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Elaboration of the Ahn-Weinacht-Bucksbaum scheme for information storage or retrieval through
a quantum phase with a single operation
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We present a scheme for information storage or retrieval through a quantum phase with a single operation,
which generalizes the Ahn-Weinacht-BucksbatAWB) scheme proposed and demonstrated in a recent
experiment orN-state Rydberg atoms by Ahn, Weinacht, and Bucksb&Boience287, 463 (2000]. Our
scheme elaborates the AWB scheme through removing its original constraint on the smallness of the product
of time and atom-light interactions by exactly evaluating the involved unitary transformations, and it is proved
to have several pronounced advantages over the original one.
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In a recent spectacular experimgii, Ahn, Weinacht, where |FLY=(V/s) *=5_,1j) and |UF)

and Bucksbaum have demonstrated, based on their OVVB(W/N—S)_12n¢{jk}|n> are two orthonormal kets called the

scheme(we propose to call it AWB schemethat informa- — ginheq or marked state and the unflipped state, respectively,
gopeg%uekrj]t bﬁitﬁtgfgvg:'sret:fvc?sdbzt])y|r611 ;]'gtglgxogﬁrggﬂ? Ir‘j 'S are integergin the interval[ 1,N]) designating locations
in?‘ormation was stored aquugntum.phase iri\b.sF;ate Ry-’ of stored |.nf’ormat|on', and:ns&{'jk} denotes summguon over,
dberg atom data register, and one or more flipped state®XCEPt forii’s, other integers il 1N] corresponding to the
stored in an eight-state atomic wave packet were retrieved iHnfliPPed state. _

a single operation with the help of an ancillary state called In the AWB schemé¢1], Ahn, Weinacht, and Bucksbaum
the reservoir state and its interactions with Mestateg[1]. ~ have considered aN+1)-state system by adding a normal-
However, the AWB scheme is based on a lowest-order perZed reservoir statgd) to theN stateg1),[2), . ... [N) with
turbation theory in evaluating its unitary transformatigihk (0]j)=dg; for j=1,2,... N. One possible physical realiza-
In this paper we shall show that we can derive exactly thdion for this kind of system is a Rydberg cesium atom where
unitary transformations induced by the laser pulses in thdl€ reservoir stat¢0) corresponds to the atom’ss7state,
AWB scheme by including all the omitted higher-order per-Other statesj) are high-lying Rydbergp states accessible
turbations. In this way, we are able to demonstrate that thdom the 7 state by the absorption of a photon from an
AWB scheme is still an efficient scheme for information Ultrafast Ti:sapphire chirped-pulse amplified laser plise
storage and retrieval without the constraint of the lowestfor @ laser pulse contalrlhlny-frequency-equal-amplltude
order approximation. As a matter of fact, the elaboratedfomponents of the forreX;_, n;cosfjt) with 7;==1, the
AWB scheme based on the exact transformation results magystem’s interaction Hamiltonian in the interaction picture
offer some additional advantages over the original one agnder  the  rotating-wave  approximation  reads

will be seen later. Hq = 1(Q/2)S,7;(]j)(0]e'@io™ @)t —]0)(j|e~ (o~ i)t).
Consider a quantum system that h&s=2- states Here w;o=(E;—Eo)/A denoting the atomic transition fre-
|1),]2), ... |N) satisfying orthonormal conditiongj|k)  quency between leve|$) and|0). Choosing the frequencies
= §jx. One frequently occurred state for information pro- of the laser pulse’s components such thgg~ w;, we can
cessing is the equal-amplitude superposition state, rewrite the interaction Hamiltonian as follows:
N ol
|Wo)=&D, |j>,§Ei. (1) Hq:'szl 7;(11)0] =[0)(i]), 4
=1 JN

o _ where ;== 1, the subscripy denotes the number of nega-
Information is stored in a stafe?), tive 7;'s, the Rabi frequency) describes the dipole cou-
pling between |0) and |j) via the laser pulse forj

s =1,2,... N, and it is proportional to the product of
|Wy=—¢> |jl)+¢ Z In) [(np|z|7s)| and the square root of the laser intensity. The
k=1 n#{ (np|z|7s) matrix elements are relatively real, and setting the

- _ \/§§|FL>+ ’—1—s§2|UF>, ) phasesi.e., controlling the sign of;’s) is a simple matter of

adjusting the relative phase of the optical excitation radiation
at each resonant frequenay,,_;¢ [1]. Information process-

ing in the AWB scheme is achieved through the system’s
unitary evolution characterized by the evolution operator

|W o) = sE|FL) + 1 —s&?|UF), (3)  Ug4(t)=exp(—iHt) with the appropriate choice fa (i.e.,

obtained by flippings states in'¥,) rewritten here as
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choosing the number and the positions of the negaji\®in ~ where|¥) is given in Eq.(2) and is the state to be pro-
HamiltonianH,) and the initial states. The AWB scheme is duced. It can be clearly seen that the information storage
based on the assumption that/2= ¢ is a small quantity, state| W) is obtained at timés=7£/Q by a single unitary
and henceJ (t) =exp(—iHqt)~1—iH4t by neglecting terms operationU(ts), i.e., Ug(t5)|0)=|¥). The system will re-
equal to and greater than the order Here we do not as- main in the statd W) after timetg if one switches off the
sume the smallness of the quanti}y, and hence we need to laser and hence the interactions characterized by the interac-
evaluate the evolution operator exactly. tion Hamiltonian immediately after timg . It is pointed out

