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Raman adiabatic transfer of optical states in multilevel atoms
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We analyze electromagnetically induced transparency and light storage in an ensemble of atoms with mul-
tiple excited levels (multi-A configuration) which are coupled to one of the ground states by quantized signal
fields and to the other one via classical control fields. We present a basis transformation of atomic and optical
states which reduces the analysis of the system to that of electromagnetically induced transparency in a regular
three-level configuration. We demonstrate the existence of dark state polaritons and propose a protocol to

transfer quantum information from one optical mode to another by an adiabatic control of the control fields.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) is a
quantum interference effect occurring when a weak signal
light field and a stronger control field both interact with an
ensemble of atoms with A-shaped energy level configuration
[1,2]. The quantum probabilities for an excitation of the at-
oms by both light fields interfere destructively, so that no
excitation takes place and the normally highly opaque me-
dium becomes transparent for the signal field.

EIT in atomic media attracts great interest due to its pos-
sible applications in nonlinear optics and quantum informa-
tion processing. In particular, high sensitivity to the two-
photon resonance condition leads to a steep dispersion for
the signal field which therefore experiences a greatly reduced
group velocity. The demonstration of such an effect in an
ultracold atomic gas [3] and hot atomic vapor [4] and the
subsequent stopping of light [5,6] by an adiabatic process
make this system appealing as a candidate for a quantum
optical memory device.

Of further interest are double- and multi-A configurations
that contain two or more excited levels and are excited by
several control fields. Nonlinear effects such as four-wave
mixing [7,8], phase conjugation [9], and amplification with-
out inversion [10,11] have been investigated for strong fields
applied to both sides of the A [12]. If, on the other hand, the
control fields couple to the same ground state, and the signal
fields to the other (Fig. 1), the behavior of the system with
respect to the signal fields is analogous to regular EIT, but
with given control fields EIT is experienced by only one
specific linear combination of signal modes [12-16] whereas
others get absorbed. The action of the atomic sample on the
signal fields is analogous to that of an interferometer fol-
lowed by absorption of all but one output modes. Raczynski
and Zaremba [17,18] investigated formation of dark-state po-
laritons [19] as well as storage of light in a double-A system.

Most of the existing work on EIT in multilevel systems
was done with classical fields. An expansion into the quan-
tum domain was undertaken by Liu et al. who derived an
expression for a dark state with multiple quantum signal
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fields in stationary modes [16,20]. However, to our
knowledge, no full quantum EIT and/or light storage formal-
ism has been developed for propagating optical fields in this
system. In the present paper, we bridge this gap by elaborat-
ing a basis transformation for both atomic and optical states
which reduces multilevel EIT to the well investigated EIT in
a regular A scheme. In addition, we show that by an adia-
batic change of the control fields, a transfer of quantum op-
tical states between different signal modes or their linear
combinations can be implemented. This procedure resembles
stimulated Raman adiabatic passage (STIRAP) [21], but ap-
plies to optical rather than atomic states and can be useful for
routing and distribution of optically encoded information in
classical and quantum communication.

II. DISCRETE FIELD MODES

In order to better understand EIT in a multi-A ensemble,
we first focus on a simplified system with discrete (non-
propagating, such as in a cavity) quantized field modes be-
fore we generalize our treatment to propagating wave pack-
ets.

We consider an ensemble of N multi-A-configuration
atoms (Fig. 1). Each of the excited states {|Aq>}q:1,...,Q is
coupled to the two ground states |B) and |C) by a quantized

|4q)

)

|B)

FIG. 1. Multi A-system: Q excited states |Aq) are each coupled
by a classical control field £}, with detuning A to the ground state
|C) and by a quantized field a, with detuning & to another ground
state |B).
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signal field d, and a classical control field (), respectively.
All the signal beams are detuned from the optical resonance
by the same amount 6=E,—Egz—fiv,; the detuning of the
control beams is A:Eq—EC—ﬁwq, where v, and w, are the
respective laser frequencies. The detunings A and & are as-
sumed to be small compared to the energy difference of the
excited states so that each field (), d, essentially only
couples to its corresponding level |Aq).

