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We investigate the transient coherent transmission of light through an optically thick cold stron-
tium gas. We observe a coherent superflash just after an abrupt probe extinction, with peak intensity
more than 3 times the incident one. We show that this coherent superflash is a direct signature
of the cooperative forward scattering emission of the atoms induced by the probe in the stationary
regime. Thus, surprisingly we find that the forward scattering amplitude can be larger than the
incident probe excitation amplitude. By engineering fast transient phenomena on the incident field,
we give a clear and simple picture of the physical mechanisms at play.

PACS numbers: 42.50.Md, 42.25.Dd

We consider a simple scheme where a laser beam is sent
through a slab uniformly filled with resonant point-like
scatterers. In the stationary regime, scattering leads to
an attenuation of the intensity, I; = |E;|?, of the trans-
mitted coherent field Fy, according to the Beer-Lambert
law:

I, = Iyexp (-b), (1)

where [j is the intensity of the incident field Fy and b is
the optical thickness of the medium. The power lost in
the coherent transmission, o< 1 — e~?, leaves the medium
in all directions [1, 2]. In general, since the positions of
the scatterers are random, the re-emitted field is inco-
herent (i.e. the phase of the incident field is lost). This
statement is, however, not true in the forward direction,
where the phase of the scattered field does not depend
on the (transverse) positions of the scatterers [3]. This
cooperative effect of the atomic ensemble in the forward
direction has already been explored by several authors,
for example in superradiance laser [4, 5], superradiance
of a single photon emission [6], and in the underlying me-
chanical effects on the atomic cloud [7]. Importantly, the
attenuation of the transmitted field can be interpreted as
the result of a destructive interference between the inci-
dent field and the field scattered in the forward direction.
Denoting by Fs the forward scattered electric field, one
has at any time

E, = Ey + E,. (2)

For the useful case of a monochromatic fields at frequency
w in the stationary regime, such an equality can be writ-
ten for the complex field amplitudes [see Fig. 1(a) for a
geometrical reconstruction]. In general, the fields have
two polarization components perpendicular to the direc-
tion of propagation, so vectors should be used. We here

consider a simpler situation where all fields have the same
polarization.

Measuring the forward scattered electric field and its
interference properties with the incident field is the major
goal of our work. In the stationary regime, energy conser-
vation imposes I; < Iy. In other words, |E:| < |Ey| and
therefore |E,| < 2|Ey|. However, since the forward scat-
tered field is built upon the incident field, one might be-
lieve that its amplitude is bounded as such, |E;| < |Ejp].
As a key result of this letter, we show that the latter in-
tuitive picture is incorrect. We indeed predict a forward
scattered intensity I arbitrarily close to 41y and experi-
mentally observe I /Iy = 3.1(4). The experimental value
is mainly limited by the temperature of the gas and the
maximum optical thickness that can be obtained with
our experimental setup. Hence, apart from the energy
conservation argument, we find no other basic principles
or theorems, such as causality or Kramers-Kronig rela-
tions, that limit the amplitude of the forward scattered
field.

