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Observation and measurement of an extra phase shift created by optically detuned
light storage in metastable helium
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Electromagnetically induced transparency (EIT) in metastable helium at room temperature is
experimentally shown to exhibit light storage capabilities for intermediate values of the detuning
between the coupling and probe beams and the center of the atomic Doppler profiles. An additional
phase shift is shown to be imposed to the retrieved pulse of light when the EIT protocol is performed
at non-zero optical detunings. The value of this phase shift is measured for different optical detunings

between 0 and 2 GHz, and its origin is discussed.

PACS numbers: 42.50.Md

Since the discovery of coherent population trapping
(CPT) [1, 2] and electromagnetically induced trans-
parency (EIT) 15 years later [3], different applications
of these phenomena were found, ranging from atom cool-
ing [4] to the decrease of group velocities down to a few
meters per second [5l, [6]. This led to the well-known
stored light experiments that were performed using EIT
in various systems such as cold atoms, gas cells, or doped
crystals [7H9].

The EIT-based storage protocol relies on the long-lived
Raman coherence between the two fundamental states of
a A system, where two ground levels are optically cou-
pled to the same excited level. When a strong coupling
beam is applied on one of the two transitions, a nar-
row transparency window limited by the Raman coher-
ence decay rate is opened along the other leg of the A
system. Because of the slow-light effect associated with
such a dramatic change of the absorption properties of
the medium, a weak probe pulse that excites the second
transition is compressed when it propagates inside the
medium. When it is fully inside this medium, the cou-
pling beam can be suddenly switched off and the signal
is then mapped onto the Raman coherences that were
excited by the two photon process. Finally, the signal
pulse can be simply retrieved by switching on the cou-
pling beam again.

Atoms at room temperature in a gas cell are partic-
ularly attractive for light storage because of the sim-
plicity of their implementation. However, the significant
Doppler broadening has to be considered and might be
expected to place a strong limitation. Its effect can never-
theless be minimized using co-propagating coupling and
probe beams, and easy-of-use simple gas cells have thus
turned out to be attractive for slow or even stopped light
experiments [10]. The atoms preferably used for such ex-
periments are alkali atoms, mainly rubidium and some-
times sodium or caesium. Experimental achievements
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have shown that squeezing can be preserved after slow-
ing down or storage by EIT at optical resonance in an
alkali cell at room temperature [I1), 12], and the same
phenomenon was used to store and retrieve Laguerre-
Gaussian modes [I3] and 2D images [14] [15], or to entan-
gle 2D images [16]. Quite good results were also obtained
with caesium atoms in the Raman regime [17],[I8] — with
an optical detuning more than 10 times larger than the
Doppler width — and some previous results were obtained
with other alkali atoms and smaller detunings of about
the Doppler width [12] [14] [19].

In the present paper we present experimental results
obtained not with alkali but with metastable helium
atoms at room temperature. We could explore EIT-based
light storage in the intermediate detuning regime, i.e.,
with coupling and probe beams slightly optically detuned
from the center of Doppler profile while maintaining the
two photon resonance condition. The detunings that we
explore range from 0 to twice the Doppler linewidth,
which is possible thanks to the simple level structure of
metastable *He, which is free of hyperfine splitting. The
large separation between the DO and D1 lines opens the
unique possibility to operate in such intermediate detun-
ing configurations and achieve a systematic study of the
effect of the optical detuning the storage efficiency. In
particular, this allows us to isolate a phase shift that
is accumulated by light during the storage and retrieval
process when operating out of optical resonance. The
evolution of this phase shift with the optical detuning is
investigated for the first time, to the best of our knowl-
edge. Possible applications for experiments performed
with large detunings and for quantum information pro-
cessing are discussed.

