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Manipulating the retrieval of stored light pulses
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We consider storage and retrieval of light based on electromagnetically induced transparency in an atomic
medium using nonadiabatic switching of a control field. We derive various conditions for w@nthreadiny
the light information to(and from) the atomic coherence. We obtain an analytical solution for the retrieval of
the stored pulse that is in excellent agreement with the full numerical results. We identify the origin of
distortion at the output and derive a condition to correct the distortions by manipulating the retrieval process.
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A weak signal pulse when passes through a three-lével slowly varying, and the fields do not have any transverse
system, along with a strong control field, generates a cohedependence, the Maxwell equations for the Rabi frequencies
ence between the ground states of the system that follows the,=d,;£,/# and Q.=d;,£./% of the probe and control
field evolution under certain conditions. Therefore, if the me-fields, respectively, are
dium is lossless for the signal, due to electromagnetically

induced transparenc§EIT) [1], the ground-state coherence CIALp + 0y = iCmppy3, (1)
along the propagation direction of the probe field is a spatial
map of the time evolution of the signal pulse. It has been Ca e+ Qe = ICHP10- (2)

demonstrated that this map can be preserved to store the
information of the signal by dynamically turning off the con- Here,  d:=d/d¢  and, ”p_:kdeisl(ZﬁGO) and 7

trol field [2-5]. Later, the control field is turned on to beat :chdle(_Zﬁfo) are the coupling constants that depend on
with the coherence of the medium, which maps back thdhe atomic densityN, the dipole matrix elemend;. The
information written in the medium into an output pulks] induced polarizations of the medium, determined by the
that resembles the signal pulse shgp It has been dem- coherenceg;;, are obtained from the equatiop8]

onstrated that the light storage and retrieval is possible by

switching the control field both adiabatically] and nonadi- %p12= = ¥P12 = 1Q0e(p11 ™ P22 +1€p032, (33
batically [8,9]. EIT based storage has attracted so much at- : .

tention due to its potential application to store a quantum Ap13= = ¥p13+ 1Qep23 = 1Qp(p11 - p33), (3b)
state[6—8], unlike the earlier light storage proposals based .

on photon echd10]. Ap23=1Qcp13=1Qppos. (30

In this Brief Report, we consider the light storage via
nonadiabatic switching of the control fief@] to manipulate
the retrieval process. We obtain an analytical expression f
the retrieved pulse that gives deep insight into the retriev
process and determines the crucial parameters of the fie
and medium that cause distortion in the output pulse shap%m
We derive a condition which shows that the best retrieval is(ro
possible if a ramp field is used as the reading control field,
see Fig. 1b)}.

We consider propagation of a weak protségna) pulse 1D
Ey(z,1), in the presence of a strong control fiekd(z,t) in- Qe o ot
side a medium consisting of atoms havingconfiguration,
shown in Fig. 1a)}. Here E (z,t)=&,(z,t)gk? @+ ., - w R
with £,(z,t) being the slowly varying amplitude of the pulse 2>
envelop andk, the propagation constant with central fre- t—
quencyw,; a=p,c refers to the probe and control field, re- 1>
spectively. Both the fields are on resonance with their respec- @) )
tive transitions, see Fig.(8}. Assuming the amplitude and
phase of the fields and that of the medium polarization are

Here we have the spontaneous decgysy,=vy/2, equality
taken for simplicity;p;; is the population ofi).

Of To determine the evolution of the probe field, we make
he following assumptions|Q),|<vy and pg;=1. Thus the
herence,,~0, and hence the control field propagation is
affected by the medium state. In the presence of the con-
| field Q. # 0, from Eg.(3c), the coherence, 5 has a for-

FIG. 1. (a) The level diagram of the three levalscheme under
nsideration. Herey's are the spontaneous decay rates &hd
represents the Rabi frequency of the contlobe field with «
—¢ (p). (b) The amplitude of the writingreading control fields
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mal solution p13=—(i/Qz)&tp23, which governs the probe R phase The signal pulse is retrieved in this phase by
evolution. Clearly, from Eq(1), the ground-state coherence beating the frozen coherenpe;, with a reading control field
p2z Plays a vital role in the evolution process. SubstitutingQR. Thus the initial conditions in th&® phase arg,;=p,s
the abovep,; into Eq. (3b) and assuming that(). is negli- and Qr'f:O att’=0; wheret’ =t-(t,,+t). The equations that

gible, we get govern the retrieval of the prgbe pulse are obtained as fol-
x lows: from EQq.(4), neglectingd;p,3 in the R phase we get
Tepo+ Yopaa+ |Qcl2paz+ 0,0, =0. (4) N ‘ 2:
dp2s= = (QF 1N Qp2s+ Q). (6)

