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Coherent response to optical excitation in a
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We investigate coherent propagation through a large optical density Tm3+:YAG crystal. Using an ultrastable
laser, fiber filtering, and site selection, we investigate the transmitted pulse temporal profile. The plane-wave
condition is satisfied by selection of the illuminated-spot central area. We pay special attention to � pulse
transmission in the prospect of implementing optical quantum storage protocols. © 2009 Optical Society of
America
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. INTRODUCTION
he coherent response to optical excitation has been in-
estigated for a long time. Actually, mere linear absorp-
ion of an optical beam through a material slab represents
he most elementary manifestation of this feature. In-
eed, the transmitted beam results from a coherent com-
ination of the incident field and the instantaneous mate-
ial response. It has also been realized early that a
oherent optical response is related to the collective quan-
um excitation of an atomic ensemble. As pointed out by
. Dicke [1], all the molecules are interacting with a com-
on radiation field and hence cannot be treated as inde-

endent. However, a semiclassical treatment is generally
dequate to describe the coherent response [1], especially
f the number of atoms per � cube is small enough so that
uperfluorescence cannot start up on the experiment time
cale [2]. In the framework of the semiclassical descrip-
ion, McCall and Hahn were able to derive an area theo-
em that accounts for the propagation of an arbitrary in-
ensity pulse through an arbitrary optical density slab [3],
iving rise to the notion of self-induced transparency
SIT). To be coherent, the process must take place on a
ime scale much shorter than the atomic superposition
tate lifetime. Experimental demonstration in the nano-
econd range was performed at once in both solids and
tomic vapors at room temperature [3–5]. The McCall and
ahn theorem only predicts the pulse area behavior. For
more detailed description, especially to investigate the

ulse deformation, one has to solve the Maxwell–Bloch
MB) equation numerically.

The connection with solitons has stimulated interest in
IT. It was shown [6] that a 2 � area pulse with a hyper-
olic secant temporal profile can propagate without alter-
tion through an absorbing medium. The breakdown of
arge area pulses into 2 � area components was also pre-
icted [6] and observed [4,5]. A couple of decades later, the
iscovery of electromagnetically induced transparency
EIT) in ensembles of three-level atoms [7] renewed inter-
st in the coherent response of optically thick media. Ac-
0740-3224/10/010032-6/$15.00 © 2
ually, a variety of induced transparency processes have
een investigated in three-level systems [8,9]. The inter-
lay of EIT with SIT was also considered [10,11]. In re-
ent years, effort has been directed to the ultrashort pulse
egime, where the usual assumptions, such as the rotat-
ng wave and slowly varying envelope approximations,

ay not be valid [12].
Rare-earth ion-doped crystals (REIC) represent an ex-

ellent test bed for coherent optical response investiga-
ion. Most of the limitations pointed out by Slusher in his
eview paper on SIT [13] are relaxed in these materials.
he superposition state lifetime may reach hundreds of
icroseconds and is not limited by a transit time across

he light beams. No diffusive motion can affect the spatial
hase of the atomic states. The inhomogeneous broaden-
ng can be considered as infinite. Generally, the level de-
eneracy is completely lifted by the crystal field so that
he ions behave as true two-level atoms on the propaga-
ion time scale. Other features depend on the specific host
atrix. In yttrium aluminium garnet (YAG, Y3Al5O12) for

nstance, the D2 symmetry of substitution sites forbids
he existence of permanent dipole moments. As a conse-
uence, relaxation processes such as optical excitation-
nduced instantaneous spectral diffusion (ISD) are
trongly reduced. In this matrix, appropriate crystal cut-
ing and adequate polarization orientation make ions in
ifferent sites interact with the same dipole moment pro-
ection on the incoming field [14].

