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Using electromagnetically induced transparency (EIT), it is possible to delay and store light in atomic

ensembles. Theoretical modeling and recent experiments have suggested that the EIT storage mechanism

can be used as a memory for quantum information. We present experiments that quantify the noise per-

formance of an EIT system for conjugate amplitude and phase quadratures. It is shown that our EIT sys-

tem adds excess noise to the delayed light that has not hitherto been predicted by published theoretical

modeling. In analogy with other continuous-variable quantum information systems, the performance of

our EIT system is characterized in terms of conditional variance and signal transfer.

DOI: 10.1103/PhysRevLett.97.183601 PACS numbers: 42.50.Gy, 03.67.�a

Following theoretical proposals [1], electromagnetically

induced transparency (EIT) [2] has become the subject of

much interest for controlled atomic storage of quantum

states of light. Indeed, the delay and storage of optical

qubits in an atomic medium via EIT has recently been

shown allowing, in principle, the synchronization of quan-

tum information processing systems [3,4]. Earlier works

with classical signals in a vapor cell [5] and cold atoms [6]

have shown large signal delay with group velocities as low

as 17 ms�1. Storage of classical pulses has also been

shown for atomic vapor cells [7,8], cold atomic clouds

[9], and solid state systems [10,11] (although it should be

noted that alternative interpretations of such pulse storage

experiments have also been published [12,13] ). One ex-

periment [14] has even shown the transmission of a

squeezed state through an EIT system in a vapor cell under

the conditions of very small delay. While these experi-

ments are all excellent demonstrations of EIT, to the best

of our knowledge, no attempt has been made to experi-

mentally quantify the efficacy of EIT for continuous-

variable quantum information systems.

Quantum-theoretical treatments of delay and storage via

EIT, in the presence of decoherences, have suggested that

no excess noise is added to the delayed light [15–18].

These works show that the degradation of a quantum state

in an EIT system results from—(i) the finite transparency

window and (ii) a degradation in the transparency induced

by ground state dephasing. The implication is that, within

the EIT window and for small ground state dephasing,

quantum states of light can be delayed and preserved in

an EIT medium. In this Letter, we present experimental

results that examine the quantum noise performance of an

EIT system for conjugate amplitude and phase quadratures

that are measured at sideband frequencies (!) around the

optical carrier. Since much work on EIT is motivated by

quantum information processing, we evaluate the perform-

ance of the EIT system using well-established criteria for

continuous-variable (CV) quantum state measurements. In

analogy with quantum teleportation and nondemolition

experiments where states are transferred from an input to

an output, we utilize the conditional variance and signal

transfer coefficients to quantify the quantum noise proper-

ties of our EIT system.

EIT is created by the interaction of probe (Ep) and pump

(Ec) fields, in a 3-level �-atomic system, as shown in

Fig. 1(b). A narrow transparency window is created for

the probe beam which, in the absence of the pump, would
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FIG. 1 (color online). (a) Schematic of experimental layout.

BS: beam splitter, PBS: polarizing beam splitter, SA: spectrum

analyzer, DS: digital storage oscilloscope, �=4: quarter-wave

plate, �=2: half-wave plate, and Pol.: polarizer. (b) Atomic level

scheme used in our experiment. Ep is the probe field, Ec is the

pump field, � is the spontaneous emission rate, and �0 is the

ground state dephasing rate. (c) Amplitude quadrature correla-

tion plots. Similar results were observed for the phase quadrature

correlation. Cell temperature � 62 �C; probe and pump power

densities are 0:32 mW=cm2 and 3:2 mW=cm2, respectively.
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be fully absorbed. Solving the optical Bloch equations for

the 3-level atomic system, and assuming that jEcj � jEpj,

we find a probe susceptibility given by [18,19]

 ��!� �
i2Njgj2��0 � i!�

ck���0 � i!���� i!� � jgEcj
2	
; (1)

where k is the wave number, N is the atomic density, g is

the atom-field coupling constant, � is the spontaneous

emission rate, and �0 is the ground state dephasing rate.

