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Decoherence of molecular vibrational wave packets:
Observable manifestations and control criteria
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Decoherence of molecular vibrational wave packets in hot alkaline dimers due to the vibration-rotation
coupling is considered. The focus is on the study of observable manifestations of the decoherence process in
molecular emission tomography. Criteria are presented for control over decoherence by means of driving
molecular transitions with suitably shaped ultrafast laser pulses.
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I. INTRODUCTION multiparticle systems needed for scalable quantum computa-
tion may make the identification and use of decoherence-free
Any real system, no matter how well isolated, unavoid-subspaces extremely difficult, or such subspaces may not ex-
ably interacts with the environment. This interaction makegst at all. Symmetry-based operations of error-avoiding codes
evolution of a quantum system nonunitary and destroys comay be impossible if the Hamiltonian of a complex quantum
herence of quantum superpositions. This process, known &ystem is not completely known and/or if multiple decoher-
decoherencé1], is widely regarded as the most important €NCe mechanisms exist. _ _
and fundamental obstacle to the practical realization of quan- Along another line of research, a number of interesting
tum information processinf2—6]. yvorks[19—23 analyzed scheme; to counteract decoherence
A number of approaches have been proposed to overconi@ duantum systems by applying sequences of frequent
the decoherence problem. One principal approach emplo ulses. It was ;hown th‘."‘t a qubia two-lgvel system
quantumerror-correcting code$7—14] that include a variety 0,21], a collection of qubits and a two-qubit quantum gate
of sophisticated schemes aimed to correct loss of informatio[?l]’ an_d a quantum harmomc oscillatar2], coupleql oa
o o . ._reservoir, may be made immune to decoherence if they are
by monitoring the system and conditionally carrying on suit-

ble feedback : e ; q low f Idriven by a sequence of very fast pulses. In this approach,
able feedback operations. Error-correcting codes allow faulty g5 of 4 suitable external field aim to reverse the sign of

tolerant quantum computation provided that the error per 0pgg interaction term in the Hamiltonian which describes the
eration is below a threshold valyé]. This threshold error  ¢opling to the reservoir. If the duration between successive
rate should be quite lowit is estimated to be about 18for  pyises is much smaller than the typical reservoir time scale,
quantum logic elements5]). Therefore, a practical realiza- than the effect of the interaction with the environment is
tion of quantum computation will likely require that fault- effectively eliminated. An elegant group-theoretic generali-
tolerant error-correcting codes be supplemented with aation of this approacf23—25 shows that applied pulses are
physical procedure able to significantly suppress the decainitary transformations that form a finite-dimensional group,
herence rate. and the application of a series of pulses amounts to an aver-
Another interesting approadii5-17 relies on the exis- age (symmetrization over this group. This methoctalled
tence of decoherence-free subspaces of states that, duedecoupling by symmetrizatipgives important physical in-
special symmetry properties, are dynamically decouplegight into the issue of decoherence. However, a practical
from the environment. Specifically, a decoherence-free subimplementation of this approach to counteract decoherence
space is the common eigenspace of an algebra of decohén a realistic physical system may be problematic. An impor-
ence generator®perators by which the system is coupled totant technical problem is the need to use extremely short
the environment Quantum computation procedures thatpulses at a very high rate. Another related problem is that the
make use of the decoherence-free subspaces are ealted  shorter the pulse duration, the more intense the field must be
avoiding codes[18]. Unfortunately, error-avoiding codes to perform the desired transformation. Apart from the tech-
have their own drawbacks. In practice, the complexity ofnical issue of generating such intense fields, there exists a
more fundamental problem: very strong driving fields will
unavoidably induce undesirable nonlinear effdetg., mul-
*Electronic address: cbrif@princeton.edu tiphoton transitions, coupling to additional degrees of free-
Electronic address: hrabitz@chemvax.princeton.edu dom, etc), thereby affecting the most basic characteristics of
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tem. For example, in order to identify the decoherence-free [l. BASIC PROPERTIES OF THE SYSTEM

subspace orto deS|g_n a cycle O.f pulses that will eliminate the We consider the vibrational mode of an electronically ex-
coupling to the environment, it is necessary to know the

cited potassium or sodium dimer and the vibration-rotation

decoherence generators. This issue is important because dBupIing that causes the decoherence of vibrational wave

practice, except for the simplest cases, detailed knowledge ?Jfackets. In the Born-Oppenheimer approximation, the

the decoherence mechanisms is incomplete. Furthermore, theymijtonian describing the rovibrational nuclear motion for

properties of the manipulated system in an uncontrolled way.