Coherent interactions in strongly absorbing REIC cur-
ently receive considerable attention due to prospects of
hese materials as a base for quantum memories. How-
ver, very few SIT coherent propagation data have been
ollected in REIC [15,16]. Reference [16] reports on ex-
erimental work in Tm3+:YAG. However, inserting the
ample in a cavity makes the quantitative analysis more
ifficult. In addition, coherent excitation conditions are
ot clearly satisfied since the laser is not stabilized. The
ame flaw affects the results in [11], where the interplay
f EIT and SIT is evoked in the context of quantum stor-
010 Optical Society of America



a
P
p

a
l
r
t
t
e
g
d

p
I
g
b
i
d

2
T
c
p
a
I
p
t
o
m
t
n

t
t
i
t
r

w
s
a

w
v
a
s
t
p
t

c
e

g
�
B
B
�
a
v
b
r
f

T
t
l
i
i
s
t
E
o
w
o
m
a
i
t
t

w

T
l
r
−
t

Ruggiero et al. Vol. 27, No. 1 /January 2010 /J. Opt. Soc. Am. B 33
ge of light. In [15], propagation is investigated in
r3+:YSO. The laser is properly stabilized, but an unex-
ected low-transmission factor is observed.
In the present paper our aim is twofold. First, we reex-

mine the MB equation and propose a solution that ana-
ytically accounts for the instantaneous part of the atomic
esponse. This fast component spreads over a broad spec-
ral interval and complicates the numerical solution when
he absorption line is strongly inhomogeneously broad-
ned. Second, we present a detailed experimental investi-
ation of coherent pulse propagation in a large optical
ensity Tm3+:YAG crystal at liquid helium temperature.
The paper is organized as follows. In Section 2 we

resent the original aspects of our MB equation solution.
n Section 3 we review the main features of pulse propa-
ation through a strongly absorbing medium as predicted
y the MB equation. The experimental setup is described
n Section 4. We present and discuss the experimental
ata in Section 5.

. THE INSTANTANEOUS RESPONSE
he MB equation has been the object of intense theoreti-
al and numerical investigation for many decades by both
hysicists and mathematicians. We do not intend to bring
ny new result in this extremely well-documented field.
nstead, we rely on physical arguments in order to sim-
lify the computation procedure. Specifically, we show
hat one can simply account for the contribution from at-
ms far from resonance. This way, the sum over the inho-
ogeneous width can be limited to a narrower spectral in-

erval. To the best of our knowledge, this approach was
ot adopted before.
Let us consider a spatially and spectrally uniform dis-

ribution of two-level atoms. Spectral uniformity means
hat the inhomogeneous width of the optical transition is
nfinite. Let a monochromatic plane wave be directed to
he sample. At the input side z=0, the electric field E(z, t)
eads as

E�0,t� = A�0,t�cos��Lt + ��, �1�

here � is time independent. Within the frame of the
lowly varying amplitude (SVA) and rotating wave (RWA)
pproximations, the MB equations read as follows:

�z��z,t� = −
�

2�
� d�abv��ab;z,t�,

�tu��ab;z,t� = − �v��ab;z,t�,

�tv��ab;z,t� = − ��z,t�w��ab;z,t� + �u��ab;z,t�,

�tw��ab;z,t� = ��z,t�v��ab;z,t�, �2�

here �=�ab−�L, and where ��z , t�, u��ab ;z , t�,
��ab ;z , t�, and w��ab ;z , t�represent the Rabi frequency
nd the components of the Bloch vector B��ab ;z , t�, re-
pectively. Let L represent the sample thickness. To fur-
her simplify the problem, we assume that the incoming
ulse evolution characteristic time, i.e., the inverse spec-
ral width 1/� , is much longer than L /c. Therefore we
p
an neglect the time derivative �t��z , t� / c in the wave
quation.

To solve the equations numerically, one would like to
et the spatial distribution ��z , t� at time t in terms of
�0, t�, the boundary value at the sample input and of
��ab ;z , t−��, where ��p�1. Then one would solve the
loch equation at time t, starting with B��ab ;z , t−�� and
�z , t−��. It should be stressed that the material response
t time t cannot be simply expressed in terms of the Bloch
ector at t−�. Indeed, due to the infinite inhomogeneous
andwidth, the material gives rise to an instantaneous
esponse. Let us formally solve the Bloch equation in the
ollowing way:

v��ab;z,t� = v��ab;z,t − ��cos���� + u��ab;z,t − ��sin����

−�
0

�

��z,t − ���w��ab;z,t − ���cos�����d��.