The imaginary and real parts of ��!� describe the trans-

mission and dispersion, respectively, of the probe beam. In

particular, on propagation through an EIT medium of

length L, the transmissivity of the probe beam is given

by ��!� � exp��<fik��!�Lg	. This equation describes

the transfer of classical probe sideband information at

frequency ! through the EIT system, provided the modu-

lation signal is much weaker than the coupling beam mean

field amplitude. Under these conditions the EIT system is

linear and this equation will also apply to an arbitrary

spectrum of sidebands. Note that for �0 � 0 and ! � 0,

the EIT system has perfect transmission.

A schematic of our experiment is shown in Fig. 1(a). The

experiment was driven using a Ti:sapphire laser, tuned to

the j52S1=2; Fg � 2i to j52P1=2; Fe � 1i transition of the

D1 line of rubidium-87 (87Rb). A beam was encoded with

sideband amplitude or phase modulation signals. One half

of this beam was sent to a homodyne detection system, as a

reference beam for the input. The remainder of this beam

was used as a probe, by combining with an orthogonally

polarized pump beam at a polarizing beam splitter. The

overlapping pump and probe beams were converted to left

and right circularly polarized modes by a quarter-wave

plate before entering an uncoated, isotopically enhanced
87Rb vapor cell. The heated vapor cell was shielded in two

layers of high permeability alloy that reduced stray mag-

netic fields to 
 1 mG. The probe beam was extracted

from the output of the cell using a polarizer and sent to a

second homodyne detector. The signals from the homo-

dyne detectors were monitored using a digital storage

oscilloscope, which was used to obtain time domain data

for delay measurements, and a spectrum analyzer, which

was used to measure the real-time conditional variance and

signal transfer coefficients, in the frequency domain.

The group velocity in an EIT system is typically quanti-

fied by measuring the delay of pulses. In our continuous

wave system, we applied a 60 kHz bandwidth broadband

Gaussian noise modulation to either the amplitude or phase

of the probe. By comparing the autocorrelation of the

reference beam [Fig. 1(c) (i)] with the cross correlation

of the reference and probe output beams [Fig. 1(c) (ii)] we

could accurately determine the delay of the amplitude or

phase signal. The maximum correlation between the ref-

erence and probe output beams occurred at a time delay of

7:5 �s. This corresponded to a group velocity reduction of

the input probe beam to �c=30 000. The width of curve

(ii) is broader than curve (i), indicating that the probe beam

has been filtered by the EIT system. Mikhailov et al. [20]

have reported the spectral narrowing of the modulation

width through an EIT medium. This spectral narrowing

effect leads to increased correlation times, as shown in

Fig. 1(c).

We now analyze the noise performance of our EIT

system as a quantum delay line for sidebands at a fre-

quency !, relative to the carrier frequency of the probe

field. This measurement was performed using a spectrum

analyzer and broadband Gaussian noise modulation of the

amplitude or phase of the probe input beam. Ideally, we

would like to possess a priori information about the probe

input state and then use this information to obtain the

conditional variance (V�
injout

) between the probe input and

output. Without a pair of entangled beams at our disposal,

such a direct measurement of V�
injout

is not possible. In

practice, we measure the conditional variance between

the probe reference and output beams, from which we

can infer V�
injout

between probe input and output, as if the

beam splitter that separates the probe and reference beams

did not exist. The amplitude and phase quadratures are

defined in terms of the Fourier transformed annihilation

and creation operators, as X̂��!� � â�!� � ây�!�, and

X̂��!� � i�ây�!� � â�!�	, respectively. The conditional

variance is measured by minimizing the subtraction of

input and output signals with variable gain G�!� and

time delay ��!�, giving

 V�
injout

�!� � minjG;�hjX̂
�
out�!� �G�!�ei!��!�X̂�

in�!�j2i:

(2)

For an ideal delay line, the conditional variance limit is

given by V�
injout

�!� � 0, since the input and output are

exactly equal. A more practical benchmark is an ideal

delay line with some inherent passive loss. Equation (1)

shows that EIT has frequency dependent transmissivity

��!�. The quantum limit of the conditional variance is

therefore found by assuming that this loss is passive, in the

sense that transmissivity ��!� implies the addition of 1�
��!� units of vacuum noise. In this case the quantum limit

of the conditional variance is V�
injout

� 1� ��!�. Quantum

models [18] suggest that EIT systems should reach this

passive loss limit, so that an experiment that compares the

conditional variance to this quantum limit is a good test of

theory. Experimentally, we find the quantum limit by re-

placing the gas cell with a beam splitter that has the same

transmissivity as the EIT system. The transmission of the

beam splitter must be adjusted for each sideband frequency

to account for the finite EIT transmission [21]. Since V�
injout

for a passive loss is entirely predictable, this ‘‘beam splitter

benchmark‘‘ is also a key indicator that our setup correctly

measures V�
injout

.

A sample set of V�
injout

data is shown in Fig. 2. The output

(i) and reference (ii) signals intersect at a sideband fre-

quency of 305 kHz, corresponding to the frequency at
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which the V�
injout

for the EIT system (iii) is minimum. The

V�
injout

for the beam splitter benchmark (iv) is lower than the

minimum point of curve (iii), indicating that the delayed

probe beam has excess noise. Since the EIT system has

frequency dependent absorption and delay, the gain and

time delay for the V�
injout

measurement had to be optimized

for each measurement frequency.

Conditional variance results for two different cell tem-

peratures (corresponding to different atomic densities) are

shown in Fig. 3. The V�
injout

found using a beam splitter to

simulate the passive loss of the EIT system are the data sets

labeled (ii). Because of the limited bandwidth of EIT, the

passive loss increases with sideband frequency so that in

the limit of large frequency, the beam splitter reference

tends to a value of unity. Using Eq. (1), the EIT window has

been fitted to these beam splitter data and is represented by

the upper limit of the shaded area. The shaded area there-

fore indicates the area in which a V�
injout

measurement

would be exceeding the quantum measurement limit. EIT

data (i) are well above the passive loss benchmark (ii),

showing that excess noise is added to the delayed probe

beam. Moreover, the excess noise is largest at low frequen-

cies where the passive loss benchmark is at its best. For

higher sideband frequencies the loss in the EIT system

dominates the behavior and V�
injout

! 1.

One source of excess noise is coupling from the pump to

the probe [22] since our pump beam has amplitude and

phase quadrature noise that lies about 7 dB above the

quantum noise limit. By adding amplitude and phase

modulation to the pump beam, we were able to measure

the transfer functions of the pump-probe coupling. A

maximum coupling of 3% for classical phase quadrature

signals and 8% for classical amplitude quadrature signals,

with negligible levels of cross quadrature coupling, was

observed. This is only enough to explain 0.5 dB of excess

phase noise and 1.2 dB of excess amplitude noise.

We also quantify the performance of our EIT system in

terms of the signal transfer between probe input and out-

put. The signal transfer coefficient is given by T�
s �!� �

SNR�
out�!�=SNR�

in�!�, where SNR�
out�!� and SNR�

in�!�
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FIG. 3 (color online). V�
injout

measurements for 2 cell tempera-

tures. (a) Amplitude quadrature, 42 �C; (b) phase quadrature,

42 �C; (c) amplitude quadrature, 57 �C, and (d) phase quadra-

ture, 57 �C. The data point groups represent the (i) EIT V�
injout

and (ii) beam splitter benchmark V�
injout

. The shape of the shaded

area has been fitted using the passive loss described in Eq. (1).