Another serious difficulty is to find controls that are suffi-

ciently robust to laboratory noise. A=
A natural and effective solution of all these problems is

the use ofclosed-loopcontrol method$26,27), which itera- . ~

tively adapt the form of the control field to manipulate the Here,q andp are the position and momentum operators for

evolution of a complex quantum system in a desired way. Irfhe internuclear separatiom is the reduced mass of the

this approach, calledearning contro] results of measure- diatomic moleculeii=19.48 a.u. for the potassium dimer

ments on the laser-driven quantum system are analyzed BY(q) is the adiabatic potential surface for the given elec-

an algorithm that evaluates the applied control field designronic state,]) is the (dimensionlessangular momentum op-

and refines it, until the achieved result is as close as possiblgator, and, is the unit operator for the rotational degree of

to the control objective. This approach takes advantage of feedom. Expressioril) for the rovibrational Hamiltonian

number of unique featurega) the achieved control laser emphasizes that we consider the whole system as consisting

field is optimal for the true system Hamiltonian, complete of two coupled subsystems. The unitary evolution and quan-

knowledge of which is not requiredp) the design is robust tum superpositions in the vibrational subsystem are disturbed

to experimental disturbances and errors, &odthe high-  due to the interaction with the rotational subsystem.

duty cycle of laser-pulse shaping is a rapidly evolving prac- To capture the physical essence of the problem, we will

tical technology. Recent experimenig8—32 with atoms consider only vibrational amplitudes that are sufficiently

and molecules unequivocally demonstrated that closed-loopmall, so that anharmonicities in the adiabatic potential may

learning control is able to rapidly identify the ultrafast laser-Pe neglected. Corrections to this approximation may be in-

pulses that are optimal for achieving a particular objective. cluded in the theory and they will be naturally incorporated
An interesting possibility is to use advanced methods of" the laboratory closed-loop decoherence control experi-

closed-loop quantum control with ultrafast laser pulses fofM€nts. The harmonic potential is

optimally steering the dynamics of a quantum system to- R o

wards the regions of low decoherence. In this paper, we lay V(Q)=€o— 3 ho+ 3 mMw’(q—q)?, 2

the theoretical ground for future closed-loop control experi-

ments by considering decoherence in a prototypical quantuwhere e, and w are the vibrational ground-state energy and

syste_m that is the vibratior)al degree of fr_eedom of a di'angular frequency, respectively, aads the equilibrium in-
atomic molecule. An attractive feature of this system is thggrnyclear separatioin the absence of rotationdt is useful
possibility to compare the theoretical gnalysis with closed+q express the position and momentum in terms of bosonic
loop laboratory learning control experiments over the reabnpjhilation and creation operators for the vibrational quanta,
molecule. Effective experimental tools have been developeazaJr Go(a+a"), p=—ipy(a—a’), whereq, and p, are
for managing such systenj83]. there exists experimental the position and momentum dispersions for the vibrational

fﬁg?z'#g LOVL?L?O\éarif;LSJ dTnoIet(;:alirovr\]/qa\fgtgichk;tasc?:r?zzttlijgyground state. Then we obtain the usual harmonic expression
’ 9 P Mor the vibrational part of the Hamiltonian,

of the system density matrix.
Experiments performed with potassium and sodium ~y
dimers reveal that the main source of decoherence of the 0 p—+V

"2

p .
ﬁJFV(Q)

. R%. .
®|,+ﬁq*2®J2. (1)

(q)=eo+hoa'a. 3)

vibrational wave packets is the coupling between the vibra- v 2m
tional mode and an effective thermal reservoir formed by the

rotational levels of the moleculg33,34. The theoretical | et ys introduce a parametey=d,/q, which is a measure
analysis of this mechanism in the present paper is one of thef the |ocalization of the vibrations with respect to the equi-
basic steps towards the important goal of experimental realiprium internuclear separation. For alkaline dimevs,is

ization of laboratory learning control over decoher_ence. As Qypically a small parameterp<1. Experimental values are
forerunner to these developments, this paper mainly focuses

on the study of observable effects of vibrational decoherencgozo'097 A =39 A, 7=0.025, andqqzo.los A g
o =45 A, #=0.024 for the ground and first excited elec-

that are detectable by molecular emission tomogrd3i3y. ; : . ) .

. . . . tronic states of the potassium dimer, respectively. Expanding
We consider manifestations of decoherence in the phase-_, - ) i
space picture and in the time-resolved emission spectrun§l ~ @roundg to second order in7, we obtain
The goal of this paper is to formulate control objectives and R o o o
criteria to be used in closed-loop control over decoherence. q %2~q J1-2n(a+ah)+37n%a+ah?]. (4)
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Substituting Egs(2) and (4) into the Hamiltonian(1), _ #Bj(j+1)
explicitly reveals the vibration-rotation coupling and identi- pi(T)=M2j+1)exg — T (13
fies the decoherence generator for the vibrational mode. In B
the harmonic approximation, the rovibrational Hamiltonian A7 is the normalization factor, and
(1) is given by
.1
A=A,of +T,@H +Hp, (5) =507 2 [i.m)j.m| (14)
J m=—]

wherel, is the unit operator for the vibrational degree of 4¢ the projection operators on the invariant subspaces of
freedomH, is the Hamiltonian for the vibrational subsystem given|.

[cf. Ea. (3)], Due to the interactio;,, in Eq. (5), the vibrational and

0 —7BJ2 © rotational subsystems become entangled and the phase infor-

re mation in the probability amplitudes of a vibrational quan-

tum superposition decays. This rotational dephasing is the
main source of decoherence found in the experiments with
vibrational wave packets of sodium and potassium dimers
[34]. It is convenient to study the effect of decoherence by
considering the evolution of the vibrational subsystem in the
Heisenberg picture. The expectation value of a time-

is the Hamiltonian for the rotational subsystem, and
F|int: F ® |:|r (7)

is the interaction Hamiltonian. Here,

#B=#12%(2mcp) (8)  dependent operatdk(t) is given by
is the energy of the rotational quanta and (A(t)>:Trv[;,v(tox,&(t))rot], (15)
F=67%a'a+37%a%+a'?)-2y(a+ah) (99  where T denotes the trace over the vibrational degree of

. . I freedom and/A(t is the average over the thermal rota-
is the generator causing decoherence for the vibrational sub -, distribcﬁti(gn»rm g

system.