The experiment is based on the 23S; — 23P; (D1)
transition of helium, that permits one to isolate a pure A
system involving only electronic spins. It has previously
been shown that it can exhibit very narrow EIT reso-
nances with a kilohertz linewidth, leading to dramatic
changes in the group velocity of the probe beam [21], 22].
Such results are extremely promising when it comes to
storage experiments. Figure [T] gives the schematic of the
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experimental set-up. The cell, filled with 1 Torr of “He,
is 6 cm long and is isolated from magnetic field inhomo-
geneities thanks to a three-layer py-metal shield. In these
conditions, the Doppler broadened transition half width
at half maximum is about 0.9 GHz, but the optical pump-
ing, which is redistributed by velocity changing collisions,
was shown to be effective over approximately half of the
Doppler profile [22]. Helium atoms are excited to the
metastable state by an RF discharge at 27 MHz. The
linear transmission of a small probe beam is measured to
lie between 0.1% and 0.15%, depending on the RF dis-
charge conditions: this measurement is performed in the
presence of the pumping beam, but with a probe detuned
by 1 MHz to be out of the EIT window.

The coupling and probe beams are derived from the
same laser diode at 1.083 pm. They are controlled in fre-
quency and amplitude by two acousto-optic modulators
(AOs), and recombined with a polarizing beam-splitter
(PBS). The coupling power can be varied up to 20 mW.
The probe power is always less than 150 yW in the ex-
periments described below. A quarter-wave plate (A/4)
located at the entrance of the cell changes the linear
and perpendicular coupling and probe beam polariza-
tions into circular and orthogonal (¢ L o) polarizations.
After the cell, polarization optics allow detection of only
the probe beam. The beam diameters are about 3 mm in-
side the cell: measurements of the evolution of the width
of the EIT transparency window with the coupling power
in these conditions give a Raman coherence decay rate
I'r/2m =~ 14kHz. As the Raman coherence decay rate
was shown to be a few kHz with larger beams, it now
gets limited by the transit time of the atoms through the
laser beam [23]. For a coupling power of about 17 mW at
the cell entrance, the EIT resonance width at resonance
was more than 500 kHz and the maximum transmission
of a bit less than 30%.

The storage protocol that we use is as follows. The
coupling beam is first switched on. The probe beam is
then progressively turned on, following an exponential
profile followed by an abrupt decrease. Once this probe
pulse has entered the helium cell, the coupling beam is
suddenly switched off. After a storage time 7 that can be
varied, the coupling beam is suddenly switched on and
the retrieved pulse is released by the atoms.

It is important to notice that the coupling beam is
not totally eliminated by the polarization optics. To de-
termine the retrieved pulse intensity, the remaining cou-
pling intensity cannot be simply subtracted from the to-
tal intensity because of the existence of an interference
term between probe and coupling. We took advantage
of this effect to perform a homodyne-like detection, us-
ing the leakage of the coupling beam as a local oscilla-
tor. The phase of this local oscillator is slowly scanned
using a mirror mounted on a piezo-actuator which re-
flects the coupling beam only (see fig. [I). The de-
tected signal is accumulated for many different values
of the local oscillator phase, and the upper and lower
parts of the recorded envelope correspond to relative
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FIG. 1: Experimental setup for EIT storage in metastable
“He. The perpendicular linearly polarized coupling and probe
beams of Rabi frequencies (2. and €2,, respectively, are con-
trolled in frequency and amplitude by acousto-optic modula-
tors (AOs). The helium cell is protected from stray magnetic
fields by a p-metal shielding. A A\/4 plate and a polarizing
beam splitter (PBS) separate the coupling from the probe
beam at the output of the cell. Detection is performed by a
photodiode. One of the mirrors reflecting only the coupling
beam is mounted on a piezoelectric transducer, in order to
modulate the phase of the homodyne detection. The recorded
signal shows a leak followed by a retrieved pulse after a stor-
age time 7. Inset: Recorded leak and retrieved signals after
data processing. When the coupling is switched on again af-
ter a 3 us storage time, a reversed exponential retrieved signal
is transmitted. The storage efficiency is the ratio of the area
under the retrieved signal and the area under a transmitted
probe when the cell is switched off.

phases between the coupling and probe beams given by
Ap = 0 [27] and Ap = 7 [27]. Knowing the coupling
intensity I and using the two beam interference formula
Io+1Ip+2yIcIpcos(Ap), one can deduce the probe in-
tensity Ip. However, one has to take into account the im-
perfect contrast of the two beams due to a possible small
angle between them and to their non-planar wavefronts.
In the formula that we use, the factor 2 in the interference
term is replaced by a factor a: Io+Ip+av/IcIp cos(Ayp),
« being measured for each set of data and found to be
larger than 1.65 for the results reported here. If one con-
siders only the effect of misalignments, such an « factor
corresponds to angles smaller than 0.01°.