To calculate the evolution operator exactly, we rewritethat the statéW¥) can also be produced from the reservoir
Hamiltonian (4) as Hq= —iQNF/2. Here F=(l0}(¥, state|0) at other timeg ,=(1+4n)ts,n=1,2, ... aswell.
|=[wo)(0]) and [Wq)=(VN)"=N, 5 ]j) with 5, =—1  This fact carries implications for the information storage as
for k=1,2, ... and othery’s equal to 1. Then one can W& Shall explain shortly. , ,
readily showF2X=(—1)k*1F2 for k=1,2, ..., andF2i+? ' The !nformatlon retrieval process is to smglg out the
flipped item|FL) from the state|W¢) in Eq. (2) without
knowledge of the values gf;’s in the statg¥g) now. But
we can program the Hamiltonia@) so that the evolution

=(—1)/F for j=0,1,2 . ... It is nowstraightforward to ob-
tain Uy(t)=1—F sinT—(cosr—1)F? or

Uq(t):l—(|o)(1lfq|—|\Ifq>(0|)sin7 operator in this case iBy(t) in Eq. (6b), and the system
initially in the state| W) is in the stateU(t)| W) at timet.
+(cosT=1)(|0)0[ +|¥g)(¥ql), (5  utilizing Eq. (6b) and noting(0|¥)=0 and(W¥y|W)=1

_ 2 . .

where 7=tQN/2=Qt/(2¢), and | W)= ¢=M 7)) with 2s¢”, we readily obtain

7, =1 for k=1,2,...q and othern’s equal to 1. Note Un(D)[ W)= —2\/§§|FL>+cosesinr|0>

that the above expression for the evolution operator is valid

for any possible arrangements of positive and negatige +[1-(1—cos7)cosh]| V), ®

Information storage and retrieval in our scheme corre- ) )
spond toU, (obtained by settingg=s, i.e., 7, =—1k  Wherer=0t/(2§) and co®=1-2s¢ or sin(0/2) = Jsé. Let
~1.2,... s and othery’s equal to 1 andU,, (obtained by t, denote the smallest time satisfying the equation 7¥in(

_ 2\ 2 ¢4 6 H
i ——1fori=12. .. tivel =\1-4s&%/(1-25¢?) =1—2s%&*+0(£%. Obviously, t,
Seting7; orj=12,...N), respectively, or = £l Q— 4580+ O(£5)~ £/ for sufficiently small ¢
Us(t)=1— (|0 ¢ —|P)(0|)sinT =1/JN. At time t,, we have the result
+(cost—1)(JO)O+[¥)(¥dl), (6 Un(t)|W o) =—2Vs¢[FL)+1=4s¢%0),  (9)
Un() =1+ ([0)(Wo|—[Wo)(O])sinT where (1-cosr)cosé=1 has been utilized. This equation

_ demonstrates that the flipped itgfiL) has been sorted out
+ (cosT=1)(|0)(0] +[¥o) (o), (6b) from the statd W) with all its unflipped states being com-

where 7=Qt/(2€). It is worthwhile to mention that we Pletely suppressed by a single unitary operatify(t,). The
know the values of s in |¥,) in the storage procegsince  System will stay in the state-2/s¢[FL)+\1-4s¢?|0) if
they are just the locations where we want to produce flippedve switch off the interactions at timg. Once again, this
items so that we can program the Hamiltonian correspondswitch-off action can be accomplished by shutting down the
ing to U(t) in Eq. (6a) in this process, but we do not know readout laser pulse. Once in the state given in @y. the
them in the retrieval process and hence we program thgystem will have the probability¢? in the state{FL) and
Hamiltonian corresponding ttly(t) in Eq. (6b) in this re-  the probability 1-4sé% in the reservoir statf0). Therefore
trieval process. Note that the above procedure to program ttene is able to identify the flipped item by the method utilized
sign of 7;’s in Hamiltonian(4) can be realized for a Rydberg in the experiment of Bucksbaum's grofip]. Again, it is
atom radiated by an appropriate programmed ultrafast Tipointed out that besides tintg, the state in Eq(9) also
:sapphire chirped-pulse amplified laser pu[dd. We are emerges at other times such gg,=t,+4né=/() for n
now ready to investigate the information storage or retrievaF 1,2, . . ..
with a single operation based on the exact expres&pof Before comparing our scheme with the AWB schehg
the evolution operator. we need to establish the notation connection between them,
The information storage process is to produce the statand the approximated condition for the AWB scheme. Uti-
|W) in Eq.(2). To realize this process, the system is initially lizing the connection thg0) and|j) for j=1,2,... N are
prepared in the reservoir staf@), and we switch on the column vectors withN+1 elements, or more specifi©)