Ill. THE MECHANISM OF DECOHERENCE (A())ror= 20 pi(TA;(D), (16)
=

In typical experiments, diatomic molecules of alkali met-
als are produced in a heat pipe. Therefore, the molecular Aj(t)zTr[ﬁjA(t)]. (17)
ensemble is initially thermalized at a given temperatlire
(usually about 400 °C). Since the ratio of the vibrational to  Using the Hamiltonian(5), we obtain the Heisenberg
the rotational frequency/B is typically of the order of 18 equations of motion for the vibrational-mode operafend
the thermal energy is mamly contained in the rotational de‘éT, which are combined to give
gree of freedom (experimental values arefiw=1.2

X102 eV, hB=7.0x10 % eV, andhw=8.7x10"2 eV, 25 2w 12072
#B=5.2x10% eV for the ground and first excited elec- — +o%|el,= 77”0— 7a ®H,. (18
tronic states of the potassium dimer, respectively; the ther- dt? h h

mal energy ikgT=5.8x10 2 eV). Consequently, we may o ) . - ]
assume that the initial uncorrelated state of the system i§rojecting this equation on a subspace of giyeme find the
described by a density matrix of the form equation of motion

o(te)= o o d2. -
P(to) pv(t0)®pr ' (10) _zaj+Qj2aj:hj ' (19)
where ﬁv(to) describes the initial state of the vibrational
wave packet and where Q;=w[1+2\;/w]*? \;=6%°Bj(j+1), and h,
. =2nwBj(j+1). For temperatures about 400 °C, less than
- A few hundred rotational levels are significantly excited.
th_
Pr _IZO Py (I, 1D Therefore,\j/w<1 for all the rotational levels of interest.
Neglecting the terms of the order dfj(/w)z and smaller, as
is the thermal density matrix of the rotational subsystem. Invell as the displacement due to the free tédrm we obtain
Eq.(11), j is the quantum number of the angular momentum the following approximate solution:
with
aj(t)=a(0)e '“ N (20

Plimy=jG+1)j,my, 3,

jm=mlj,m), (12 o _ _
where we took for simplicityt;=0. It is convenient to con-
p;(T) are the thermal-distribution probabilities, sider slowly varying bosonic operators in the frame that ro-
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tates at the angular frequenay (this is equivalent to work- Then the time evolution of the characteristic function can be
ing in the interaction picture with the free Hamiltoniah,  expressed in the following elegant form:

=H,). The solution in this rotating frame is simphy(t) o

— a(0)expE-in 0. x&n= [ Tagpsxeer, (0
In order to average over the thermal rotational distribu- 0

tion, we need to evaluate the sum of HG6). For suffi-

ciently high temperaturesiB<kgT), it is a fair approxima-

tion to neglect the discreteness of the rotational spectrum a

transform the sum ovdrinto the integral over

where x(£,0) is the initial function and?(¢,t) acts as the
nchoherence kernel. Equati¢d0) implies that decoherence
ue to the vibration-rotation coupling appears as dephasing,
i.e, the coupling smears the phase distribution of a vibra-
7B tional wave packet. The characteristic time of this dephasing
=——j(j+1) (21)  process isy *. This should be compared to the vibrational
keT period To=2x/w, which is typically 300-500 fs near the
peak of the Franck-Condon transitigfor the ground and
first excited electronic states of the potassium dinfgrjs
o . about 361 fs and 473 fs, respectivebit 400 °C, the deco-
> pj(T)Aj(t)—>f dx e *A(x,t). (22)  herence rate is much smaller than the vibrational frequency
j=0 0 (for the ground and first excited electronic states of the po-
tassium dimer;y 1=8.6T, andy~ 1=6.7T,, respectively.

X

according to the formula

In the continuous limit, we havk;— yX, where Note that the above results for dephasing of vibrational
) states have been derived by neglecting the discrete nature of
=67k T/t (23 the rotational levels. If this discreteness is taken into account,
, , the phase distribution of a vibrational wave packet, after be-
is, as we will see shortly, the decoherence rate. ing smeared to uniformity on the decoherence timesgafe

_ Using Eq.(20) and the continuous limit22), it is easy 10 i exhibit revivals on a much longer time scale. The time
find the expression for the expectation value of a normallyof the first revival is estimated 484]

ordered product of the boson operatdie the rotating

frame: 7 kT
- R . . R=2\ 78" (30)
(@a'™t)a"(t)y=[1+i(n—m)yt]~Xa'™0)a"(0)), Y

(24 For the potassium dimer at 400 °C, the ratio of the revival

olime tg and the characteristic dephasing time?! is of the
order of 18. Consequently, the first revival would appear
only after many hundreds of vibrational periods and is prac-

ﬁ(g,t)zexqgéT(t)—g* am] (25) tically irrelevant in most experimental situations.

wherem,n are non-negative integers. It is also interesting t
consider the displacement operator,

(whereé e C), and its expectation value, IV. TOWARDS CONTROL OF DECOHERENCE

i~ Successful methods of control are determined by the
x(§)=Tr[p,D(£&D], (26) physical properties of the system and, in the present case, by

the properties of the decoherence gener&tahat couples
the vibrational and rotational degrees of freedom. Inspecting

the decoherence generaforof Eq. (9), reveals two impor-
tant facts.