�3�

he first two terms on the right-hand side correspond to
he free precession of the Bloch vector from t−� to t. The
ast term reflects the coupling to the field during this time
nterval. Initially w��ab ;z , t0�=−1, since all the atoms sit
n the ground state. As the pulse propagates through the
ample, w��ab ;z , t�+1 departs from 0 over a spectral in-
erval given by the pulse width �p. However, according to
q. (3), the driving field uniformly excites the atoms all
ver the inhomogeneous width, since the weight factor
��ab ;z , t0� is initially close to −1 everywhere. Summing

ver an infinite inhomogeneous width clearly raises a nu-
erical computation issue. An infinite width contribution

lso reflects an instantaneous response feature that we
ntend to express analytically, thus relaxing the computa-
ion problem. Substituting v��ab ;z , t� into the wave equa-
ion one obtains

�z��z,t� = −
�

2�
� d�ab�

0

�

��z,t − ���cos�����d��

+
�

2�
� d�ab�

0

�

��z,t − ����w��ab;z,t�

+ 1�cos�����d�� −
�

2�
� d�abvfree��ab;z,t − �,t�,

�4�

here:

vfree��ab;z,t − �,t� = v��ab;z,t − ��cos����

+ u��ab;z,t − ��sin����. �5�

he instantaneous response contribution has been iso-
ated in the first term on the right-hand side. This easily
educes to −�� /2���z , t�. The second term, of order
�� /2��p���z , t�, can be neglected since �p��1. Finally
he wave equation solution reads as
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��z,t� = ��0,t�e−�z/2

−
�

2�
�

0

z

dz�e−��z−z��/2� d�abvfree��ab;z�,t − �,t�.

�6�

n the small area limit, the second term on the right-hand
ide can be neglected. The equation then reduces to the
ouguer law of absorption [17]. As a starting point for nu-
erical computation, the equation conveniently expresses
�z , t� in terms of ��0, t� and of B��ab ;z , t−��. In order to
et B��ab ;z , t� in terms of B��ab ;z , t−�� and ��z , t−��, one
omplements Eq. (3) with the integral solutions for
��ab ;z , t� and w��ab ;z , t�:

u��ab;z,t� = ufree��ab;z,t − �,t�

+�
0

�

��z,t − ���w��ab;z,t − ���sin�����d��,

w��ab;z,t� = w��ab;z,t − ��

+�
0

�

��z,t − ���v��ab;z,t − ���d��, �7�

here

ufree��ab;z,t − �,t� = u��ab;z,t − ��cos���� − v��ab;z,t

− ��sin����. �8�

ccording to Eq. (7), the second term on the right-hand
ide of Eq. (6) still apparently contains far-from-
esonance contributions. Indeed, u��ab ;z , t� and
��ab ;z , t� are built from v��ab ;z , t� all over the infinite in-
omogeneous width. To show the instantaneous response

s actually contained in the first term, let us define the
ew variables:

U��ab;z,t� = u��ab;z,t� +�
0

	

��z,t − ���sin�����d��,

V��ab;z,t� = v��ab;z,t� −�
0

	

��z,t − ���cos�����d��. �9�

hose new variables vanish far from resonance with the
riving field. Then one easily verifies that Eq. (6) is left
nchanged if u��ab ;z , t−�� and v��ab ;z , t−�� are respec-
ively replaced by U��ab ;z , t−�� and V��ab ;z , t−��.