Let 6"@=|a>jj<ﬂ| be the flip operator between the states
|8) and |a@) of the jth atom. When all fields are resonant
(6=A=0) the dynamics of this system is described by the
interaction Hamiltonian

q

N 0
Hi= =12 X (84,0, ,+ Q0] J+Ha (1)

J=1 g=1

in the corotating frame. Here 4, is the photon annihilation
operator of the gth mode and g, describes the vacuum Rabi
frequency of that transition which is assumed to be equal for
all the atoms (Dicke limit). {),(¢) is the slowly varying Rabi
frequency of the according classical control field.

Let |C*) denote the totally symmetric state with k atoms in
state |C) and all others in state |B)

1

ICky = 2 |Bl...Cj Gy By,
l(N) 1<) < <jp=N
k

2)

By analogy to Ref. [20], it then can be shown that the
states

N 0] Q n
D.n) = {2 6lp— 2 (—qd;)] C%0,...,0)  (3)
j=1 q=1 \8q

are dark states: they are eigenstates of the interaction Hamil-
tonian with zero eigenvalue. Here the (n,,---,n,) part de-
notes the state of the quantized light field in Fock represen-
tation.

Adiabatic transfer of optical states

If one of the control fields is strong (Qi>gi\W) while
others vanish, the dark state takes the form

Q=0
|D’n>_> |C09(O9 ceen, 30)>9 (4)
ith mode
all photons gather in the according signal field mode. If all
controls are slowly switched off the dark state adiabatically
changes to

Q= =0y=0
|D,n) —— [C",(0, ...,0)), (5)

so the quantum optical state carried by the ith mode is con-
verted to a coherent collective ground state superposition
[19].

Suppose now that while the system is in the state (4),
another control field ); is turned on. In this case, by adia-
batic following, the state of the system will convert to
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Qzinz =0/ Q). . Q. . \"
|D,ny —— (—'di' + —idj'- |C%,(0, ...,0)). (6)

8i fi
If Q); is then slowly turned off, the quantum state of the ith
optical mode will be transferred to the jth mode completely

Qe =0
|D,ny — [C°,(0, ... ,n, ...,0)). (7)
jth mode

We see that, by varying the control fields, the quantum state
can be transferred to any other optical mode or their coherent
superposition. We call this procedure Raman adiabatic trans-
fer of optical states (RATOS) by analogy to the well known
STIRAP technique which permits transfer of population be-
tween atomic states by means of adiabatic interaction with
light [21]. In RATOS, on the other hand, quantum states are
transferred between optical states by adiabatic interaction
with atoms.

The above treatment is valid for the case of discrete, non-
propagating modes, e.g., in a cavity. In the practical case of a
propagating field, photons first travel through an atom-free
environment, then couple into an EIT medium, experience
RATOS while in transfer, and finally leave the medium. In
order to understand the propagation dynamics, the theory
must be reformulated in terms of dark-state polaritons akin to
Ref. [19]. This is our task for the remainder of the paper.

One specific question that needs to be addressed is
whether RATOS can be applied to optical fields that are ini-
tially (prior to coupling into an EIT system) not in a dark
state in the sense of Eq. (3). An example is both modes i and
J containing one photon while the remaining modes are in
the vacuum state. Can one choose control fields in such a
way that these photons are losslessly coupled into an EIT
medium, and if not, what minimum loss can one expect?
More generally, what are the possibilities of quantum optical
state engineering in a multi-level EIT environment?

III. MAPPING TO A SINGLE-A SYSTEM

Our approach is to develop a basis transformation of the
atomic and optical states that will map a multi-A-system to a
normal EIT (single-A) scheme, thus providing an intuitive
understanding for the optical properties of the system.