C & EmeEn (at™0)an(0)) (i) F has no normalizable eigenstates. This is easy to see,
x(gn=e 2y . . @D p F is a function of the posit n=q
) Eo & minl 1+i(n—myypt ecauseF is a function of the position operatay=q
+qo(a+a') which has no normalizable eigenstates. There-
This expression can be simplified, using the Fourier decomfore, the decoherence-free subspace correspondirfg i

which is known as the characteristic function. Using the

normal-ordering expansion dfj(g,t), we find the time evo-
lution of the characteristic functiofin the rotating framg

position null and the method of error-avoiding codgs-1§ is in-
applicable.
1 2”d¢P(¢ t)eitn-me (28) (i) F cannot be algebraically averaged out using the

1+i(n—m)yt - method of decoupling by symmetrizatipp3—25. Roughly
speaking, this happens because the paff dfat is propor-

where tional to the number operat@'a cannot be eliminated by
" the symmetrization procedure: the positiveness of the coeffi-
1 el exf — ¢/(yt)] : 313 i
P(pt)=-—— >, = . (299  cientofa'ais preserved under any closed group of transfor-
27 = 1+ikyt  p[1—e 2700 mations. A rigorous proof of this statement requires a de-
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tailed account of the symmetrization procedure, which isparticular time. Specifically, the time-resolved spectroscopic
beyond the scope of this paper, and will be presented els@hata suffice to reconstruct the initial vibrational state of an
where[35]. ensemble of identically prepared molecules, provided that
The above considerations indicate that neither of thehe potential energy surfaces for the ground and excited elec-
open-loop schemes is applicable for control over vibrationatronic states are known. The time gates used in the experi-
decoherence in alkaline dimers. Therefore, an important aunents have a duration of about 60 fs, which is much shorter
enue for the laboratory study will be to utilize modern con-than the vibrational periodl, (typically 300—500 f& Such a
trol techniques to suppress decoherence, making use of whort time gate ensures that the vibrational wave packet does
trafast modulated laser pulses to drive transitions betweenot move significantly during the time that the fluorescence
the ground and excited electronic surfaces of the moleculds sampled. The spectrometer resolution is typically better
Although the molecular system under study does not suppothan a few nanometers.
exact decoherence-free subspaces, closed-loop learning con-We consider two basic possibilities for tracking the effect
trol should be able to identify the best possible low-of decoherence upon vibrational wave packets. One method
decoherence evolution pathways. The present paper focusesmkes use of phase-space distributions that may be recon-
on the study of observable manifestations of vibrational destructed from the measured emission spectra. The phase-
coherence, in order to determine suitable control objectivespace picture of decoherence is very instructive and is widely
to be used by the learning algorithm in the future experi-used in theoretical and experimental studies. The other pos-
ments. sibility is to monitor the effect of decoherence directly from
The laboratory study will be important to identify the the measured time-resolved spectrum. The former method is
principal physical mechanisms of decoherence control. Amore intuitive, while the latter has a technical advantage
preliminary analysis shows that squeezing of a vibrationakince it does not require the reconstruction procedure.
wave packet may be effective to decouple the vibrational
mode from the rotational motion and thereby reduce deco-
herence. Physical intuition suggests that in order to imple- ) N o
ment the squeezing transformation, the control laser field Phase-space quasiprobability distributions for molecular
should be adjusted to produce a parametric type of excitavibrational states can be recor)structgd from the time-
tion, i.e., to drive transitions between vibrational levels that€Solved fluorescence spectrum via the inverse Radon trans-
differ in energy by two vibrational quantaf2. This exci- form [33]. These distributions contain a_II the |_n_format|on
tation will guide the molecular evolution similarly to an ef- @bout the quantum state, and their form is sensitive to deco-
herence caused by the vibration-rotation coupling. The
s-parametrized distributions are given by

A. Evidence of decoherence in the phase-space picture

fective squeezing-generating Hamiltonian quadratié end
a’. Also, the control field should be sufficiently fast to com-

pensate for the free vibrational evoluti@({t)=ae '“!. A
detailed analysis of this mechanism of decoherence suppres-
sion will be presented elsewhefi@5].

d2 2 * *
We(a,t)= Lfesf l2gt™a=ta™ y(£1), (32

where x(¢,t) is the characteristic function of E¢26) and
a e C. The value of the parameterof the phase-space dis-
V. MANIFESTATIONS OF DECOHERENCE tributions reconstructed in the emission tomography method
IN EMISSION TOMOGRAPHY depends on the experimental setup and the type of molecules
r;ij_sed. The value of indicates the degree to which the

It should be emphasized that decisions made by the IearW. functi 4ing ts=0) | thed due t
ing control algorithm are ultimately based on the chosen con: igner function(corresponding ts=0) is smoothed due to

trol objective. Moreover, a practical realization of closed—ImperfEECtIonS of the measurement procedure. Typical values

loop learning control in the laboratory requires an objectiveOf s are —0.7 and—0.3 for experiments with sodium and

that can be easily deduced from the experimental data. ARotassium dimers, respectively.

