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Quantum-state preparation and control via the Zeno effect
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We present different schemes for preparing and maintaining the quantum state of multilevel systems. This is
achieved via a suitable combination of coherent trapping and the Zeno effect which serves to protect the
prepared state against undesired jumps to other states.
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I. INTRODUCTION Il. STATE PREPARATION AND CONTROL
IN TWO-LEVEL SYSTEMS

In recent times there has been increasing interest in the In this section we present three different procedures for
engineering of quantum stat¢s]. This interest has been Preparing a two-level system in a given robust state. For
prompted by the continual progress in the practical applica-s'mpl'c',ty we find it helpful to refer to two internal atomic
tion of quantum theory, which usually demands the tailoringlevel.S (e, a two—IeveI atqm b.Ut the procedures can be
of specific statequsually highly nonclassicalin order to applied to other practical situations.

N All the proposals will be based on the three-level arrange-
develop the possibilities offered by the quantum frameworkpent with A configuration schematized in Fig. 1. The system

(for example, to encode and process quantum information, Q¢ interest is spanned by the metastable vecidis|2).
to perform the most accurate measurements These two levels are coupled via two coherent laser fields to

In this work we propose practical schemes for preparingan auxiliary levelr). The laser fields can be detuned and we
the quantum state of multilevel systems. The objective is thahissume that the detuniny is the same for both. The level
such preparation must be robust, i.e., the prepared state mys} can be unstable, decaying spontaneously to another aux-
endure couplings and interactions that otherwise would alteitiary level |/) at rate y. Different schemes are obtained
it. We will demonstrate that this can be achieved via a suitdepending on the particular valuesypandA. For simplicity
able combination of coherent trapping, adiabatic following,We assume thdt) does not decay tfil) and|2). Neverthe-
and the Zeno effect. Compared to other propof2y3], the Ie;s, below we will show that the same final results are ob-
schemes introduced in this work are simpler, more versatilet,a'ned even ifr) does decay t¢1) and|2).
and can be applied to systems with an arbitrary number of
levels.

The Zeno effect refers to the inhibition of the isolated N this first proposal the driving fields are resonait (
dynamics of a system when the evolution is observed witi~0) and the auxiliary statly) is unstable ¢#0). The dy-
enough resolutiof4]. In our context this can be used to namics of the whole system is described by the following
protect or block a given state by preventing undesired tran@ster equation, n bl |qteract|on picture and units where
sitions to other statd$,6]. Moreover, the Zeno effect allows fi=1, for the density matrip:
us to replace the original dynamics by a prescribed evolution y
via suitably designed time-dependent measurem@misrse p=—i[Hq,p]— §(|r)<r|p+p|r><r|— 2| |p|r){/))

Zeno effect [2,7]. Therefore, the concept of the Zeno effect 2.1)
serves to tailor the time evolution of an observed system.

Perhaps the most important field of potential applications Ir> "'T"ﬁ' 'I'A
of this idea would be the control on demand of the internal
electronic states of atoms and their time evolution. We can
include the monitoring of the vibrational states of trapped Q Q,
ions and molecules, for example. These applications are very Y
interesting because the interaction between matter and light,
and its use in manipulating one by the other, is of fundamen- 2>
tal importance in quantum optics. [1>

In this work we propose three different schemes for pre- le>

paring and controlling the quantum state of multilevel sys- £ 1 | evel diagram for preparing robust linear combinations
tems. They are introduced in Sec. II, focusing on the simples{t the metastable statés) and|2). These levels are coupled by
nontrivial example of a two-level system. In Sec. lll we gen-yyo |aser fields to an auxiliary levét) that can decay to the level
eralize them to the case of an arbitrary number of levels. |~y at ratey. The parameter®, and(), denote the strength of the
laser couplings and is the detuning. The three cases discussed in
the text are A) y#0, A=0; (B) y=0, A=0; (C) y=0, A
*Electronic address: alluis@eucmax.sim.ucm.es #0.

A. Resonant coupling to an unstable level
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'7\“‘1“ regarded as a continuous measurement of whether the tran-

A i .

sition from |u) to |c) has occurred or not. The emission of

the photon is evidence that the system was in the $tate

Q instead oflu). For suitableQ) andy the measurement can be
Y accurate enough so that the Zeno effect occurs: i.e., the evo-
lution from|u) to |c) is prevented and the system is blocked

L SN in the desired statgi) [9].