Next we describe the light storage and retrieval process using
the above basic equations. The three phases involved in thigsing the above, the evolution equatithh becomes
process are writing, storage, and reading of the signal— R R R R

denoted as th#, S, andR phase, respectively. We consider CIp + 3y Q== (C/ M) (Qpas+ Q). (7)
that the control field is abruptly turned off after thié phase
and turned on after th® phase. The probe and control fields the stored pulse. To solve, we follow Matsko al. [8] to
in W and R phases are distinguished by using the notatior‘|:Ourier decompc;se the sp,atial component énd
0,0 and Q. — O, respectivelyu— W,R. We consider - = ° definitione(z,t')= |~ ay(t )e¥dkHere a Ed)p§3
that the control field has different values of constant or ex- 9 ' —eTk K kp

- ; ; (and py »3) correspond to the Fourier transform ﬁfg (and
'gssrgely slowly varying amplitudes in each phase of the pro p23), With Kk being the Fourier conjugate variable ofFrom

W phase For the probe field to be written to the atomic Lhe gbovet definition, Eq$6) and(7) for a single component
coherence,s, the first two terms in the left-hand side of Eq. < M€9uce to

(4) should be small, so th@tzgocﬂ‘r’,". The required conditions FuX(t") = MX(t'), (8)
are

The above two coupled equations determine the retrieval of

where X(t")=[QR (t'), tH]T,M=(2"22)  with a
Ty= 0N T2 10l © OO madtO] M, ) ;
. L =—(cyptikcy)/ y,a1==Cnydcl y,8==QC /y, and ay,
V\{herle,Tph|s the cha(;acterlstlc \(1V|dth of thehprotk))e pulse. Thus,:_|Q§|2/ y. The general solution of the above equation is
clearly the ground-state coherence, that becormpgst) X(t')=C,eM g, +C_er'y_. Here C, are arbitrary con-

—__OW W : . -
==-Q,()/ €', can adiabatically follow the evolution of the stants )\, are the eigenvalues of the matifik Assumingk

probe field, if the conditions in Eq5) are satisfied. Un- to be small such thatcy<cz,. Physically this condition
der EIT condition, however, the second condition is re-means that the pulse Iengtgl is much larger than the

W _
dundant,.bgcaus|élc |=v and broad pulse€T> y Y a'® linear absorption lengtt(7,/y)™%. Taylor expandingh.,
used to limit the spectral width of the probe field within .04 the small parametarikcy/ (1.c)~0 and keepiﬁg
p

the transparency window. . . . up to second order ia, the eigenvalues are evaluated as
Using the above,;, we obtain the evolution equation for

the probe in théV phase a® 3,0 +4,0=0. The solution _ |0R2 Q%
can be easil 200 t- i N =-ike—got— - 2Py —or——, (9)
y evaluated &k)(z,t)=0Q,(0,t-z/vy—that is, + OR2+c 7’(|QR|2+C )3’

the probe pulse inside the medium having group velocity ¢ o ¢ o
vg=c/(1+cn,/|QF?). The group velocity is drastically re- andA_=—(|Qg>+c7,)/ y+0O(a). Here\, is the slow compo-
duced inside the medium. The slow group velocity and thenent at the output having group veloci%:cmﬂz/(cnp
resulting spatial compression of the probe pulé&] are +|QCR|2)_ Substituting the abovk_ in the solutionX(t’), it is
critically important for a complete mapping of the signal clear that the\_ component suffers a large absorption inside
pulse onto the coherence. The coherepggz,t) in the W  the medium, contributes little to the output field, and hence
phase is calculated using the above solutiorﬂ{ﬁ‘f(z,t). is dropped hereafter. Note that, by truncating the serie3, at

S phaseln this phase of the process, the mapped coherwe have limited the spatial variation of the field inside the
ence in theW phase is frozen by abruptly turning off’.  medium uptos2. However, our calculation takes into account
Obviously, there is no adiabatic following at the moment ofall orders of variation in time, subject to the slowly varying
turning off. OnceQ‘cN is turned off, we numerically observe approximation. The eigenfunctions corresponding\ioare
(not presented heyehat the probe pulse is absorbed by the g, =(¢.,1)T, where ¢.=-[\.y+|QF2]/QF . The constants
medium, transferring its residual energy back and forth beC, in X(t’) are obtained using the initial conditiom“szpzo
tween the probe and control transitions. However, as thend Pr23=Pr 23 at t'=0. Herepy ,3 is the spatial Fourier
switching time is too short and probe field is weak, the metransform of p,; in the S phase, obtained aPy 23
dium state is almost unchanged and thus the cohegnie  __gGw oW Here
frozen at its previous valug.e., at the value just befor@’ kp? =i
was turned off at=t,)—sayp,s. We emphasize that such an
approximation is valid only if the probe field is weakl‘év
<), unlike in the adiabatic turning off of the control field,
where even a relatively strong probe field can also be usei$ the value ofﬂ}g’p att=t,,. Note that the above integration
[12]. The typical storage timescale is limited by the ground-limits are changed tg0,L] using an important condition in
state dephasing, which we have neglected in our calculationthe W phase: whe)? is turned off at=t,, the whole pulse