The system under investigation consists of a laser-
cooled ¥ Sr atomic gas. The details of the cold atoms pro-
duction line are given in Ref. [8]. The last cooling stage
is performed on the 'Sy — 3P, intercombination line at
A = 689 nm, with a bare linewidth of I'/2r = 7.5 kHz.
The number of atoms is 2.5(5) x 10%. The tempera-
ture of the cold gas is T = 3.3(2) uK, corresponding
to an rms velocity of v = 3.4T'/k. Here, k = 27/\
is the wavevector of the transition. After cooling, the
atomic cloud is expanded in the dark for 10 ms. The
peak density is then around p = 4.6 x 10! cm™3. The
cloud has an oblate ellipsoidal shape with an axial ra-
dius 240(10) pm and an equatorial radius 380(30) pm.
Using shadow imaging technique, we measure along an
equatorial direction of the cloud, an optical thickness at
resonance of by = 19(3) on the intercombination line. We
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Figure 1: (Color online) (a) Electric fields in the complex
plane. (b) I:/Io in the stationary regime as a function of
the probe detuning 6/I". The blue dots are the experimen-
tal data and the black solid line is the theoretical prediction.
(c) Example of a temporal evolution of the normalized trans-
mitted intensity for § = —11.2I". The red curve shows the
normalized incident intensity, the black curve shows the ex-
perimental signal, the blue line shows the level of I;/Iy and
the green open circle shows the value of I, /Io. The inset panel
is a zoom around t = 0 of the coherent superflash, the black
curve showing the theoretical prediction assuming instanta-
neous switch off of the probe. (d) Is/Io in the stationary
regime as a function of the probe detuning. The black solid
line is the theoretical prediction and the green dots are the
experimental data. The vertical dashed lines at |§] = 11.7T
in (b) and (d) define the expected positions of the maximum
values of the forward scattered intensity. In the experiment,
T = 3.3(2) uK and by = 19(3), the other parameters being
given in the text.

note that k¢ ~ 500, where £ is the light scattering mean
free path. Since k¢ > 1, the system is deeply in the

dilute regime. Hence, all collective behaviors such as re-
current scattering [9, 10], Lorentz-Lorenz and collective
Lamb shift [11-13], can be disregarded.

A probe laser beam is then sent across the cold atomic
gas along an equatorial axis. The probe (diameter
150 pm) is tuned around the resonance of the intercom-
bination line. Its power is 400(40) pW, corresponding to
0.45(5) Isat, where I,e = 3 W /cm? is the saturation in-
tensity of the transition. The probe is switched on for
40 ps such that the stationary regime is reached without
introducing significant radiation pressure on the atoms.
The same probe sequence is repeated 1 ms later with-
out the atoms to measure Iy. The temporal evolution of
I; is measured using an amplified photodetector (Hama-
matsu, model C10508, cut-off frequency: 10 MHz). All
the transmitted photons along the propagation direction
are collected, leading to a transverse integration of the in-
tensity. During probing, we apply a bias magnetic field of
1.4 G along the beam polarization to address a two-level
system corresponding to the 'Sp,m =0 — 3P;,m =0
transition.

We first look at the stationary regime. We plot
in Fig. 1(b) I;/I as a function of the probe frequency
detuning. In order to compare with analytical predic-
tions, we model the ellipsoid geometry of the cloud by
a slab geometry. In the frequency domain, the coherent
transmitted electric field through the slab is given by

Biw) = Bo(w) exp [ "9 3)
We define, n(w), w, ¢ and L, respectively as the complex
refractive index, the laser optical frequency, the speed
of light in vacuum and the thickness of the slab along
the laser beam. For a dilute medium, we have n(w) =
1+ pa(w)/2 [14]. The two-level atomic polarizability is
given by

3rle® 1 +°°d exp (—v?/20?)

aw)=-=13 2@/_00 Vi W
where the integration is carried out over the thermal
Gaussian distribution of the atomic velocity along the
beam propagation direction. § = w — wy is the frequency
detuning and wy is the bare atomic transition frequency.
By inserting in Eqgs. (3) and (4) the measured values of
the atomic density and the temperature, we compute the
transmitted intensity I; and show the results in Fig. 1(b).
The effective slab thickness of the cloud is chosen to
match the measured optical thickness. The theoretical
prediction agrees very well with the experimental data.
However, close to resonance, the measured transmission
is slightly higher than the predicted one. This mismatch
is due to the finite transverse size of the cloud, which
allows few photons in the wings of the laser beam to be
directly transmitted.