A. Changing the atomic basis

Consider one atom with a multi-A level structure as in
Fig. 1. In the rotating wave frame the Hamiltonian reads

X P A g
H(n) == |B)B| - A |CX(C| - 1> (g,4,A,B]
g=1

+Q,(1)|AXC]) +Ha., (8)

which in the absence of the quantized fields reduces to
A S A
Hy=- h§|B><B| -h E|C> +Q|EB) |(C| +H.a., (9)

where
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Q

QO
|EBy= 2, o140 (10)
gq=1

[Q
Q= E |Qq|2' (11)
9=1

I;VO possesses Q eigenstates of zero eigenvalue, one of them
obviously being |B). The others are superpositions of excited
states |Aq> that are orthogonal to the “excited bright state”
|EB) and thus not coupled by the control fields.

A basis spanning this subspace can be explicitly con-
structed by an unitary Householder reflection [22]

and

) Q
U=olu)(u|-1 with o=(Ay|EB)+1= ?)Q +1

and ) = —(4) +|B) (12)

so that |[EB)=UlA,) and
X Q,
|ED,) = Ul|A,) = %—;’E(Md +|EB)) - [A,)
forg=1,...,0-1. (13)

In this basis the interaction Hamiltonian then reads
N A 1)
H==h7|CXCl - 15 |B)B| - hQIEB)(C]

0 0-1
- hE 2 gq<EDr|Aq>aAq|EDr><B|
g=1 r=1
Q
~ 4>, g ,(EB|A)d,|EB)(B| + Ha. (14)
g=1

As expected, the states |EDq) do not undergo any interaction
with the classical fields €}, at all.

This can be interpreted physically by understanding that
the phases and amplitudes of the excited states |Aq> are such
that the probability amplitudes for a transition from the states
|EDq> to |C) interfere destructively, akin to dark states in a
normal EIT scheme, hence, we call the |EDq> “excited dark
states.”

Also in close analogy to EIT, the ground state |C) is
coupled to only one particular superposition |EB) of the ex-
cited states (the excited bright state), where the transition
probabilities interfere constructively.

However, each of the weak quantized optical modes
d, couples the ground state |B) to all of the states |EB),
|ED), ..., |EDg_;) (see Fig. 2). If the excited states |A,) have
a short lifetime, so do the states |EDq). Hence, in general,
light in the modes d, would not experience EIT; the photons
would get absorbed, exciting the atom to the |EDq> levels
which decay due to spontaneous emission. In Sec. III B we
show, however, that there exists a linear superposition of
signal states which does not couple to |EDq)’s, thus enabling
EIT in this system.
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|[EDg-1)

|EB)

FIG. 2. Multi A-system in the excited dark-state basis: The clas-
sic fields (), drive only the |EB)<|C) transition and each quantized
field mode @, mode couples to all of the excited states |ED(1“ o-1)
and |EB).

B. Changing the optical basis

We are looking for a new set of quantized field
mode operators éq defined by the unitary transform

W:&qus%qusl;s, so that one of the new operators I;Q does
not couple to any of the excited dark-states |EDq>, in other
words

o
> ¢ AEDJA W, pby=0 for all r # Q. (15)
gq=1

Since EqQ=IQq<ED,|A »=(ED,|EB)=0 we can choose
(¢

1Q
WqQ= ——4  with R= E
Rg —
q q=1

2
2 (16)

8q

as a solution for Eq. (15) and fix the other components of W
by constructing it as a Householder reflection in a fashion
analogous to Eq. (12)

_1%

W=yww' —1 with y= +1,
Q
S O A (et § S,
w=—< Q+—2 —qeq>. (17)
Y Rq:l gq

In this atomic and photonic basis the Hamiltonian reads

n A N
f= h(E|C><C| . Q|EB><C|> . ﬁ(§|B><B| s ng|EB><B|>

0-1 0-1
> 5q<g§B|EB><B| + > ngr|ED,><B|) +Ha. (18)
g=1 r=1

The first two terms correspond exactly to the Hamiltonian
of a traditional A system (|B)«|EB)<|C)). The quantized
field mode
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|[EDg-1)

|EB)