important experimental method that reveals the quantum dy- The effect of decoherence on the characteristic function is
namics of molecular vibrational wave packets is emissio iven by Eq.(30). Using this result and Eq32), it is easy to

tomography[ 33]. Therefore, in this paper we focus on mani- ind how the phase-spacg distributior_]s are ‘?‘ﬁ‘?Cted by deco-

festations of decoherence in experimental data available Vigerence. The correspondlng expression is similar to(&g.

this measurement technique. The goal of this analysis is tgnd readsin the rotating framp

determine a suitable control objective that may serve as a o

good measure of decoherence and is easily detected experi- Ws(a:t):J déP(b,t)Wy(ae'?,0). (33

mentally. This objective may then be used in the closed-loop 0

laboratory experiments for exploring management of deco-

herence. As we mentioned above, the decoherence rats much
The standard detection technique employed in the methosimaller than the vibrational frequency in typical experiments

of emission tomography is time-resolved spectrosd&3}.  with sodium and potassium dimers. Consequently, decoher-

The time-dependent spontaneous emission spectrum from @mce has little effect on the system during one vibrational

excited diatomic molecule contains information about the vi-period, which is the time interval needed to reconstruct the

brational wave packet on the excited electronic surface at phase-space distribution of a quantum oscillator. This en-
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FIG. 1. The phase-space distributidf(«,t) for coherent state FIG. 2. The phase-space distributiaf(«,t) for coherent state
|B), with |a|=B=4.0 ands=—0.3, versus arg, at different [B), with @=3 and s=—0.3, versusyt, for (8 =1.0, (b) B
times: (a) yt=0.1, (b) yt=0.5, (c) yt=1.0, (d) yt=5.0. =2.0,(c) B=10.0.

sures that phase-space distributions are correctly recon- 2. Dephasing of coherent superpositions
structed by the emission tomography method. We will ana- we consider the superposition of coherent statdso
lyze the effect of decoherence by considering the timenown as Schidinger's cat of the form

evolution of phase-space distributions for coherent states and _

coherent superpositions of the vibrational mode. |B,v)=M|B)+e"|—pB)), (39

1. Dephasing of coherent states N=[2(1+ e_ZWZCOSu)]_l/Z. (39)

Coherent statelg3) are Gaussian wave packets with equal
dispersion for position and momentum, which preserve thei
form during evolution in the harmonic potential. These state&'®
are produced by the action of the displacement operator Or}((§,0)=/\/’2[e*|§|2’2(eﬁ* E-BE | oBE* B f)+e‘”e*|§*2f3‘2’2
the ground statd;3)=D(8)|0), and an equivalent definition

;I'he characteristic function and the phase-space distribution

is a|8)= | B). A simple calculation gives +elvgTler2p) (40
X(£.0)=(B|D(£0)| gy=el6"2ef =B (34 Wy(a,0)=rN[e Tl Al g rlatpl?
W(a,0)=re "l Al? (35) +e 28 (elve TP @D e o)), (4D)
S ’ 1

For the coherent superpositioffa v ), the process of dephas-
ing occurs in a manner very similar to what was seen for the
coherent states. The loss of the phase information for the

%ven superpositior} 8,0) is illustrated in Fig. 3, where
W(a,t) with || =B=4.0is plotted versus arg at different
times.

where r=2/(1—s). The decoherence process of E§3)
smears the Gaussian distributi@%) along the ring of radius
| 8| in the complex plane, thereby erasing the phase inform
tion. This process is illustrated in Fig. 1, whéhkg(«,t) with
|a|=pB=4.0 is plotted versus the phase angleaagg differ-
ent times.

Dephasing of coherent states may be tracked by consider-

ing the decrease in the value ¥f(«,t) at the pointa=p 0.6
(which is initially the distribution maximum The time de- 5
pendence of this value is shown in Fig. 2 for differghtAt 3 0.5
very early times, foryt<1 and yt|8|<1, we find that F 04
W,(B,t) decreases as ;
§ 03
Wy(B,)=r[1=2r| B2 (y1)?], (36) $ 02
[]
=
and at very long times, foyt>1, it reaches a constant value, & 01
0

Wo(B.t)~re 2181 o (2r| B|2) =~ \rI(4m)| B2 (37)

phase angle

Here,lo(2) is the modified Bessel function of the first kind,  FIG. 3. The phase-space distributidn(a,t) for even coherent
and the last approximation is valid f8|?> 1. This satura- superpositior| 8,0, with |a|=8=4.0 ands=—0.3, versus arg,
tion at long times corresponds to the complete randomizatiogt different times:(a) yt=0.1, (b) yt=0.5, (c) yt=1.0, (d) ~t
of the phase distribution. =5.0.
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Dephasing of coherent superpositions may be tracked byhich satisfies7,=1 for p(t)=p(t).

considering the decrease in the valué\f «,t) at the point As an example, we consider the time dependencgof
a= 3 (at one of the two maxima of the initial distributibn  \when the target is the coherent sti, which is also the
The time dependence of this value is very similar to whatnitial state thermally dephased according to the ma@a).

was found for the coherent statesee Fig. 2 At very early  Then we obtai{we continue to use the rotating frajne
times, for yt<1 and yt| /<1, and for large amplitudes,

|B]?>1, we find thatW,(3,t) decreases as
Wy(B,t)=(r/2)[1—2r| B[*(v1)?], (42)