[e> To examine this possibility in quantitative terms we in-

2> clude in the dynamics an interaction tet), inducing |u)

. o —|c) transitions,
FIG. 2. Level scheme fully equivalent to Fig. 1 in terms of the

coupled|c) and uncoupledu) states. H,=o(Ju){c|+]|c){u]). (2.5

with The evolution of the system is given by E@.1), replacing
Hqg by Hqa+H, . It can be easily seen that the evolution
equations for all the matrix elements involving only the
HQ:kZl ([ (K[ + k) (r ), (2.2 states|c), |u), and|r) form a closed set. This allows us to
simplify the problem since the unnormalized projection of

where(), are constants depending on the phase and intensiﬂ@'ﬂe whole system into the subspace spannefgjy |u), and
of the driving beams. r) (we will denote such a projection ég)) evolves accord-

The analysis of the dynamics can be simplified if we usd"d to the following Schidinger equation with complex

2

the basis Hamiltonian:
L y=—i[HotH,=i 2 1w, @9
€)= 5 (Q|1)+Q,[2)), 0T e 1o ' :
1 (2.3 The projection] ) is a pure state because the initial state
luy= 5(92|1>—91|2>), is pure. If we expresky) as
|1//>=aC|C>+au|u>+ar|r>, (2.7

whereQ = \/Q2+ Q2. In this basis the Hamiltonian is ] _ ] o
we get the following equations of motion for the coefficients:

Ho=Q(|r){c[+[c)(r]), 2.9 _
a.=—lwa,—iQa,,
and the level scheme in Fig. 1 can be replaced by the simpler
one in Fig. 2 withA=0. We can see that the only state = —iwag, (2.9
coupled to the auxiliary level) is |c) (coupled state Due
to the unstable character pf) all the population irlc) will

- . Y
be irreversibly transferred fo”) and removed from the sys- ar= _lﬂac_zar :
tem.
On the other hand, the stghn} is complet.ely decqupled Our initial conditions arer.=a,=0 anda,=1.
from the rest of the levels. Sindéq|u)=0 this state is sta- These equations can be easily solved. However, we can

tionary (within the interaction picture If the atom is pre-  simplify them further since we must consider system param-
pared in|u) it will remain always in the same state. In other eters leading to a good observation regime of the moment in
words, this procedure is a coherent trapping @mdis the  which the |u)—|c) transition occurs. This means that the
trapped or dark stat8]. following relations should be satisfig8]:

Any linear combination of1) and|2) can be prepared in
this way simply by choosing the appropriate coupling con-
stants(); and (),. Moreover, it is possible to change the
prepared state at will simply by suitably varyifiy and(,.
The only requisite is that such a variation must be adiabaticThis implies that as soon as the system is in the §te
Q4(t),Q,(t) must vary slowly so that at any time |c)—|r) transition takes place and) immediately decays to
Hq(t)|u(t))=0 (adiabatic following [8]. |~y with the emission of a photon. This takes place in a time

The prepared stafer) depends only on the relative value interval short when compared to the period of thg— |u)
0,/Q, of the coupling strengths. The absolute vafuds a  oscillation caused b¥ .
free parameter that can be used to render the Riatstable The conditiong2.9) introduce two different time scales to
and robust. More specifically, the purpose is to prevent cothe problem that allow us to eliminate rapid transients, which
herent transitions fronu) to |c). This can be achieved via are invisible in the coarse-grained time scale of interest. A
the Zeno effect since the transitiope) —|r) and the sponta- good approximation of Eq$2.8) is obtained by considering
neous emission of a photon whér) decays t/) can be that «, is always in its steady-state valueq,=

QZ
y,Q,7>w. (2.9
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—(2iQy)a., which adiabatically follows the evolution of
a.. This reduces Eq42.9) to

202

a=——a.—lway,

(2.10

a,=—iwag.

Since 22> wy we can simplify Eqs(2.10 by considering

that «. is always in its steady-state valuex,
=—iywa,/(2Q?). This leads to
2
Yyw
au:_ﬁaua (211
and finally
ay(t) =g~ (ro?209t (2.12

The conclusion is that it is possible to protect the staje
against disturbing couplings during a time intereagjiven
by

202
5 (2.13

T

Yyw

If t< 7 we have thaty(t))=|#(0))=|u). This time interval
can be made arbitrarily large simply by increasiing
Because of condition$2.9) this time interval encom-
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coupled statéc) will be completely removed from the sys-
tem of interest due to the spontaneous decay of the |eyel
Thus, when the stationary state is reached all the atomic
population in levelg§1) and|2) is necessarily in the dark
state|u) irrespective of the initial conditions.

