced birefringence for
equations in the weak-probe limit [13] with the parame-the probe field.
ters given in Fig. 1(a) for Rb, and a Doppler average is In conclusion, we demonstrate the first use of quantum
performed over a Maxwell-Boltzman velocity distribution. coherence to provide complete and efficient control over
These results are shown in Figs. 4(a) and 4(b). The conthe polarization state of a probe field. We find that the
plete polarization state of the probe after interaction withprocess is optimized by operating with the control field
the ladder system is determined from the calculated sustetuned from resonance and present a model based on
ceptibilities, which allows for the prediction [Fig. 4(c)] of a simplified energy-level structure that provides a good
the transmission through a crossed polarizer. An experigualitative understanding of our results.
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