We now take advantage of the finite response time
of the atom/light system to measure directly the for-
ward scattered intensity. For this purpose, we abruptly
switch off the probe beam. The switching time is 40 ns
(i.e. ~ 500 times faster than the excited state lifetime
I'~! = 21 ps). According to Eq. (2), if Iy = 0, we have
Ei(t =07) = E. Hence, immediately after switching off
the probe, the detector measures the forward scattered
intensity of the stationary regime (i.e. I;(t = 07) = I).
In the absence of a driving incident field, the transmit-
ted intensity decays because of the natural decay of the
atomic dipoles, but also because of the dephasing in-
duced by propagation in an optically thick medium and
Doppler broadening [15]. This phenomenon is known as
the free induction decay. It has been initially studied in
NMR [16] and more recently in optics with cold atomic
gases [17-20]. If the probe is at resonance and the optical
thickness is large, the free induction decay leads to the
emission of a coherent flash of light with a peak inten-
sity equals to Iy (see for example Fig. 1(b) in Ref. [15]).
For a detuned probe field, one illustrative example of the
temporal evolution of I; /Iy is given in Fig. 1(c). In this
case, we observe a flash of light with the peak intensity
clearly above Iy. We define it as a coherent superflash.
This is in contrast with the coherent flash at an intensity
below or equal to Iy reported in Ref. [15]. In the in-
set of Fig. 1(c), we compare the experimental signal and
the theoretical prediction. This theoretical prediction is
obtained by numerically calculating the inverse Fourier
transform of Eq. 3 for an incident field that is a step func-
tion in the time domain. A good agreement is obtained,
except at ¢ = 0, where the finite response time of our
detection scheme slightly smoothes the predicted discon-
tinuity. The value of I, is obtained by extrapolating the
(super)flash down to ¢ = 0.

We plot in Fig. 1(d) the normalized forward scattered
intensity in the stationary regime as a function of the
laser detuning. At resonance, we find I3/l ~ 1 and
I /1y ~ 0, like in Ref. [15], meaning that the interference
between the incident field and the forward scattered field
is almost perfectly destructive (i.e. Es ~ —FEp). Far from
resonance, ISMO so that Itmfo- In between these
two extreme cases, I/Iy passes through a maximum of
3.1(4) at |§] = 11.2(7)I". At the same absolute value of
the detuning, we get I;/Iy = 0.66(8). Finding I, > I
(i.e. a coherent superflash) is surprising for two reasons.
First, as mentioned earlier, the forward scattered field is
built upon the incident field. Second, it reaches its max-
imum value when the field is mostly transmitted (i.e.
where we could expect that the incident field weakly in-
teracts with the medium).

Using Egs. (2) and (3), we find the maximum value of
I/I to be 4. We tend to this limit as we increase the
optical thickness, as shown in Fig. 2. For |§] > kv, the
maximum superflash intensity at a given large by occurs
for 05 = . Using Eqgs. (2) and (3), we can show that this
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Figure 2: (Color online) Prediction for the I;/Iy ratio vs.
parameters bo (optical thickness at resonance) and detuning
[0]/T for T = 3.3(2) uK. The black dashed line indicates
the optical thickness of our experiment. The white solid line
represents the linear dependence on by of the maximum value
of Is/Iy. A coherent superflash is emitted when I5/Io > 1.

corresponds to [15] |]/T & by/4mg(kv/T") where g(z) =
/7 /8exp(1/822) erfc(1/+/8x)/x. At this detuning, the
superflash intensity is Is/ly ~ 4[1 — 2x2g(kv/T)/bo).
At T = 3.3 uK, the temperature of the experiment,
g(kv/T") = 0.16. The detuning at maximum superflash
intensity is then given by |0|/T" &~ 0.48bg, a linear depen-
dence on by which can be seen in Fig. 2.

From our experimental measurements of I; /I (station-
ary transmitted probe intensity) and I /Iy (immediately
after switching off the probe), we can also extract the
phase of the forward scattered field:

I, — I — 1.
0, = —_ . 5
weos (*5 ) )

However, there is an ambiguity in the phase calculated
using Eq. (5), since we cannot distinguish between 6, and
—0,. To disambiguate, the easiest way is to choose the
sign giving the best agreement with Eqgs. (3) and (4).
This is the first procedure used in Fig. 3.