We can briefly discuss another procedure for preparing
the initial state of the system which is also valid for more
general schemes, including the examples to be analyzed be-
low. Using the above mentioned adiabatic transfer it is pos-
sible to prepare the two-level system in the desired state
starting from any other statsay|u)=|1), for instancg and
no fields (2;=Q,=0) as the initial conditions. In the first
place the field(), should be turned on whil€);=0. This
step does not require any special care since the transition
from 0 to (), does not perturb the decoupled atomic state
|u)y=|1) in any case. Then the other fiefd); can be turned
on. In this case the transition from 0 f&; must be done
slowly enough so that the dark state evolves adiabatically.
Otherwise, a sudden turn on would significantly perturb the
atomic state. This method can be applied provided that dur-
ing these steps there are no external perturbations that might
alter the atomic state before it comes to be protected by the
Zeno effect.

Finally, we show that the same results are obtained after
including the possibility of spontaneous transitions from
to |1) and|2). This is because once the Zeno effect freezes
the system in the state) there are no further transitions to
[r). Therefore it no longer matters hdw) would decay. The

passes many periods of the potential oscillation caused bgssential point is that the decay must be evidence that the

H, . Therefore, this preservation of the initial stébg is an

atom leaves the state). Concerning the initial preparation

example of the coherent Zeno effect in which the observatiof |u), the spontaneous decay [of) to |1) and|2) would

prevents a coherent transitign)—|c). On the other hand,

favor the population ofu).

this result can also be regarded as an example of the inco-
herent Zeno effect, which takes place when an irreversible

decay is halted. This is because the initial stateis un-
stable because of the cascade of transitions

lu)—[cy—Ir)—17). (2.14

B. Resonant coupling to a metastable state

Next we propose a slightly different example, also leading
to the robust preparation of any desired state for a two-level
system. The driving fields are again resonakht=0), but in

This is an example of so-called reservoir engineering wherghis case the levelr) is metastable ¥—0) so that it does

a metastable state becomes unstable on derfib®id The

not decay to any other level during the time interval of in-

interpretation as an incoherent Zeno effect has the peculiaritierest. Nevertheless, we will see that the final result is the
that the observing apparatus is involved in the mechanisrsame obtained in the preceding subsection.

causing the decay.

The levels|c), |u), and|r) form a closed system expe-

To conclude this point, this same scheme can be regardeiencing a purely unitary dynamics governed by the Hamil-
also as a potential implementation of the so-called inverséonianH, in Eq. (2.2). After the definitions(2.3) the inter-

Zeno effect: i.e., dynamics caused and controlled by meaaction Hamiltonian becomed®.4) and Fig. 1 becomes Fig. 2
surement2,7]. This occurs if(); and (), are varied adia- with A=0 and y=0. Here again we have the same un-
batically. In such a case the measuring arrangement is detectoupled statéu) which can be prepared in an arbitrary state
ing the population of the time-dependent statei)) and by adiabatically varyind); and ().
[u(t)). In the appropriate limit, the measurement forces the To study the stability ofu) against couplings of the form
system to be always in the stdi&(t)) evolving as dictated (2.5 we have to solve the Schiimger equation
by the measuring arrangement, irrespective of any other dy- _
namical influences. ly)=—i(Hq+H,)|¥),

We have shown that if the atom is prepared in the state
|u) it will always remain in the same state. Next we address
the initial preparation. In the scheme just analyzed we havaith the initial condition|(0))=|u). The solution leads to
that after a suitable time interval all the population of thethe following survival probability of the uncoupled state:

(2.19
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n> A "TRTTTTETT

1 _
Pu(t)=I<UIzp(t)>|2=m[l+nzcos(Qt)]Z, \ \ \
(2.16 >y T
1e>_

where 7= w/Q and Q= 0%+ w?.
We are interested in the conditions leading to the limit
P,(t)—1 for all times. This can be achieved provided that
Q> w. In such a caseg— 0 and the survival probability can 16> 11>
be approximated by

|
g1

w
Y4

2>

FIG. 3. Level system for preparing robust linear combinations
of the metastable stat¢s), |2), and|3). Each level is coupled by
two laser fields to two auxiliary levels,),|r,) that can decay to
the levels|/1),|/ ).

w

2 R—
Q) Sir?(Qt/2), (2.17

Pu(t)21—4(

so thatP,(t)—1 whenw/Q—0. .