2
and at very long times, fopt>1, it reaches a constant value, =], déP(¢,t)exd —r|B|%sirt(¢/2)]. (47)

T 2 .
js(t):fz dqsp(qs’t)fd_areraﬂ|2/2r|ae|¢32/2
0 o

~ 2r a—2r| B2 2
Wy(B.t)~2re 2 1Plg(2r| Bf?) The behavior of the overlag(t) in this case is very similar

to what we found for the initial distribution maximum

-2|p? 2
e Jo(2r| B cosv] W,(B,t) (see Fig. 2 At very early times, foryt<1 and

~\rl(4m)|p|~ L. (43)  tIBl<1, the overlap decreases as
~1— 20 42
Here, Jo(2) is the Bessel function of the first kind, and the J(O)=1=(r12)| BI*(11)*, (48)

. . . . . 2> i .
last approximation in Eq(43) is valid for | |*>1. and at very long times, foyt>1, it reaches a constant value,
In theoretical studies, decoherence of coherent superposi-

tions is often estimated from the value of the characteristic ~a—B%2 219~ 1 /r | Rl -1

function y(&,t) at the pointt=2p8 (or £&=—2p). As is seen Jv~=e lo(rlB12)~NUrm|AI, (49

from Eq.(40), one of the interference terms i(+2/,0) is  where the last approximation is valid fp|?>1.

of the order of unity, while the other terms are exponentially The above results indicate that the phase-space picture is
small for |3|°>1. As the interferences are destroyed in thesuitable for tracking the effect of decoherence on vibrational
decoherence procesg(*28,t) rapidly decays. The time wave packets. Dephasing of phase-space distributions, as
dependence of(23,t) for the even superpositiofB,0) is  well as related changes in density-matrix elements and
very similar to that of the initial distribution maximum phase-space overlaps, will be especially useful as control cri-
W(B,t). At very early times, foryt<1 andyt|8|<1, and teria for the theoretical analysis of optimal control over de-
for large amplitudes}8|?>1, the characteristic function of coherence.

the even superpositio8,0) decreases as

28,0)~(1/2)[1—4|B|?(y1)?], 44
x(2p.0~=(12] |BIF] 44 Although the phase-space picture of decoherence is very

and at very long times, fopt>1, it reaches a constant value, instructive, relying on phase-space distributiofar on
density-matrix elemenigequires a computationally compli-

B. Evidence of decoherence in the emission spectrum

X(Z,B,t)~2/\f2[e‘4|ﬁ‘zl0(4|ﬂ|2)+e‘2|5|2J0(4|ﬂ|2)] cated reconstruction proceduiteased on the inverse Radon
transform. This issue is especially relevant when consider-
~\1/(8m) |81, (45 ing closed-loop laboratory control experiments in which it is
desirable to keep off-line computation to a minimum. An
where the last approximation is valid fg8|?>1. alternative way to track the influence of decoherence is to
directly monitor the measured spectrum. The spontaneous
3. Phase-space overlap as a control criterion radiation from an ensemble of molecules may be sampled

The valueWy(8,t) of the initial distribution maximum using a time gate that allows all of the radiation through in a
1 - . . _1 .
may be a good measure of decoherence for coherent states$lort time window(of durationI'”") near a timet, and the
coherent superpositions. However, the tracking of this valu§Pectrum of this temporal slice of fluorescence is then mea-
may be insufficient if our aim is not just to suppress dephassured by a spectrometer with bandpass centered at frequency

ing, but to control the quantum state of the vibrational mode!}- The measured spectrug{(},t) may be written in terms

~ . i e _electric-field operator. Using the Schiinger picture, one
p(1), with the phase-space distributiéfi( ), and the ac can expres$§({},t) as the time-dependent expectation value

tual state at time be p(t), with the phase-space distribution - .
W(a.t). Then we may control the state using the phase—Of an operatoiO((1), and the phase-space representation of

e this expectation value is
space overlap of the target distributidi( «,t) and the mea-

sured distributionW(a,t). We consider the overlap func- d?a
tional of the form S(Q,t)= L70_S(a;Q)Ws(a,t). (50)

L d?a _ i . . .
).5(0)]= | —[Woa. )W (a,t)]¥2 (46 Within the harmonic approximation, the phase-space func-
Jdp(D).p(1)] fu 7 [Ws(a )Wyl D] (48 tion O_(a;Q) can be calculated analyticall33]:
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[9—Q()]?

O _((a;0)= s
m

1
mexp{ - J . (51

Here,q=\2 Rea, Q(Q)=(Q - «?w)/(\V2kw) is the map-
ping of position to emitted frequency,= (q.—dg)/dq is the
ratio of the displacement of the potential mininffar the
excited and ground electronic surfagde the vibrational
ground-state width, ans),= — (I'/ kw)?. The above result is
valid under the assumption/I"<1 (i.e., the time gate must
be short compared to the vibrational pepioddut on the other

hand, one needs to keep the time window sufficiently wide to

allow for accurate spectroscogin the phase-space picture
this is equivalent to the requiremejs,| <1, so the recon-
structed phase-space distribution will not be too smogthed
The functionO_¢(«; ) is a Gaussian distribution @ and
converges to the Dirac delta distribution fer-s,,. The
prefactor in Eq.(51) is chosen to kee@_4(«a;()) and
S(Q,t) normalized to unit distributions d.