The insets show the zoom-in data points. RBW � 1 kHz,

VBW � 30 Hz, and 10 averages. The 57 �C and 42 �C beam

splitter benchmark data points were fitted with �0 � 4 kHz and

�0 � 3:5 kHz, respectively. The probe and pump power den-

sities are 9:6 mW=cm2 and 96 mW=cm2, respectively, The

largest delay for the 57 �C and 42 �C data is 0:48 �s and

0:18 �s, respectively.
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FIG. 2 (color online). V�
injout

for the amplitude quadrature,

optimized for the sideband frequency of 305 kHz. The curves

represent the (i) output probe signal, (ii) reference signal with

gain G and delay �, (iii) V�
injout

between the reference and output

signals, and (iv) V�
injout

for the beam splitter benchmark. The

modulation peaks at 87 kHz and 174 kHz are the laser locking

signals. Cell temperature � 57 �C; probe and pump power den-

sities are 9:6 mW=cm2 and 96 mW=cm2, respectively. Measure-

ments were made with a resolution bandwidth �RBW� � 1 kHz,

video bandwidth �VBW� � 30 Hz, and 5 averages.
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are the signal-to-noise ratios of the output and input probe

fields, respectively. A signal transfer coefficient of unity

indicates perfect transfer. This would be the result for a

lossless delay line. For a passive system with transmission

��!�, the vacuum noise coupled in by the loss gives a

signal transfer of ��!�. Measurements of the signal trans-

fer are shown in Fig. 4. The signal transfer degrades as the

frequency increases due to the limited bandwidth of EIT.

The EIT system signal transfer is similar to that of the

beam splitter benchmark indicating that absorption in the

EIT system is the dominant cause of reduced signal trans-

fer. There is some deviation from this behavior for the

phase quadrature for both cell temperatures indicating

that there is some extra degradation of the phase

information.

As discussed above, a deviation of EIT system perform-

ance from the passive loss benchmark indicates a discrep-

ancy with the theoretical modeling. Both in terms of

conditional variance and signal transfer we see that the

EIT system performance measured in our experiment does

not reach the passive loss limit. The theoretical modeling

[15–18] of EIT does not include several effects. In princi-

ple, the pump-probe configuration of EIT means that the

experiment is performed on atoms of a particular longitu-

dinal velocity class so that any effects of atomic motion can

be ignored. Transverse velocities, however, could play a

crucial role. The Gaussian intensity profiles of the pump

and probe beams mean that atoms with motion in the

transverse plane will experience varying optical field in-

tensities, whereas the theory assumes uniform field inten-

sities. Effects due to high atomic density have also been

neglected. Various decoherence mechanisms mean that

there is always some fluorescence in the cell. The proba-

bility that these photons are reabsorbed by the atoms grows

exponentially with atomic density. The quantum noise

properties of such ‘‘radiation trapping’’ [23] has not been

considered in the context of EIT. Density dependent effects

may be of particular interest since they should be more

severe in cold atom systems where the density is higher.

In summary, our work shows that light delayed by EIT

has significant amounts of excess noise that quantum mod-

els of EIT are not yet able to explain. This should serve as a

motivation for more complete theoretical models to iden-

tify the origins of the noise and also as a caveat to claims

that EIT in thermal vapor cells is a good method for storing

and delaying quantum states.
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FIG. 4 (color online). Signal transfer coefficient for the

(a) amplitude and (b) phase quadratures. (i) T � 42 �C and

(ii) corresponding beam splitter benchmark. (iii) T � 57 �C and

(iv) corresponding beam splitter benchmark. RBW � 1 kHz,

VBW � 30 Hz, and 10 averages. The probe and pump power

densities are 9:6 mW=cm2 and 96 mW=cm2, respectively. The

57 �C and 42 �C beam splitter benchmark data points were fitted

with �0 � 4 kHz and �0 � 3:5 kHz, respectively.
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