. PULSE DISTORSION AND AREA
HEOREM
ccording to the McCall and Hahn theorem [3], the trans-
itted pulse area, Aout, can be expressed in terms of the

ncoming pulse, Ain, as

tan�Aout/2� = e−�L/2 tan�Ain/2�, �10�

here the pulse area is defined as A= ���t�dt. The corre-
ponding variation of the transmission factor Aout/Ain as a
unction of A is displayed in Fig. 1.
in
To explore the shape distortion of an incoming rectan-
ular pulse, we numerically solve the MB equations along
he lines exposed in Section 2. The results of this compu-
ation are presented in Fig. 2 for different pulse area val-
es. The box labels help to locate the propagation regime

n Fig. 1. The distortion can be understood in light of the
rea theorem and of energy conservation. Four different
egions can be identified in Fig. 1. In region (I) nearly no
ight is emitted after the incoming pulse extinction. The
ulse simply obeys the Bouguer law and is hardly dis-
orted. In region (II), located around � area, the pulse
tretches in order to comply with two contradictory pre-
criptions. On the one hand the energy absorption in-
reases, since all the resonantly excited atoms are pro-
oted to the upper level, at any depth within the sample.
n the other hand the area transmission factor grows

arger that unity. Region (III) is centered on the 2 � area.
he transmission factor is still close to unity, but less en-
rgy is absorbed since the resonantly excited atoms are
eturned to their ground state. In this region the outgoing
ulse duration decreases, getting closer to that of the in-
oming pulse. In this region the pulse tends to the ex-

2π 3ππ
incoming pulse area (Ain)

tr
an

sm
is

si
on

fa
ct

or
(A

ou
t/A

in
)

0.5

1.0

1.5

0

I II III IV

(a) (b)
(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k) (l)

ig. 1. Area theorem: pulse area transmission factor Aout/Ain as
function of the incoming pulse area Ain. Labels �a� to �l� refer to

he different input-area conditions considered in Fig. 2.

normalized time

no
rm

ai
lz

ed
fi

el
d

am
pl

itu
de

(a) (b) (c)

(g) (h) (i)

(j) (k) (l)

(d) (e) (f)

1

1

2 3 4 50

Ain= 0.1π Ain= 0.5π Ain= 0.9π

Ain= π Ain= 1.1π Ain= 1.3π

Ain= 1.6 π Ain= 2π Ain= 2.5π

Ain= 3π Ain= 3.1π Ain= 3.2π

ig. 2. Numerical solution of the MB equation. The incoming
ectangular pulse (dotted line) propagates through an �L=5
ample. The temporal profile of the pulse at the output (solid
ine) is displayed for different values of the input area. Time and
utgoing pulse amplitude are normalized to the duration and the
mplitude of the incoming pulse, respectively. The box labels re-
er to the corresponding area values, as predicted by the McCall
nd Hahn theory in Fig. 1.



p
a
t
w
t
t
c
p
e
n
f

3
t

4
T
i
o
i
m
d
i
s
s

t
t
l
D
A
fi
a
d
(
t
t
fi

t
t
t
n
t
D
t
t
b

s
n
t
s
t
a

P
R
m
q
v
s
a
p
i
t
w
m
p
p

5
W
s
w
l

s
h
p
t
s
s
t

F
(
p

Ruggiero et al. Vol. 27, No. 1 /January 2010 /J. Opt. Soc. Am. B 35
ected soliton hyperbolic secant shape. Finally the pulse
rea undergoes another increase in region (IV), around
he 3 � area. As in region (II), this area increase conflicts
ith the energy depletion by the resonantly excited atoms

hat are left in the upper level. This apparent contradic-
ion is solved by the emergence of a stretched secondary
omponent in the tail of the main pulse. However, the 3 �
ulse is less distorted than the � pulse by the increase of
nergy transfer to the atoms. Indeed, to excite the same
umber of atoms, a 3 � pulse consumes a 9 times smaller
raction of the available energy than a � pulse.

The rapid growing of the long tails, in both the � and
� regions, provides us with key features for experimen-

al data analysis.