‘5

FIG. 3. The multi A-system after basis transformation of both
atomic and optical Hilbert spaces: The classical fields (2, drive only
the |EB)<|C) transition and form an EIT system with the quan-

tized field mode I;Q. The other modes l;q;&Q couple also to the ex-
cited dark states |EDq> and therefore undergo absorption.

o *
A~ 1 Q
bo=—3 —%a, (19)
Ry 84

couples |EB) to |B) with strength g=Q/R and detuning &
whereas, among all excited atomic states, only |EB) is
coupled to |C) by the classical field mode () detuned by A.

We see that weak signal pulses in the ISQ mode interact
with the atoms of a multi-A-medium in a fashion completely
analogous to pulses propagating through the well understood
standard EIT system.

In addition, we have the modes

. 1 Q o
b, = J(dQ + bQ) - C/iq, q * Q (20)

each coupling to the excited bright state |EB) and also to the
(absorbing) excited dark states |ED,) (Fig. 3) with strengths
ng and ng " (whose explicit form is not of interest). These
modes do not experience EIT.

IV. PROPAGATING FIELDS
A. Dark-state polaritons

Section III demonstrated that by a unitary transformation
in both the atomic states and the quantized field modes the
multi-A-system can be mapped to the well known standard
EIT scheme. In order to apply the dark-state polariton for-
malism to this system, we need to derive the wave propaga-

tion (Maxwell-Bloch) equation for the field I;Q. For refer-
ence, we first rewrite the main definitions of Ref. [19] in our
notation.

We introduce the atomic operators

7= e Ble’ e (21)

acting on the jth atom located at position z;, with w,z being
the laser frequency. Assuming that the transition energies of
the quantized fields are well separated, the electric field can
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be decomposed into components each interacting only with
their respective transition

0
E(z,f)= > L:?q(z,t), Eq coupling |[B) < |A,).  (22)
g=1

We now define the slowly varying field operators a(z,?)
by the positive frequency parts of our field components

E;(Z,t) =a,(z.1) fivy exp{izj(z - ct)} ) (23)

280V

To describe the evolution of the atomic variables, we can
assume that the quantum amplitude of the atomic variables
does not depend strongly on the position. By introducing a
“smearing kernel” s with [{s(z)dz=L/N and a zero-centered
support with a width that is large compared to the average
distance of two atoms but small in relation to the medium
length L, we obtain the mean-field operators

N
Fopl2) = 2 s(z=2) T, (24)
j=1
so that, assuming A=6=0,
N L Q
H(t) =- hz E [quAq,B(Z)aq(Zst) + &Aq,C(Z)Qq(t)]dZ

0 g=1

+H.a. (25)

Performing mappings U and W on atoms and light, the
Hamiltonian transforms as follows:

. N (* -
Him:_hZf dz| g0 pbo + T )
0

0-1 0-1
T B~ ED ~
+ E bq<gq‘7EB,B+ 2 84 ’O'ED’_,B) +H.a.].
g=1 r=1

(26)

The Maxwell-Bloch equations for the individual fields are
AN VO

P +c&—Z a,=iNg; Opa, (27)

Performing summation of Eqs. (27) over ¢’s with weights
Q;/ g; and utilizing relations (10) and (19), we find

d I\~
(_+C_>bQ=lNgO-B,EB' (28)
74

In other words, if there is no light in the modes Eq#Q and no
atoms are in the excited states, the propagation of mode I;Q in
a multilevel EIT setting is fully equivalent to that in a single-
A system defined by Fig. 3.

