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Qubit rotation by stimulated Raman adiabatic passage
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We introduce a procedure for qubit rotation, alternative to the commonly used method of Rabi oscillations
of controlled pulse area. It is based on the technique of stimulated Raman adiabatic passage and, therefore, it
is robust against fluctuations of experimental parameters. Furthermore, our work shows that it is, in principle,
possible to perform quantum logic operations via stimulated Raman adiabatic passage. This opens up the
search for a completely new class of schemes to implement logic gates.
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The growing interest in quantum computation stimulateswvhere n=(sindcose,sindsing,cosd), and o= (oy,0y,
the search for schemes to prepare and manipulate quantum) are the Pauli's spin operators,=|1)(2[+|2)(1], oy
stateg[1]. The basic operation on a single qubit is the rota-=i(|2)(1|—=|1)(2|), o,=|1)}(1]—|2)(2|.
tion. This is usually achieved via coherent Rabi oscillations. Mapping of the stat¢l) into the stat&2) can be achieved
For a two-level optical transition Rabi oscillations are simplyeasily using a single STIRAP sequence, as described for ex-
produced by direct coupling using a laser field. If the qubit isample in Ref[9]. However, in that scheme the Stokes and
formed by two ground states instead, Rabi flopping is theiPump pulses that link the different states must satisfy well
implemented by Raman transitions via a virtual excited statedefined relationships with the coefficients of the initial and
and a fundamental logic gate has been demonstrated usifi§al superpositions. Therefore, that procedure cannot be
this configuratiorj2]. Fundamental quantum logic operations considered as a general rotation, because for a given pulse
based or(conditiona) Rabi flopping have also been imple- Sequence, not every state will be transformed in the same
mented in cavity QED experimen{8]. To perform qubit Way. As it will be shown here, the use of mgltlple STIRAP
rotation utilizing Rabi flopping, a complete control of the Sequences allows indeed true rotations, with the axis and
pulse area is required. An imperfect control leads obviously2ngle of rotation being uniquely defined by the parameters of
to errors in the computation procedure. the laser pulses.

In this work, we introduce an alternative procedure for In our scheme, shown in Fig. 1, three ground staigs
qubit rotation. It is based on the technique of stimulated Ral2), and|3) are coupled via a single excited std® by
man adiabatic passag8TIRAP[4]) and, therefore, it is ro- different laser fields. We assume that due to their polariza-
bust against fluctuations of several experimental parametefons and frequencies, each laser field drives only one tran-
such as the pulse area. Furthermore, our proposal shows tiition. The ground statgd) and|2) define our qubit, while
STIRAP is not only a powerful tool to transfer population the staté3) is an auxiliary state that will be occupied only in
between quantum stat¢§], including here the creation of the intermediate phase of the rotation procedure.

coherent superpositiofi—10] and entangled stat¢$1], but The detunings of the three laser fields are the same, i.e.
can also play a role in the implementation of a quantum logic
operation. 14)

Consider the generic linear superposition of two long-
living atomic stategl) and|2),

[i)=al1)+B[2). @

The state rotated about a unit vectorthrough an angle€
reads

[f)=Rn(O)li), 2 1) 12) 13)

R FIG. 1. Interaction scheme for the rotation of a qubit by
with R,({) being an element of th8U, group defined as  STIRAP. The three ground staték), |2), and|3) are coupled to
the excited state4) by three different laser fields. The qubit is
¢ ¢ ¢ defined by the ground statés) and|2). State|3) is an auxiliary
R —expg —i=n.o|=cos —in-osins, 3 state occupied only in the intermediate phase of the rotation proce-
n(¢) F{ 2 U) % 7= ® dure.
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the system is at multiphoton resonance that is a necessamyserting Eq.(10) into Eg. (4) one obtains a Schdinger

condition for STIRAP. The Schadinger equation of this sys-
tem reads

d i~
gt #(0)=—ZHOlYM), )

where|(t)) denotes the state vector of the four-level sys-

tem and the Hamiltoniaﬂf—l(t) is given in the interaction
picture and in the rotating-wave approximatidRWA) as