~w_ 1 (" .
W= fo QY(0,t, - Zvge™dz (10)
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should be present inside the medium. Heris the length of 0.20 : : : : :
the medium. Numerical 1
With these initial conditions, the generated output field is sk - - - Analytical |
calculated fromX(t’) as : a
n Input pulse ]
A Q Output pulse
Q\I:V % 010k at'entrance p. p
QR () = Hﬁexdmt’ +In A], (12) 7 ° p atexit
v it
i ¢
where A=(¢,¢_) I (¢p.—¢_). To the second order im, the 005 i .
amplitude partA is calculated as ; ".|
R : _ R|2 0.00 S 1 1 1
InA= In( QCCnpR2> _ Tkey(erp L%‘:Z' ) 0 200 400 600 800 1000 1200
Crpt |Qc| (C77p + |Qc| ) vt
2.2 _10RI2\2
_ kc 72 (C”p |Qc| ) -1|. 12 FIG. 2. The storage and retrieval of a Gaussian field. Both nu-
(cmp+ Q522 " (cmp + 1052 merical and analytical results are shown f613=20Y (a),

_ , , QY (b), and 0.1 (c). Here z7,/c=320, Ty=50/y, OV=1, t
Equation(11), along with Egs(9) and(12), determines the =§O(()/1/, andtW+tsC:6(02)/y. TheZZBmerical value ofyswiti:hir);g time
retrieved field for a single Fourier componéntThe evolu- o the control field is 0.125.
tion of the retrieved field in the real space can be calculated
by assuming a specific profile for the input signal puﬁﬁf. R2
Equation(11) will reduce to the result of Matsket al. [8] q= Z vy _ e Cpp—|Qf _ (15)
when), and InA are considered to their lowest orderkn vg Uy vg(Cnpt QT2

Next, we consider a definite input pulse shape, a Gaussian

2
as input probe, given bﬁ\g’(t):ﬂ‘g‘(’)e‘(“to)z”p, having its _ W R
peak att=t, and pulse width Z,. The probe field inside Assuming c7,>|Q¢[?, we have vg/vg=[Qc]*/[Qc]? and
. . . 2

the medium in theN phase |&Q‘r§"(z,t):Q‘é‘ée‘(t“O‘Z’”g)Z/Tp. hence
We substitute the above into E@10) and evaluate the
Gaussian integral, which on simplification, we get

Q0% -(t'-9g)?
w 2 272 Rz t)=—=2 exp{ - , (16)
Y = ”gTR‘_)DOeXp{_ KvgTp _ ikngW]_ (13) P p)QY T {Topt)|Qe Q%
' 2\

The above simplification is obtained by imposing the follow- with p(t')2=1+{8QR/(|QY*T2)Ht' +/ (4|0F?)}, and q
ing condmons_:L>vgrw,rw>_>_Tp,k< 2/(vgTp); here 7,=t,, =Z/vé—7/|Q§‘2—(|Q\év|2/|95|2)7'w. As seen clearly from Eq.
—t,. Here the first two conditions ensure that the whole pulse(l6) the amplitude of the generated pulse is increased

is there inside the medium whe;" is switched off. The  ¢reaseyi and pulse width is compressétroadeneii when
third condition determines the limit of the maximum value of |QR|> |QW| (|QR| < |QW|) which was reported in the experi-
C C C C '