If the vibrational wave packet evolves freely without de-
coherence, then the spectrum is

d?a )
SO(Q,I)ZL?O_S(a;Q)Ws(ae"”t). (52
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0.3

Spectrum

0.2

-10

FIG. 4. The spectrung({,t) for dephasing of coherent state
|8), with 8=4.0, s,,= — 0.3, andy 1=8T,, versus the scaled fre-
quencyQ, at different times{(a) t=T,, (b) t=4T,, (c) t=8T,, (d)
t:4OT0

change in the measured spectrum is a suitable control crite-
rion for laboratory learning control over vibrational decoher-
ence.

VI. CONCLUSIONS

In this paper we studied decoherence of molecular vibra-
tional wave packets in hot alkaline dimers. Decoherence

Taking into account the decoherence process of the formaused by the vibration-rotation coupling appears as dephas-

(33), we obtain the following expression for the time-
dependent spectrum:

s0.t= [ TdeP(s SOt Blw). (53
0

The above result may be used to study how decoheren

affects the spectrum. As an illustrative example, we consider

dephasing of a coherent stalg). The decoherence-free
spectrum for the coherent stdi@) is obtained by substitut-
ing the Wigner function(35) and expressiori51) into Eq.
(52). Carrying out the integration, we find

[a5(1)—Q(Q)]?

So(2.0) e | 59

1
- vV (l—sy) exp{ N

whereq(t) = J2 Re(Be™'“Y). The spectrum in Eq54) is a
Gaussian distribution ifQ, whose standard deviation is
=v(1—-spy)/2, and the centeqg(t) oscillates periodically
with t. Using Eq.(53), we explore numerically the effect of
rotational dephasing on this spectruifor illustration here
we takey 1=8T, ands,=—0.3 which are typical values
for experiments with the potassium dimeFigure 4 shows
S(Q,t) for B=4.0 versuQ at different times. At very long
times, foryt>1, dephasing produces a distribution symmet-
ric aboutQ=0, with two equal maxima aQ=*/2|3|.
This long-time asymptotic spectrur§({},t) for yt=50, is
plotted in Fig. 5 versu§) for different 8. The above results
indicate that the time-dependent emission spect8(f,t)

is quite sensitive to decoherence induced by the vibration

ce

ing, i.e., the interaction erases the phase information of a
vibrational quantum state. For hot molecul&g>#%B), the
decoherence rate is proportional to the temperature. How-
ever, for temperatures about 400 {@hich is typical for
experiments with sodium and potassium dimetke deco-
herence rate is much smaller than the vibrational frequency,
which ensures that the vibrational state can be correctly re-
constructed via the emission tomography method.

We presented the concepts of closed-loop learning control
over decoherence. In this control method, decoherence of
vibrational wave packets may be suppressed by driving the
transitions between the ground and excited electronic sur-
faces of the molecule with suitably shaped ultrafast laser
pulses. Theoretically, the optimal shape of the laser pulse can
be obtained by minimizing a cost functional that includes the
control objective and physically significant restrictions on

0.15
0.125
0.1

0.075

Spectrum

0.05

0.025

0

-156 -10 -5 0

Q

10 15

FIG. 5. The long-time spectru®((},t) for dephasing of coher-
ent state| 8), with s,,=—0.3, y’1=8To, and yt=50, versus the

rotation coupling. Consequently, the directly observablescaled frequenc®, for (a) 8=2.0, (b) 8=4.0,(c) 8=6.0.

063404-8



DECOHERENCE OF MOLECULAR VIBRATIONAL WAWE . .. PHYSICAL REVIEW A 63 063404

the laser field and/or the molecular dynamics. ExperimenHowever, the use of this decoherence measure requires the
tally, it is preferable to use closed-loop laboratory controltime-consuming inversion procedure that may slow down the
with a learning algorithm that singles out the pulse shape thayork of the learning algorithm in closed-loop laboratory
is most suitable for decoherence suppression. The vibrationgbntrol. Therefore, we studied the effect of decoherence on
mode of an electronically excited alkaline dimer is ideal forthe time-resolved emission spectrum that is directly mea-
application of the learning control method, since it is a sySsyred in the experiment. Our analysis shows that the form of
tem where a very precise comparison of theoretical predicthe spectrum is a sensitive measure of decoherence that is
tions and experimental results can be made. The basic op&jyjtable for use in laboratory learning control. In fact, track-
question concerns the degree to which decoherence may Ry of decoherence by its directly observable effect on the
suppressed by control. spectrum may be accompanied by the reconstruction of the
Laboratory learning control aims to optimize an objectivephase-space distribution representing the vibrational state.
that is a sensitive measure of decoherence and is easily meghis will provide a very detailed comparison of the theoreti-
sured in a realistic experiment. In our analysis we assumegy|ly derived and experimentally achieved target states, and
that the information about the vibrational wave packet isso help us to understand whether the employed theoretical

obtained by the emission tomography method that employgodel of the vibration-rotation coupling is adequate.
time-resolved spectroscopy data. These data can be inverted

to obtain phase-space quasiprobability distributions that con-
tain all the information about the vibrational state. We stud-
ied the manifestations of decoherence in the phase-space pic-
ture. This study shows that the change induced by This work was supported by the NSF and DOD. S.W.
decoherence in the phase-space distributions is a very suitcknowledges support by the Studienstiftung des Deutschen
able control criterion for theoretical optimal control analysis.Volkes.