. fi o
RO =AA4)(4]+ 5 2 ((0fiK4]+He). (5

Here A is the laser detuning. The pulsed Rabi frequencies

Q4(t) andQ,(t) are taken to have essentially the same en
velopes: Q4(t)=Q(t)cosy, Q,=Q(t)exp(n)siny, where
x and » are fixed angles. The pulses 1j2., the fields that
yield the Rabi frequencie®(t) andQ,(t)) and 3 are de-

layed with respect to each other, however, for an efficient
&TIRAP process that maps the st&8 back to the qubit

following Q(t) will be taken as real.
Our procedure consists of two STIRAP processes. In th

first one, the fields 1 and 2 are the pump fields, whereas th
field 3 plays the role of the Stokes field. In this STIRAP .

process the field 3 has the same phase as that of fields 1 a
2. The pulses are applied in the counterintuitive order, i.e.
the Stokes pulse arrives before the pump ones. The transf
process can be described as follows: The pump fields 1 and
define a darkor noncoupleg state|Syc)

6)

in the subspace spanned by the stdtds,|2)} [12]. The
orthogonal statéthe coupled or bright statéSc) is

|Snc)=—sinx|1)+€'" cosx|2),

|Sc)=cosy|1)+e7sinx|2), @)
from which the population can be transferred to stabeif

all the three fields are on. By decomposing the initial super
position|i) onto |S¢) and|Syc),

[i)=(Sncli)ISne) +(Scli)[Sc) (8)
with

(Sncli)=—asiny+Be 7 cosy (9a)

(Scli)y=a cosy+pBe "siny (9b)

we find that only the component alohg:) will be affected

by the STIRAP process and eventually mapped to the target

state|3). Indeed, the Hamiltonian in E@5) can be rewritten
in the form

N h
H()=7A]4)(4]+ 5 (Q(1)[Sc)(4]+ Q3(1)[3)(4] +H.c).
(10

equation that describes an ordinary STIRAP process in a
three-level system. The dark stafté(t)) of the Hamil-
tonian in Eq.(10) is given by

1
| (t))= m(ﬂs(t)|5c>—ﬂ(t)|3>)- -
11

Using the same argument as in the case of STIRAP, it can be
easily shown that in the adiabatic limit the system is left,
after the first pulse sequence, in the superposition of the three
ground states

[} =(Sncl i) Snc) = (Scli)[3),

without populating the excited state during the evolution. We
recognize in Eq(12) that the component dfi) along the
noncoupled statfSyc) is untouched, whereas the orthogonal
bright component is transferred to the target siaje

The second step of the rotation procedure is a reverse

(12

subspace. In this STIRAP process the phase of field 3 is in
eneral different from that of fields 1 and 2. The pulses are
pplied in the reverse order with respect to the first step of
rotation procedure: the pulses 1 an@dich play now
role of the Stokes pulsearrive before the pulse @he
ump. The fields 1 and 2 have the same Rabi frequencies as
the first step of the procedure. In this way the sfatp
;?repared by the first STIRAP process, EtpR), is initially a
dark state for the three laser pulses beca(@ehe state3)
is initially not coupled(counterintuitive pulse ordgr(b) the
state|) has no component alorl@), and, therefore, it is
decoupled from the fields 1 and 2. The darkness$yof al-
lows the implementation of the second STIRAP process al-
though all the ground states are initially populated. In this
process the statf8) is transferred back to the qubit sub-
space. More precisely, it will be mapped on the coupled state
|Sc) because the stat&y¢) is a decoupled state also in this
second STIRAP process. The component of the initial qubit
li) along the coupled statES:) and the new component
along the same state obtained by mapping back the |&ate
will differ by a phase. This phase is determined by the phase
difference 6 between the relative phase of the field 3 with
respect to the fields 1 and 2 in the two STIRAP processes.
Clearly, for identical phases the system certainly goes back
to the initial statgi). In the general case a similar calculation
that yielded Eq.(12) shows that in the adiabatic limit the
component of ) along|3) is mapped back onto the sub-
space{|1),|2)} according to

(3|¥)[3)—e"(3[4)|Sc), (13
so that the final state is
|)=(Sncli)|Suc) +e " %(Scli)|Se). (14

By substituting the expressior{9) for the coefficients and
taking into account Eqg2) and(3), we obtain
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[y =e""PR(S)]i), (15)

where n=(sin 2y cosz,sin 2ysin7,cos %). Apart from a
global phase—§/2 the statedi) and |i;) are connected

through the rotatiorR,(5). If the qubit is isolated, then this
global phase is unimportant. If the qubit is part of a larger
system, e.g., there are several qubits that form a quantun
computer, then the global phase is clearly relevant, howevere
it may be incorporated into the algorithm being implemented%
on the quantum computer.