The inset in fig.[[ shows a typical recorded signal after
data processing. As explained above, the probe pulse
leading edge is taken as exponential, in order to better fit
the Lorentzian frequency spectrum of the EIT resonance.
The probe power at its maximum is about 130 uW. The
first detected peak is the leak that is transmitted through
the cell, due to its finite absorption. The storage time is
3 us in this example. Once the coupling beam has been
switched on again, the retrieved signal is clearly visible.
The storage efliciency is measured as the ratio of the area
under the retrieved signal to the area under a transmitted
probe recorded without metastable helium atoms, i.e.



12 o Io T T T T T lOO
< 00 [n] 1 —

r-\lo_ '90(D
S o o len =
P o 1
2 8 170 &
Q <> 1 =
3] =] -603
56 o 150 &
S 1 @
S 4 a © 190%
2 ° o—30 3
oo 1 =,

%2- o <> -208
oo o 410 —~

O—I:I.n? <>| -O\O\i

-05 0.0 0.5 1.0 15 2.0 25
Optical detuning (GHz)

FIG. 2: Storage efficiency (open squares), 1-the leak level
(dots) and linear absorption of a cw probe in the absence
of the coupling beam (open diamonds) as a function of the
optical detuning of the coupling beam for a 2 us rise time
exponential probe pulse. The leak level is defined as the leak
area divided by the incoming pulse area. A positive detuning
corresponds to a laser frequency larger than the transition
frequency. The storage time is 3 us.

with the RF discharge switched off.

Storage efficiency results are reported in figs.[2] and [3]
Figure [2] shows the evolutions of the storage efficiency
versus optical detuning of the coupling and probe beams
with respect to the center of the Doppler profile. The
weak probe pulse has a 2 us rise time exponential edge,
and the storage time is fixed and equals 3 us. A pos-
itive detuning corresponds to a laser frequency larger
than the transition frequency: on this side of the tran-
sition, the next level (*Pg) is nearly 30 GHz away. On
the other side, i.e.for negative detunings, the 3Py level
is only 2.29 GHz away. This is why we focus here mainly
on positive detunings. The maximum efficiency — about
11% for a 3 us storage time — is obtained for a detuning
of 2.2 GHz. For such a detuning, the efficiency at zero
storage time was measured to be more than 15%. It is
not as high as the ones obtained in other systems e.g.
rubidium at room temperature [I0] or cold atoms [24],
but we would like to stress the fact that the absorption
depth aL of the medium is less than 7and thus the op-
tical depth d = aL/2 is less than 3.5 in the notations
used by Gorshkov & al [20]. Such an optical depth gives
less than 30% maximum theoretical efficiency in the for-
ward direction according to ref. [20].. Knowing that the
pumping efficiency decreases with optical detuning and
that our maximum coupling power was limited to 20 mW
at the entrance of the cell, the efficiencies that we reach
here are not far from the theoretical maximum.

One might wonder if the origin of a maximum transmis-
sion obtained for a detuning of twice to thrice the Doppler
width can be found in the breakdown of the optimal adi-
abatic storage. Gorshkov & al [20] have shown that in
the adiabatic limit, any input mode can be stored with
the same maximum efficiency, independently of the opti-
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FIG. 3: Measured evolution of the storage efficiency as a func-
tion of the storage time 7 for an optical detuning of about
1.5GHz and a 4 us rise-time exponential probe pulse. The
continuous line is an exponential fit with a decay time of 11 us.

cal detuning. The necessary and sufficient condition on
the duration T of the probe pulse to verify the adiabatic
approximation is T'dy > 1, where v is the polarization
decay rate. It is when the probe adiabaticity is not valid
that the efficiency increases with the optical detuning.
Nevertheless, in our conditions, v ~ 1.4 x 108s~!, which
gives several hundreds for T'd~y: for such values, the the-
oretical plots given by Gorshkov & al [20] show that the
maximum efficiency is reached whatever the optical de-
tuning is.