unitary operation corresponding to the evolution operator=(1,0,...,0f, [1)=(0,1,0...,0f, ..., and |N)
U(t) in Eq. (6. Therefore, the system at timtawill be in ~ =(0, .. .,0,1)", itis readily seen that matricésandB in the
the stateUg(t)|0) or, by means of the expressi¢fa) and ~AWB scheme as shown in Figs. 1A and 1B of REf],
(V¢ 0)y=0, respectively, are, in our notation,A=1+e(]0)(1]

o t —I1><>cz|) — €20~ [i)0l) = 1| ;<(|e/ﬁ)§|<0>|<\vsl
(ot ot —[w)0), and  B=1+e=N . (|o)j|—[i}0])=1
Us(”'(”‘s'”( 25) 'q’S”COS( 25)"))’ D (el8)(10) (ol — [Wo)(0]). Here[ W)= — g|1)+ £5N lj)
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is given in Eq.(2) with s=1 andj,=1, and|W¥,) is given in  information storage process, the final state in our scheme is
Eqg. (2). It is obvious, from Eq(6) and takings=1 andj,;  exactly the information storage stat¥) [see the discussion
=1, that Uy~B and Us~A when Qt/2=e<¢? [note r  after Eq.(7)]. It is worthwhile mentioning that to produce the
=elé=(el&?)é<1 as e<&=N"1]. Consequently, the exactinformation storage stdt&) is obviously desirable in
original AWB scheme is based on an approximated theorynformation storage from a simple and practical viewpoint.
under the conditiomNe<<1 or NQt/2<1. However, the original AWB scheme is unable to achieve this
Now we are ready to compare our scheme with the AWBgoal since the final result of the information storage process
schemd1]. First of all, ours is only a generalization of the in the AWB scheme i$0) + (e/£)| W) in our notation. Note
original AWB scheme. They are very similar to each other inthat the ancillary stat¢0) is heavily dominating over the
that both schemes deal with samé+ 1)-state systemN actual information storage stat# ;) since the probability of
information states plus an ancillary st4@ called as a res- the information storage state in the final resul)
ervoir state by Ahret al) and the same interaction model, + (e/&)|¥s) is extremely small due to the probability
i.e., the same form of the interaction Hamiltonian although(e/&)?= e(e/£?)<e<1/N. The final results of the two
Ahn et al. did not explicitly write it down[1]. This is why  schemes in information retrieval also have an important dif-
we only call our scheme an elaborated AWB scheme. Howference, at least from a practical viewpoint. The flipped state
ever, the two schemes indeed have the following two crucialFL) is much more heavily populated in our final state
differences. —2¢|FL)+\1-4£%|0) [Eqg. (9) by taking s=1] than the
We deal with the information based on our exact resultsinal result—2¢|FL)+ \/1—4€2|0) (in our notation in the
for the evolution operator, whereas the AWB scheme isAWB scheme[1] since the populated probability in our case
based on the approximated expression of the evolution ofis 4£2 much greater than the probabiliteZ As a matter of
erator by using a lowest-order perturbation theory under theact, due toe<<1/N= &2, the probability 42> 4¢ is at leastN
conditionNQt/2<1. Of course, the lowest-order approxima- times b|gger than the probab|||tyea_’ |mp|y|ng that our
tion is a reasonable ongéhough it may not be the most scheme is able to accomplish information retriefal data-
convenient onefor small N situations just as the case with pase searchingmuch easier than the AWB scheme does,
which the AWB experiment actually dedlt]. However, the  especially for huge databases. The reason for this simplifica-
condition for justifying the lowest-order approximation may tion is that one has to make a large number of identical
require too stringent constraints to be satisfied by experisybsystems to finally sort the flipped state out just as in the
ments dealing with huge databases., sufficiently largeN).  experiment of Bucksbaum’s grouf], and the minimum
As mentioned in the part after E(7) [Eq. (9)], information  number of the identical subsystems in the AWB scheme is
storage(retrieva) in our scheme can be accomplished within \fAWE_ (4¢2)=1  \hile in our scheme it is onlyM yin

either the time sparis (t;) or other time spanss,=(1  —(4£2)~1<MAWB/N, an extreme reduction when one deals
+4n)ts (t, =t +4n7¢g/Q) for n=1,2, ... .Consequently ,ith huge databasdse., sufficiently largeN).

if the width T of the ultrafast laser pulse is too large to meet |, summary, we have proposed a scheme for information
the requiremenfT =t=/(Q\N) (T=t,) for sufficiently  storage and retrieval through a quantum phase with a single
largeN, we can always choose the appropriate positive intepperation each, which generalizes the AWB scheme by re-
ger n such thatT~t; , (T~t, ) to accomplish the corre- oying its constraint on the smallness of the quan€y
sponding information storageetrieva). This fact offers a  Based on the exact unitary transformations, we have shown
practical advantage over the original AWB scheme for lessyhat the elaborated AWB scheme, besides theoretical inter-

ening the stringent constraint on the extreme narrowness Qfsts in its own right, has several pronounced practical advan-
the laser pulse to perform information storage and retrievakages over the original one.

especially when the database is huge.
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