The geometric interpretation of the rotation procedure de- . y
scribed above is straightforward: the axis of rotatioris 0 T o o 20
defined by the polar angley2and the azimuthal angle, t t
which characterize the relative amplitude and phase of the 5 5 Time evolution of the ground-state populations and

laser pulses acting on the statd$ and|2), respectively. In 5 se sequences for two different STIRAP procedures. In the pro-
the Hilbert space the state veci@yc), Eq. (6), is parallel  cedure shown in the left column, the second STIRAP process is
with this axis, therefore, it is unaffected by the rotation. Theprecisely the reverse of the first ottep left) and the system returns
state vector|Sc), Eq. (7), is perpendicular to the rotation pack to its original statéottom lef). In the procedure shown in the
axis, and it is rotated through an angleabout this axis. right column, in the second STIRAP process the phase of the pulse
Our rotation procedure is sensitive to the relative phase is shifted bys= 7 with respect to the the pulses 1 andt@p
and relative amplitude of the pulses 1 and 2. Moreover, theight). In this case the system does not return back to its original
method is also sensitive to the phagehe phase difference state, and the qubit is rotated through an angkbout a unit vector
of the pulse 3 in the first and second STIRAP processesharacterized by the polar angley2and the azimuthal angle.
However, it is robust against the fluctuation of the pulseParameters of the calculation ase=cosa/5, B=sin/5, A=0,
shapes and pulse areas. x=-—m/12, and »=0. The pulses have Gaussian shape
Our analysis is supported by numerical calculations. IneXH—(t£T/2xt)%/27], with 7=2, t=1.6, T=20. The time
these calculations, the envelope of the different pulsed Rafind the Rabi frequencies are measured in arbitrary units.
frequencies has been taken as Gaussian, although any suffi-
ciently smooth pulse shape is suitable. The width of thestates: the dark and the bright states, as defined by the pump
pulses and their overlaps have been chosen to satisfy well thgiises. The component of the qubit along the bright state is
usual STIRAP condition$4]. For different choices of the then transferred to an auxiliary state. In the second STIRAP
initial state of the qubit1) we have solved numerically the process, the auxiliary state is mapped back onto the bright
Schralinger equatiori4) and determined the time-dependent giate with a phase shift with respect to the initial compo-
state of the system during the rotation procedure COMPOS&fant of the qubit along this state. The resulting state corre-
of two STIRAP processes. An example of our calculations i ponds indeed to a rotation of the qubit, with the axis and

shown in Fig. 2 where the populations of the three groun . . :
states are shown together with the pulse sequence that effe% ggle of rotation determined uniquely by the parameters of

the qubit rotation. The time evolution in the case of identical eFlﬁrstﬁre::ﬁgse' our paper shows that it is. in principle. pos-
phases for the two STIRAP processes is also reported for. ' pap » 1N principie, p

. o . ible to perform quantum logic operations via stimulated Ra-
comparison. In order to analyze quantitatively the quality o ) . i
: : man adiabatic passage. This opens up the search for new
our rotation procedure, we have calculated the fidefity

= (] ¥..)|?, where|y.,) is the numerically calculated state schemes for logic gates based on STIRAP.
after the rotation procedure ang;) the state of the rotated We are indebted to Stig Stenholm for useful discussions
qubit. We have verified that the fidelity is unity within nu- and a careful reading of the manuscript. F.R. is also grateful
merical error. We have also verified that under usual STIRARor his hospitality at the Royal Institue of Technolo@¢TH)
conditions the excited state occupation is negligible throughef Stockholm, where the main part of this work was done.
out the rotation procedure. Z.K. acknowledges the financial support of the European
In conclusion we have shown that it is possible to performUnion Research and Training Network COCOMO, Contract
qubit rotations by stimulated Raman adiabatic passage, ado. HPRN-CT-1999-00129, the das Bolyai program of the
correspondingly, proposed a rotation procedure. The procédungarian Academy of Sciences, and the National Scientific
dure is composed of two STIRAP processes. The first steResearch FundOTKA) of Hungary under Contract No.
consists in projecting the original qubit on two perpendicularT034484.
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