We have also added theoretical predictions in Fig. 3
and we note that the phase angle 6, is within the range
[7/2,37/2], which means that the forward scattered field
always destructively interfere with Ej, as expected from
a scattering medium. We also note that for large detun-
ings 0,55 +o0 F 7/2. However, |E| is close to zero so E
stays close to the origin. As the detuning decreases, F
traces a curve as depicted in Fig. 3 until we reach a sit-
uation where 65 ~ 7. If this happens when the detuning
is still relatively large, as it is in the experiment, a large
superflash intensity is observed. Close to resonance, 0,
should tend to . This measurement is however affected
by a large systematic error because of the residual trans-
mission, as discussed in Fig. 1(b).

At very large optical thickness 6, goes back and forth
in the [7/2,3m/2] range, leading to a potential observa-
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Figure 3: (Color online) Reconstruction of E; in the complex
plane. The false color scale gives the probe detuning. The
white region corresponds to the superflash regime, the light
gray area shows the region with the normal coherent flash
and the dark gray area gives the region forbidden by energy
conservation. The dots are the experimental values extracted
using eq. (5) whereas the stars are experimental values ob-
tained by abruptly changing the phase of Fy. The transpar-
ent ellipses around several experimental data depict the error
estimates. The solid curve is the theoretical prediction. The
dashed curve is the theoretical prediction at a lower optical
thickness (bp = 3) and same temperature 7' = 3.3 pK.

tion of several superflashes by scanning the detuning at
a given by [see Fig. 2]. At low optical thickness, the
excursion of fy is limited and no superflash occurs as il-
lustrated by the dash curve in Fig. 3.

An additional measurement makes it possible to disam-
biguate the sign of the phase 5. We insert, in the optical
path of the probe, an electro-optic modulator (EOM) to
adjust the phase delay of Ey. We abruptly switch off
a bias voltage of the EOM, while keeping the probe on.
This operation creates an abrupt negative jump of the in-
cident phase. If after the phase jump, the incident field
tends to align with E, we observe the usual positive
(super)flash [see Fig. 4(b)]. On the contrary, if Ey points
opposite to Fy, we observe a negative flash [see Fig. 4(a)].
We vary the phase jumps in the [0, —7] range where the
amplitude of the (super)flash necessarily passes through
an extremum giving, without ambiguity, ;. We show as
stars in Fig. 3 several values of the such reconstructed
field. They are in good agreement with the previous ex-
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Figure 4: (Color online) Temporal evolution (blue curves)
with an abrupt change of phase of —0.47 at ¢ = 0 for a probe
detuning of (a) § = —19.3I" and (b) 6 = +20.7T". The in-
sets show the electric fields in the complex plane at the time
pointed by the arrows.

perimental values represented by dots.

In conclusion, we have studied fast transient phenom-
ena in the transmission of a probe beam through an op-
tically thick cold atomic sample. When a probe at a
detuning |6]/T & bg/4mg(kv/T) is abruptly switched off,
a short coherent superflash is emitted with a peak in-
tensity up to 4 times the incident intensity. By com-
bining transient and stationary intensity measurements,
we show that at large detuning the coherent superflash
comes from a phase rotation of the forward scattered field
induced by the large optical thickness of the medium.
Moreover, by abruptly changing the phase of the incident
field, we were able to engineer positive and negative co-
herent flash emissions. The latter shows that an optically
dense medium might be useful as a phase discriminator
device. Potential applications might be found in classical
and quantum information such as detection and feedback
of phase, generation of squeezed states, and continuous
variable entanglement.

We have used the narrow width intercombination line
of Strontium as a proof-of-principle of the coherent
(super)flash effect in the easily accessible nanosecond
regime. However, broader transitions and larger optical
thickness may considerably shorten the flash duration.
It seems possible then, with a simple system, namely a
CW laser, an absorber and a fast phase modulator, to
generate short coherent pulses at a high repetition rate
for potential applications in ultrafast physics and optical
communication.
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