Figure [2| also shows the leak level (to be more precise
1- the leak level) and the absorption of a linear cw probe
with respect to the optical detuning. The leak level is ob-
tained by the area of the leak pulse divided by the area of
the incoming pulse. It remains nearly constant for small
detunings while the efficiency quickly increases. The lin-
ear absorption decreases for optical detunings larger than
1 GHz, which is consistent with a 0.9 GHz Doppler broad-
ening. The fact that the leak level remains flat when the
optical detuning increases is consistent with the increase
of the efficiency if it is linked to a better mapping of the
light on the spin wave. A full theoretical treatment is still
to be done and should take into account the absorption
of the coupling beam along the cell.

Figure [3|shows the exponential decrease of the storage
efficiency with the storage time. These data are obtained
for an optical detuning of about 1.5 GHz with weak probe
pulses having an exponential leading edge with a 4 us
rise time. The decay time of the exponential evolution of
ﬁg. is 11 ws, which corresponds to I'r/2m ~ 14kHz,
where I'p is the Raman coherence decay rate. This
value is consistent with measurements of the evolution of
the width of the EIT transparency window with respect
to the coupling power [2I], that give I'r/2m ~ 14 kHz.
This is broader than the few kHz that we had previously
recorded [25], as expected from the fact that we now have
reduced beam diameters down to 3 mm, thus decreasing
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FIG. 4: Traces recorded at different times when the laser

frequency is (a-c) close to resonance and (d-f) at a frequency
2.2 GHz larger than the center of the Doppler profile. The
retrieved pulse is in phase with the leak in the case (a-c)
while is is clearly phase shifted in the case (d-f).

the transit time.

The homodyne detection that we use makes the
recorded leak and signal amplitudes oscillate when the
phase of the coupling beam is scanned. This permits us
to measure the phase of the retrieved pulse with respect
to the leak of the incident pulse, for different values of
the detuning. Figures a,b,c) reproduce the recorded
temporal traces for three values of the phase of the lo-
cal oscillator, when the frequency of the laser is close to
the center of the Doppler profile. These traces clearly
show that the leak and the retrieved pulse interfere in
the same way with the local oscillator. For example, in
ﬁg.a), the interference is constructive for both pulses,
while in fig.[d{c), the interference is destructive for both
pulses. This shows that, in the case of ﬁgs.a—c)7 the
retrieved pulse is in phase with the incident pulse. In
contrast, in ﬁgs.(d,e,f) showing similar traces recorded
for a 2.2 GHz optical detuning, a phase shift between the
leak and the retrieved pulse is clearly visible, as the in-
terferences can, for example, be constructive for the leak
signal and destructive for the retrieved pulse [see in par-
ticular fig.[Jf)]. It must be emphasized here that we do
not see any dependence of this phase shift on the storage
time. Moreover, it is worth mentioning that the scan of
the piezoelectric actuator is performed slowly enough to
ensure that the relative phase between the coupling and
probe beams remains constant over the duration of the
incoming probe pulse and during the reemission of the
stored pulse. Indeed, the scanning frequency was 20 mHz
for an amplitude of the order of 5 times 27.

We could not notice any dependence of this phe-
nomenon on the storage time, and it is thus clear from the
observations in fig. [ that the storage process itself in-
troduces an extra phase shift to the retrieved light pulse,
when it is performed with a non-zero detuning. The
phase shift reported here is completely different from the
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FIG. 5: Evolution of the magnitude of the phase shift acquired
during storage and retrieval versus optical detuning. The
squares are experimental measurements and the continuous
and dashed lines are obtained by extracting |¢grr| from eq.
: the continuous red line is plotted with I'/27r = 0.4 GHz
and a coupling power down to zero, while the dashed blue
line is plotted with I'/2w = 0.42 GHz, I'r /27 = 14kHz and
Qc /27 = 23 MHz.

ones previously observed for Raman detuned EIT stor-
age and a coupling beam at optical resonance [26], [27]
and from the control of the stored phase using a pulsed
magnetic field [28§] .

In order to understand the origin of this phase shift ac-
quired during storage, we attempt a perturbative treat-
ment of the system. We consider the usual equation of
evolution of the density matrix of the three-level system,
neglecting all population terms except the one in the
ground state sublevel m =1 (011 ~ 1). If Q¢ > Qp,
we obtain the following expression for the steady-state
Raman coherence between the Zeeman ground levels
m = %1 in the presence of both the coupling and probe
beams:

—Qc%
(Tr +i0r)(T +iAp) + |Qc|?