Similarly to Ref. [19], one can define the dark-state po-
lariton for this system. Upon entering the medium an incom-
ing light pulse in the EIT mode forms a polariton ¥, a su-

perposition of an electromagnetic wave in the b, mode and a
collective atomic excitation G« Which generates an eigen-
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state of eigenvalue zero of the interaction Hamiltonian

¥ = cos 6(1)b, - sin 6() N ¢, (29)
s
VN

tan () = —. 30

an 6(1) R (30)

By changing the classical control fields’ parameter R the
character of this polariton [whether it is more optical
(#~=0) or has a stronger atomic component (0= 7/2)] can
be changed.

B. Incoupling and slowdown

The susceptibility for the EIT mode [23] is proportional to
A-6

Xo * Ng* : (31)

(A - 5)(5”%) + Q2

where vy is the spontaneous decay rate of the excited bright-
state |[EB). So for a signal beam in precise two-photon reso-
nance (A=) the refractive index is one: no backreflection or
absorption of a signal entering and passing through the me-
dium occurs. This also holds for pulses as long as their band-
width is significantly smaller than the EIT window

FWHM:Z[\/<@)2+1—1]. (32)
2 Y

If the effective Rabi frequency () is small compared to 7,
the transparency window is narrow and Eq. (31) predicts a
strong dispersion. This leads to a strongly reduced group
velocity v, for the polariton wave

c N (33)
U, = , Ny=—73.
¢ 1+n, ¢ R

V. RATOS

The procedure

Based on this formalism we now describe a protocol for
transfer of quantum information between optical modes (Ra-
man adiabatic transfer of optical states, RATOS).

If the intensities of the control fields are changed slowly,
the eigenstates follow the new conditions adiabatically [28].
The dark-state polariton as eigenstate of zero interaction en-
ergy is thus preserved; however, its mode composition and
propagation velocity can be controlled by the parameters
{Q,} of the strong control fields according to Eq. (19).

This allows for transfer of quantum information from an
optical mode a; to another mode a;:

(1) First only one strong control field (); is switched on.
The medium then exhibits electromagnetically induced trans-

parency for the I;de,- mode.

(2) An incoming quantum pulse in the @; mode can enter
the EIT medium without absorption or refletion since at two-
photon resonance the refractive index for the signal field is
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one. The pulse experiences a reduction of the group velocity
according to Eq. (33).

(3) This slowdown also leads to a spatial compression: the
pulse gets shorter in length, which helps in keeping the size
of the medium reasonably small.

(4) Once the pulse is completely inside the medium, the
control field ); is replaced by another field (); adiabatically.
Assuming the mixing angle 6 is kept constant, the polariton
changes its characteristics as follows:

o SO e
W, =cos 0a;— VN sin 6 Gcgp

—cos 0a; - N sin 6 Ocrpp= V. (34)

and all photons are now in the jth mode.

(5) A pulse with a different frequency but in the same
optical quantum state as the original pulse exits the medium
in mode a;.

RATOS might find applications as an optical switch to
route optical quantum information. If in the end not one but
several control fields are present, the incoming pulse is split
into optical modes with different frequencies.

We now review a few recently published procedures for
transferring optical information via atomic transitions that
are related to the one developed above. Zibrov er al. [24]
used the double A system formed by the fine structure split-
ting of ®’Rb. They first couple in a light pulse resonant to one
of the fine transition lines and store it via an adiabatic turn
off of the control field. Later on they retrieve it with a control
field tuned to the other fine structure transition. Matsko et al.
and Peng er al. [25,26] investigate transferring a light pulse
to another mode using storage in a single-A system. By in-
terchanging the roles of the control and signal modes in the
retrieving process, the pulse is retrieved at the frequency of
the original control field. The main difference of RATOS
with respect to these proposals is that it offers a way to
extend this transfer to multiple modes (and even to their
coherent superpositions) and that an intermediate storing of
the pulse is not necessary.