. EXPERIMENTAL SETUP
he 0.5% at. Tm3+:YAG crystal is cooled down to �2.2 K

n a helium bath cryostat. The experiment is performed
n the 3H4– 3H6 transition at 793 nm. The sample length
s L=5 mm. At the operating temperature the opacity is

easured to be �L�5. The crystal sides are cut perpen-
icular to direction [1, 
1, 0], and the light beam is polar-
zed along direction [1, 1, 1]. This way, three sites out of
ix interact with the driving field, and they do so with the
ame Rabi frequency.

The sample is excited by a monochromatic semiconduc-
or laser (Fig. 3). We carefully control the spectro-
emporal and spatial properties of the source. The laser
inewidth is first reduced to less than 1 kHz by Pound–
rever–Hall locking to a high-finesse Fabry–Perot cavity.
fter a boost up through a tapered semiconductor ampli-
er, the laser beam is precisely temporally shaped by an
cousto-optic modulator (AOM). The AOM is directly
riven by a high-frequency arbitrary waveform generator
Tektronix AWG520) operating at 1 Gs/s, which guaran-
ees precise amplitude and phase control. The beam is
hen spatially filtered by a 2 m long single-mode optical
ber.
The experimental conditions must be consistent with

he plane-wave assumption of the theory. First we make
he laser beam depth of field �DF��L. The DF, defined as
wice the Rayleigh range, is given by 2 �nw0

2 /�, where
=1.82 stands for the YAG index of refraction and where

he waist has been adjusted to w0�25 �m. Therefore
F�9 mm, which is significantly larger than L. In order

o put the beam waist at the crystal center, we position
he focusing lens at maximum Rabi frequency, as probed
y an optical nutation signal. Then we use a pinhole to

stabilized diode
laser @793nm

tapered

amplifier

Tm3+:YAG

Pinhole

λ/2

PDCrystal

PDControl

AOM

cryostat

Fig. 3. Experimental setup.
elect the signal emerging from the center of the illumi-
ated spot. The sample is imaged on the 50 �m pinhole
hrough a telescope with 4� magnification. This corre-
ponds to an 8% peak-to-peak excitation intensity varia-
ion over the detected area. The signal is detected on an
valanche photodiode.
The input intensity is monitored by photodetector

Dcontrol (Fig. 3). We carefully calibrate the detection in
abi frequency units. This is a critical step of our experi-
ent. Optical nutation offers the best access to Rabi fre-

uency [14]. However this measurement technique is
alid only in the low absorption limit. Because of the large
ample opacity at resonance, we have to detune the laser
bout 20 GHz from the center of the absorption band to
erform the calibration. At this spectral position the opac-
ty is reduced by a factor of about 10. The transmitted in-
ensity is detected on PDcrystal. We calibrate this detector
ith the raising edge of the rectangular pulse. Indeed, im-
ediately after switch-on, the transmitted intensity sim-

ly reads as I0 exp�−�L�, where I0 represents the input
ulse intensity that is measured on PDcontrol.

. RESULTS AND DISCUSSION
e experimentally study the propagation of rectangular-

haped pulses. The pulse duration is adjusted to 7 �s,
hich is significantly smaller than the atomic coherence

ifetime of �50 �s.
The input area ranges from 0.5 � to 3.4 �. The ob-

erved temporal profiles are displayed in Fig. 4. They ex-
ibit the features predicted in Fig. 2. As expected, the
ulse is strongly stretched around the input � area, since
he area has to be conserved in spite of large resonant ab-
orption. Then, as the input area is increased, the pulse
hrinks back, which is consistent with reduced absorp-
ion. Finally, around 3 �, the pulse spreads again as reso-
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ant absorption increases, growing a side lobe to simulta-
eously satisfy area conservation and energy drop.
The expected output area evolution is also observed.

owever, agreement with theory is only qualitative. As
een in Fig. 5 the ratio of the output area to the input
rea lags behind the predicted value, especially in the re-
ion of � and 3� incoming pulses. The theoretical profile
n Fig. 5 accounts for the finite dipole lifetime that has
een set to 50 �s. As compared with Fig. 1, the finite co-
erence lifetime slightly reduces the computed transmis-
ion factor, especially in the � and 3 � regions where the
ropagating pulse is strongly stretched. This reduction is
ot sufficient to fit the experiment. The value of the dipole

ifetime may be questioned. With a lifetime of only 10 �s,
he theoretical prediction gets closer to the experimental
ata. However the rising edge of the curve is shifted to
igher area values, in agreement with previous works
18] but in contradiction with the experimental results.