_Fo_urier variablék, that validates the_a_ssumpt_ion of smal_lt ment of Liu et al. [2]. In Fig. 2, we have plotted both nu-
is important to note that, the coefficient kf in Eq. (13) is merical and analytical results ofR for different Qge

assc_)ciated V.Vith the pulse widf}, and he_npe, .it carrigs all values—that shows an excellent agreement between the two.
the information of the pulse shape modification during theAll numerical calculations are performed using EQ8—~3),

writing and reading process. and .= n- i S
o . .= 1, IS used for simplicity.
Substituting Egs(9), (12), and (13) into Eq. (11) and If we grop the second order term containikg in Eq.
transforming back t@ space, the retrieved probe pulse is(ll) and with QR=0W=0_, we getp=1 andq=2z/v,—r.
] c c (o) g w*

obtained as Thus it would appear as if input signal field is retrieved ex-
R W fer , P actly at the outpuf8], which is true wher,— . However,
Oz t) = Qc\ﬁnp(ﬂpo/p(;z))exp[ ~(t-9 , 2}, from Eq.(16), the probe pulse would exp?erience absorption
Qc'(cmp+ Q) {Top(t)vglvg} and broadening, ip+# 1—that can happen when Tj#0.
(14) Thus finite spectral width of the input probe pulse is the
origin of pulseshape distortion in the retrieved output. Such
where distortions could be analytically described almost exactly, by
. taking into account the second ordet correction, as de-
o(t')2=1+ 8ympug t picted in Eq.(16) and Fig. 2b). From Eq.(16), the generated
|QR|,272 pulseQ)f is broadened by the fact@{(|*/|2¢]? and has an
' Ri2:\2 Ri2 elongated tail due to the time dependencep(if), though
270, {(Cnp_ |Qc])° ~ 4cmp| Q] ] numerically the elongation is insignificant. We derive a con-
O v3T5 (c7p+ Q5?2 ' dition for its correction as
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2,)/2 16,}/2t12 1/2 43/'[’ 0.12 T T T T T T T
R|2 — W 15
|Qc|2_<|Qc |4+T_[2)+ Tg + T[z) (17) - | _’_/_
by equatingd=|QF2/|QY?. For moderately long pulses used '
in the experimentg2-5], for T,=x/y, x>1 (typically x 0.08 - i
~10 to 100. Thus with [Q¥~y, (24T Qb 500 500
+16yt'2/T)) <|Q|%. Tayler expanding the first term in v T
the right-hand side and keeping terms upto first order,
004 N
Y 8Yt'?  Ap
Qe ~ Qg7+ + t—. (19
S N T AT H
However, since max’)~O(T,), considering the terms 0.00

only upto 1k in the expansion, Eq17) can be reduced to 600 1000

|QCR|2z|Q‘C’V|2+ﬁtr, i.e., a ramp field, withB=4y/T§, We
demonstrate in the Fig. @rom full numerical calculation . o | |
that such a ramp as the reading control field could recover FIG. 3. The correction of distortion by a ramp fielsee inset
a near replica of the input pulseshape of a probe having"’en by the conditior(17). (@ The input pulse shape at the en-
width T,=50/y. Note that, since a part of the signal filed "2"¢® of the medium, shifted byt=600; (b) the retrieved field

is irrecoverably lost due to absorption in the medium, theusing a ramp field shown as dotted line in the ingetthe retrieved

. . . - AW _
total energy(area under the curve dnﬂ|2) of the re- field using the constant reading flaIIE—QC_.Hereznp/y—300 and
. - Pl . all other parameters are same as in Fig. 2. Here the valyg of
trieved pulse is less than that of the original signal pulse._
L . ' ~0.0016/%
Hence what we show in Fig.(B) is the best possible
output one can retrieve using the ramp field. As the tail

elongation is insignificant, one can also use a constanty oy of the retrieved pulse, identified the source of the
reading fieldQ) > to approximately correct the shape yisortion in the retrieved pulse and obtained a condition for
of the output pulse. The value of the constéitcould be remedy. We have substantiated the analytical results with
choosen, for example, as the value of the ramp field ajne fy)| numerical calculation—that shows excellent agree-
which the peak of the retrieved pulse appears. For very,qn; \we have demonstrated analytically that a ramp field as
long input pulse 5~0, i.e., the retrieved pulseshape canne reading control field can retrieve an output pulse with a
be preserved even foj);|=|(}c[. For too short pulse gpane that is a near replica of the input pulse shape. We hope
(Tp<<107y), k becomes large and hence this calculationg,ch 5 correction of the distortion can make nonadiabatic
fails. Th|s calculation can aIso_be gener.al_llzed for a tWO'switching based light storage an efficient method and may
or multi-peak structure to obtain a condition for the bestfing yseful applications to extend the light storage to other

retrieval of the input pulse shape. potential systems, such as in thin optical filje8], etc.
In summary, we have discussed light pulse storage and

retrieval in an EIT based storage medium via nonadibatic A.K.P. gratefully acknowledges the support from the Ja-
switching of the control field. We have obtained an analyticalpan Society for Promotion of SciencéxSP3.
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