VI. QUANTUM STATE ENGINEERING

Now we also can answer the question to which extent
RATOS can be used for engineering of optical quantum
states. The only mode that can losslessly enter a multilevel

EIT sample is that associated with the operator I;Q which is a
linear combination of individual mode operators {&q}. How-
ever, by choosing amplitudes and phases of the control fields
one can adjust the coefficients of the linear combination.

The linear transformation W({{);, ..., Qp}): Ziq—>l;q of the
fields at the cell entrance can be visualized as an interfero-
meter, i.e., a sequence of linear optical elements such as
beam splitters and mirrors (Fig. 4). While this transformation
does not by itself represent any physical process, the modes
b~q do have a physical meaning as only one of them is able to
propagate through the cell due to EIT; the rest get absorbed.

While the mode Z;Q is traversing the cell, the control fields
may change adiabatically so at the cell output, when the
propagating modes convert back to a,’s, the interferometer,
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W(Qh tec QQ) - W(QI’ S8 )
g % Y b by — g g
3 . —{AOMH & T‘MMT 5 CAOM— "%
g g [ Y91 Q-1 & -
Hl T T E 1AM g
= ‘*Z,:z B Absorption B ‘%’ » &
Y, omH| = o b E —[W]—ﬁl °

FIG. 4. Linear optical circuit equivalent to a multi-A configura-
tion. The phase shifts and reflectivities of the input (output) com-
bining mirrors are determined by the phases and amplitudes of the
classical control fields during the in-coupling (out-coupling) pro-
cess. In this model, the acousto-optical modulators (AOM) at cell
entrances and exits bring the input fields to the same frequency so
they become indistinguishable when handled by the interferometers.

defined by W({Q,...,Q5}), may be completely different.
As a result, optical states can be transferred among different
input and output modes a,.

As an example, we consider a double-A-system (Q=2)
with two control fields such that €},/g,=€,/g,. Then the

incoming light fields can be decomposed into the orthogonal

modes by,,=(1/12)(@, *a,). Light in the mode bQ—b2 sees
EIT and is subject to the RATOS process. Light in the mode

b, however couples to both excited states |ED,) and |EB).
This leads to absorption; due to spontaneous emission exci-
tations of this mode will be scattered away or decay into the
EIT mode. This agrees with Raczynsky’s and Zaremba’s pre-
dictions for a classical double-A-system [18].

Suppose this system is irradiated by an optical pulse
which contains exactly one photon in each mode. The optical
mode associated with this pulse consists to equal parts of the

EIT mode EQ:EZ and the absorbing mode b |
@@|0) = 3(by - b1)[0). (35)

For this reason, only with 50% probability will both photons
be coupled into the medium and get fused into the EIT mode
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52; with equal probability they will experience absorption.
So in this setup the double-A medium does not perform bet-
ter than an ordinary beam splitter: here the Hong-Ou-Mandel
effect [27] also provides a 50% probability for the two pho-
tons to fuse into a specific mode. Furthermore, it is clear that
no combination of control fields would make the atomic sys-
tem fully transparent for the state (35), so this state cannot be
coupled into the EIT medium without loss.

In summary, a multi-A medium is equivalent to a linear
optical system with a built-in storage device and with mul-
tiple input and output modes which differ in frequency
(Fig. 4).

VII. CONCLUSIONS

We have extended a full quantum treatment of the
electromagnetically-induced transparency to multi-A sys-
tems. An explicit form of an unitary mapping is presented
that relates the dark states to the effects observed in a stan-
dard EIT scheme. Most of the properties of this well inves-
tigated system can be transferred and extended to systems
with multiple excited levels.

The mapping provides a physical explanation for the ex-
istence of the decay sensitive |EDq> states and the according

bright-state modes l;q;ﬁQ.

EIT in a multi-A scheme might be useful for multiplexing
and routing of optical quantum information as well as for the
preparation of multimode entangled quantum states. Its ap-
plication to quantum-optical engineering is however limited
by its equivalence to a linear-optical setup with a built-in
storage capability.
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