It can be asked whether this preservation of the uncouplewhered=Q?/A. We can see thaf acts as a detuning for the
state can be regarded as a Zeno effect. It might be argud@)«|u) transition. If 5> we obtain an effective interac-
that no measurement is performed since0 and the evo- tion Hamiltonian of the form
lution is purely unitary. However, this evolution may be the
initial stage of a measurement in which the observed system 1o Ho==(A+ )r)(rl=elu)ul+(o+ E)|C><C(|2' )
is unitarily coupled to the probe or meter. It has been shown '
that the Zeno effect can occur without completing the meaywheree= w2/ s.
surement provided that the probe carries relevant information | these conditions we can conclude from E221) that
about the systenil1]. In our case the propagation of the |y) is a robust trapped state. Incidentally, we can also see in
field modes driving the|c)«|r) transition depends on Eq. (2.21) that the statesc) and|u) play equivalent roles.

whether the atomic state |s) or |u), since they lead to a Both are stationarywithin the interaction pictuneand both
different polarlzatlon of the medium. Therefore, this block- can be considered as robust trapped states.

ing of the system in the state) may also be regarded as a

Zeno effect. Nevertheless, a complete analysis of this poin;; sTATE PREPARATION AND CONTROL IN  N-LEVEL
would require a quantum treatment of the driving fields. For SYSTEMS

further discussions about the relationship between the Zeno

effect and coherent trapping with and without dissipation, In this section we generalize the two-level schemes intro-

see Ref[12]. duced in the preceding section to an arbitrary number of
levels. In the first place we examine a three-level system
C. Nonresonant coupling to a metastable state because it properly illustrates the general case.

. . , , The caseN=3 is illustrated in Fig. 3. The system of
In this example the auxiliary levet) is again metastable terest is spanned by the vectds$, |2), and|3). Each

(y=0) but the driving fields are not resonatt £ 0) and we  |ayel is coupled by coherent laser fields to two auxiliary lev-
assume that the detuning is the same for the two fields gs|r,) and|r,). As in the preceding section we can consider
(two-photon resonance for the transitifit) <[2)). three different casesA) |r;) and|r,) unstable and exact
The space spanned k), |2), and|r) is a closed system (o5onance: B) |r,) and|r,) metastable and exact reso-
and the dynamlcs_, ina syltably dgfmgd interaction picture, i$ance: C) |r,) and|r,) metastable and no resonance.
governed by the interaction Hamiltonian Here we will consider in some detail the cd&eThe cases
2 A andC are straightforward once we have examined this one.

Ho= _A|r><r|+k21 (QF[r)(k|+Qlk)(r]). (219 I the interaction picture the Hamiltonian is

2 3
With the help of the definitioné2.3) this Hamiltonian can be Ho= Zl kZl (QFIr K+ Qi K)(rD, (3.1
written as =

where () ; are complex coupling constants that depend on
the driving fields. In the most general case this Hamiltonian
defines two coupled statés;) and|c,),

Ho=—A|n(r[+Q(r)(c|+[c)r]). (219

Concerning the robustness of the dark state we can
show that it is stable against couplings suclizas) provided 3
that the detuning is large enoughi> (). In such a case no ey = 1 > Qilk), j=12 (3.2
transitions|r )« |c) occur since the total Hamiltonian can be SR V=R o

approximated by ) w3 5 .
whereQ7=3;_|Q;|°. On the other hand, there is an un-

Ho+tH,=—(A+38)|r)(r|+8lc)y(c|+w(Ju)c|+|c)ul), coupled state defined by the orthogonality conditioo$u)
(2.20 =0 forj=1,2.
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r. TR T -
> %22 > T ]a
Y Q
Q Q
Q1 2 Q4 —_—
------ IN>
- —Y
v |u> —Y >
|Cz> [1>
lc>
FIG. 5. Level diagram for preparing robust linear combinations
FIG. 4. Level scheme equivalent to Fig. 3 in terms of the of the N levels|1),|2), ... |N). Each level is coupled to the same
coupled (c4),|c,)) and uncoupled |(1)) states. In this case the auxiliary metastable levdr) by nonresonant laser fields. The pa-
levels|r,),|r,) do not decay and there is exact resonance. rameters();, j=1,2,... N, denote the strength of the couplings