01,-1 = (1)
where I' is the optical coherence decay rate, Ap the
probe optical detuning and dg the Raman detuning.
01,—1 is expressed in the rotating frame, with 69 1 =
01,-1 exp (idrt). At Raman resonance, one has 1 _1 =
01,—1-

At Raman resonance, this equation shows that the
pulse stored in the Raman coherence has acquired an
extra phase shift. This phase shift is given by the ar-
gument @grr of the Raman coherence of eq. , given
by:

FRAP

—_— 2
Qc|? +Trl @

tanpprr =

with Ap = A¢ at Raman resonance.
The second phase of the protocol is the retrieval pro-
cess, for which the Hamiltonian to be considered reads,



in the rotating frame,

) 0 Qo2 0
H=n| Qs 0 0] . (3)
00 0 0

This Hamiltonian is written here in the basis {|e),| —
1),]1)}, where |e) is the m = 0 sublevel of the excited
level, and | &+ 1) are the m = %1 sublevels of the ground
state. We can then perform a first-order perturbative
calculation of the retrieved field amplitude, with an ini-
tial density matrix, i.e., just before the coupling field is
switched on again, given by:

0 0 0
Oini = 0 0 0-1,1 . (4)
0 01,—-1 1

It should be noted that the coupling Rabi frequency does
not have to be the same for the storage and retrieval
processes, neither its modulus, nor its phase. Using the
von Neumann equation, ihdo /dt = [H, o] with the initial
condition o = 0y,;, we find that doq ./dt = iQ%501,-1.
As the retrieved signal amplitude €2, is proportional to
i07] ., its phase is found to be pc2 —argoy 1, where pc2
is the phase of the coupling field used for the restitution.
As we use the reading beam Qg5 as a local oscillator for
the homodyne detection, the phase p¢s is eliminated,
and we obtain a phase shift g for the retrieved signal
compared to the leak signal. Furthermore, we notice that
the same result could be obtained even with a readout
coupling beam at a frequency different from the storage
coupling beam. In all cases, the retrieved pulse will be
emitted at the frequency of the readout coupling beam
with the stored phase shift ogrr.

Figure [5] shows the magnitude of the measured phase
shift as a function of the optical detuning. The
theoretical continuous and dashed lines correspond to
|larctan(T g Ap/(|Q2c|> + TrI'))|, as expected from eq.
(2). Following Gorshkov & al [29], we replaced the ho-
mogeneous line width by the Doppler width and used
I'/2r = 0.4 GHz given by the effective Doppler width
and I'g/2m = 14kHz. The dashed blue line is plotted
for Q¢/2m = 23MHz corresponding to the average of
the coupling power along the cell, while the continuous

red line is obtained for zero coupling power. The agree-
ment between theory and experiment seems good at zero
coupling power, but not when we take into account the
existence of the coupling beam that was indeed used for
storage. A proper theoretical model remains to be de-
velopped, to take into account propagation and transient
effects that might explain the fact that a simple steady-
state first order model fails to reproduce the data.

In conclusion, we have shown that room-temperature
metastable “He permits one to achieve light storage with
an efficiency larger than 10% for a storage time of 3 s,
and with a decay time of the storage efficiency equal to
11 ps. The efficiency is shown to be maximum for detun-
ings of the order of twice the Doppler linewidth. More-
over, we have observed the existence of an extra phase
shift accumulated by the retrieved pulse during the stor-
age process. This phase shift is explained by the relative
phase shift recorded by the Raman coherence, which is
created by the incoming probe pulse in the presence of
the coupling beam. The theoretical model based on a
steady-state first-order-of-perturbation treatment of the
evolution of the density matrix of the system does not
give satisfying results and a full theoretical treatment
that takes into account transient phenomena is still to
be done. These results are interesting as some of the
best light storage efficiencies were obtained with a gra-
dient echo protocol in similarly detuned regimes for gas
cells at room temperature [30,31], and single photon level
low noise storage experiments have been performed with
good efficiencies in large detunings conditions in caesium
cells [I7]. Moreover, such an optical control of the phase
of the retrieved pulse could be used to design phase gates
for quantum computing applications.
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