ACKNOWLEDGMENTS

[1] W. H. Zurek, Phys. Rev. 24, 1516(1981); 26, 1862(1982); Bacon, J. Kempe, and K. B. Whaleipid. 61, 052307(2000;

Phys. Today44(10), 36 (199J. D. A. Lidar, D. Bacon, J. Kempe, and K. B. Whalépid. 63,
[2] I. L. Chuang, R. Laflamme, P. W. Shor, and W. H. Zurek, 022306(2001); 63, 022307(2001).

Science270, 1633(1995. [17] L.-M. Duan and G.-C. Guo, Phys. Rev. Let9, 1953(1997);
[3] W. G. Unruh, Phys. Rev. A1, 992 (1995. Phys. Rev. A57, 737 (1998; Phys. Lett. A243 265(1998.
[4] G. M. Palma, K.-A. Suominen, and A. K. Ekert, Proc. R. Soc. [18] L.-M. Duan and G.-C. Guo, Phys. Lett. 265 209(1999.

London, Ser. A452 567 (1996. [19] N. Imoto, Prog. Cryst. Growth Charact. Mat8B, 295(1996.
[5] C. H. Bennett and P. W. Shor, IEEE Trans. Inf. Thedsy ~ [20] L. Viola and S. Lloyd, Phys. Rev. &8, 2733(1998.

2724(1998. [21] L.-M. Duan and G.-C. Guo, Phys. Lett. 261, 139 (1999.

. . 22] D. Vitali and P. Tombesi, Phys. Rev. 39, 4178(1999.
6] E. Knill, R. Lafl ,and W. H. Zurek, S &9 342 [ . .
[ ](199; aflamme, an ure cien [23] L. Viola, E. Knill, and S. Lloyd, Phys. Rev. LetB2, 2417

[7] P. W. Shor, Phys. Rev. A2, R2493(1995. (1999.

i [24] L. Viola, S. Lloyd, and E. Knill, Phys. Rev. LetB3, 4888
[8] A. Ekert and C. Macchiavello, Phys. Rev. Left7, 2585 (1999: L. Viola, E. Knill, and S. Lloyd,jbid. 85, 3520(2000.

(1999. [25] P. Zanardi, Phys. Lett. 258 77 (1999; Phys. Rev. A63,
[9] D. P. DiVincenzo and P. W. Shor, Phys. Rev. L&, 3260 012301(2001).

(1996. [26] R. S. Judson and H. Rabitz, Phys. Rev. L&, 1500(1992.
[10] A. R. Calderbank and P. W. Shor, Phys. Rev.5A4 1098  [27] H. Rabitz, R. de Vivie-Riedle, M. Motzkus, and K. Kompa,

(1996. Science288, 824 (2000.

[11] A. R. Calderbank, E. M. Rains, P. W. Shor, and N. J. A.[28] C. J. Bardeen, V. V. Yakovlev, K. R. Wilson, S. D. Carpenter,

Sloane, Phys. Rev. Left8, 405 (1997). P. M. Weber, and W. S. Warren, Chem. Phys. L280, 151
[12] A. M. Steane, Philos. Trans. R. Soc. London, SeB58, 1739 (1997.

(1998. [29] A. Assion, T. Baumert, M. Bergt, T. Brixner, B. Kiefer, V.
[13] A. M. Steane, NaturéLondon 399 124(1999. Seyfried, M. Strehle, and G. Gerber, Scier2&2, 919(1998.
[14] D. G. Cory, M. D. Price, W. Maas, E. Knill, R. Laflamme, W. [30] T. C. Weinacht, J. Ahn, and P. H. Bucksbaum, Nat(iren-

H. Zurek, T. F. Havel, and S. S. Somaroo, Phys. Rev. 18dit. don) 397, 233(1999.

2152(1998. [31] R. Bartels, S. Backus, E. Zeek, L. Misoguti, G. Vdovin, I. P.
[15] P. Zanardi and M. Rasetti, Phys. Rev. L&8, 3306(1997); P. Christov, M. M. Murnane, and H. C. Kapteyn, Natuiteon-

Zanardi, Phys. Rev. A6, 4445(1997); 57, 3276(1998; 60, don) 406, 164 (2000.

R729(1999. [32] B. J. Pearson, J. L. White, T. C. Weinacht, and P. H. Bucks-
[16] D. A. Lidar, I. L. Chuang, and K. B. Whaley, Phys. Rev. Lett. baum, Phys. Rev. Ato be publisheg

81, 2594(1998; D. A. Lidar, D. Bacon, and K. B. Whaley, [33]I. A. Walmsley and L. Waxer, J. Phys. &L, 1825(1998.
ibid. 82, 4556(1999; D. Bacon, J. Kempe, D. A. Lidar, and K. [34] S. Wallentowitz, I. A. Walmsley, and L. Waxéunpublishegl
B. Whaley,ibid. 85, 1758(2000; D. Bacon, D. A. Lidar, and [35] C. Brif, H. Rabitz, S. Wallentowitz, and I. A. Walmsldyn-
K. B. Whaley, Phys. Rev. &0, 1944(1999: D. A. Lidar, D. published.

063404-9