andA is the detuning.
In terms of these vectors the Hamiltonian can be written

as which defines a single coupled state
2 1 N
HQ:JZl Qi(r){e;l+le(riD, (3.9 0= g 2, k), (3.6)

and the associated level diagram is schematized in Fig. Mheregzzgl’:':l|9k|2_ The Hamiltonian can be written as
From Eq.(3.3) itis clear thafu) is a dark statéd,|u)=0. If

the system is prepared in the stage it will always remain Ho=—A|r){(r|+Q(c){r|+]|r){c|), (3.7
in the same state. Arbitrary linear combinationg bf, |2), o _
and|3) can be prepared in this way simply by suitably vary- and the level scheme in Fig. 5 can be replaced by the simpler

ing the intensities and phases of the driving fields. one in Fig. 6. Accordingly, there artd—1 uncoupled or-
As before, the Zeno effect can be used to render the urfhogonal statesHo|u;)=0 with (ujlc)=0 and (uj|um)
coupled stat¢u) stable against interactions of the form =0jm, forjm=12,.. . N—-1.
For large detuning\> () the interaction becomes purely
2 dispersive,
Ho=2 j(u)(ci|+e))(ul). (34
= Ho=—(A+3)|r)(r|+dlc)(c], (338

According to the results of the preceding section, the robusI'With 5=02/A.
ness can be achieved provided thit, Q) ,> w4, w5 since in
such a case the transitiohs)—|c;) are prevented.

Now we can easily generalize these results to an arbitrar
numberN of levels. Formula$3.1), (3.2), (3.3) and(3.4) are
valid simply by extending the range of variation of the sum
in the formk=1,2,... Nandj=1,2,... N—1. Each level

In this case, the desired state|&. If the
system is prepared in the sta® it will always remain in
such a state. Any desired state can be prepared in this way by
¥uitably choosing the intensities and phases of the driving
fields. According to the results of the preceding section this
Spreparation will be stable and robust provided thas large

. i enough.

is coupled toN— 1 auxiliary levels|r;). In the most general

case this naturally defindé—1 coupled statefc;) and one

uncoupled statéu). The preparation ofu) is robust pro- IV. CONCLUSIONS

vided that the coupling constan@; for the transitions We have examined several arrangements for engineering
|_Cj>‘_>|rj> are strong enough to prevef)—|c;) transi-  the quantum state of multilevel systems in such a way that
tions. the prescribed state is protected against outside perturba-

Similar conclusions are obtained for the caseandC.  tions. These arrangements can be regarded as applications of
Nevertheless, for schenté there is a much simpler gener- the Zeno and inverse Zeno effects to the preparation and

alization than the one just discussed. As we have mentionegbntrol of quantum systems. The schemes examined are
above, for the cas€ andN=2 the coupled and uncoupled

states are equivalent. Taking advantage of this fact we can --‘:I: A
propose the generalization illustrated in Fig. 5, in which all |t> ]
levels are coupled to a single auxiliary state. When compared
to the preceding one, this arrangement requires only one aux- [9)
iliary level (instead ofN—1) and onlyN—1 driving fields W
[instead of N(N—1)]. The Hamiltonian in the interaction a
icture is —
p |C> |U1>
N
Ho=—Alr\rl+ QKM+ QF k], (3. FIG. 6. Level scheme fully equivalent to Fig. 5 in terms of the
o Ir¢r] k§=:1( kil crXkb. - @9 coupled (c)) and uncoupled|(i,), ... ,|Juy_1)) States.
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based on different forms of continuous observation. It ishave already been tested experimentally in many different
worth stressing that the whole analysis is purely dynamicahtomic systemg6,8]. In particular, practical arrangements
in terms of joint meter-system evolution equations. We nevethat can serve to implement the proposed schemes can be
resort to any of the peculiar features of the measurement ifound in the context of optical pumping, where the Zeno
the quantum theory, such as the projection postulate. Wshielding has already been observed experimenfaby.
have considered schemes based on purely unitary evolution As we have mentioned above, these schemes can be of
as well as arrangements based on irreversible dynamics. Atheoretical interest concerning the accurate storage and trans-
cording to our results, all of them are equally suitable forfer of information encoded in quantum systems since they
robust coherent trapping. avoid alterations of the state of the system. We could include
We point out that these schemes are applicable to reapplications to the manipulation of the motional state of
systems. This is because they are based on concepts suchti@pped ions and their interaction with light fields via the
coherent trapping, dark states, and the Zeno effect whickontrol of the internal state of the ion.
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