A possible fault of the setup is the absence of antireflec-
ion coating on the crystal. As a consequence, a reflected
eld counterpropagates through the excited medium with
n amplitude reflection coefficient as large as 30%, given
he high index of refraction of YAG.

One has also to consider the failure of the plane-wave
pproximation when the pulse area is close to �. The
lane-wave assumption relies on the large size of the
epth of field with respect to the sample length and on the
election of the central part of the beam with the pinhole.
owever, the portions of the Gaussian beam profile corre-

ponding to areas smaller than � are absorbed more effi-
iently than the central part of the beam [13]. Such a
eeling of the outer portions of the beam tends to reduce
he spot size and to move the waist to the output of the
ample. The effective depth of field, varying as the square
f the waist, gets rapidly smaller than the sample length,
nd since the waist migrates to the output of the sample,
he imaging conditions are no longer satisfied at the pin-
ole position. To be more specific, let us assume that the
aist moves to the end of the sample and that its size is

hanged from w0 to w0�. Let the intensity at the center of
he beam profile remain unchanged. Then, provided the
eam remains Gaussian, the detected intensity is reduced
y the factor

1 + � L�

2 �nw0�
2	2

.

hanging the waist size from w0=25 �m to w0�=14 �m
ould entail a reduction of the detected area by a factor of
. The waist position not only moves to the output of the
rystal but also undergoes strong temporal variations.
his is illustrated in Fig. 6 where we simulate the time
volution of the field radial distribution. The rectangular
ulse area is set equal to 1.1 � along the beam axis. We
eglect the effect of diffraction. Each ray propagates at
xed distance r from the beam axis, with a well defined

nitial area 1.1 �e−r2/w2
. According to this model, the out-

ut spatial distribution of intensity quite faithfully repli-
ates the input distribution, within the incoming pulse
uration, even in the � area region. The transmitted
eam distortion occurs during the delayed response of the
rystal and grows dramatically as time elapses. We agree
his model gives nothing but a rough picture of the beam
istortion. Only the 3D MB solution would correctly ac-
ount for the resulting focusing and diffraction effects,
ut this by far exceeds the scope of the paper.
The discrepancy with theory probably results from both
coherence decay rate underestimation and violation of

he large depth-of-field approximation. Finally the excess
f absorption reminds us of previously reported data [15],
lthough agreement with theory has been improved in
ur experiment.

. CONCLUSION
he propagation of rectangular pulses has been investi-
ated in monochromatic plane-wave conditions. In order
o consistently account for the very broad inhomogeneous
andwidth of the absorption line, the standard MB theory
as been adjusted so that the instantaneous radiative re-
ponse has been described analytically. Experimental
ata qualitatively agree with theory. However a signifi-
ant quantitative discrepancy subsists, especially in the
ost interesting � pulse region, where the resonantly ex-

ited Bloch vector should undergo a � rotation at any
epth inside the sample [19].
In the context of quantum optical storage, the need for

fficient preparation of a large optical density sample has
een stressed recently [20,21]. The preparation step can
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ig. 6. (Color online) Time evolution of the radial field distribu-
ion at the crystal output. The incoming rectangular pulse with
nit time duration exhibits a radial Gaussian profile with waist
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equire sophisticated excitation procedures [22–24]. In
he present paper we have concentrated on single rectan-
ular pulse propagation as a preliminary step to the in-
estigation of more complex pulse sequences [22]. The �
ulse case deserves special attention, since all the reso-
antly excited ions should undergo � pulse excitation,
herever they sit in the sample depth. The unsatisfactory
greement with theory in the � pulse case should stimu-
ate further coherent propagation investigation.
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