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Decoherence and Schrdinger-cat states in a Stern-Gerlach-type experiment
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A Stern-Gerlach setup for the measurement on a quantum S)(sm'm%) with a macroscopic quantum
apparatugthe particle trajectoryproduces a Schdinger-cat-like superposition in which the spin states cor-
relate with wave packets centered around macroscopically distinguishable positions and momenta. When an
interaction with an environment is included, the pure density matrix of the system-apparatus combination
reduces to a statistical mixture in the spin space, exatt solutionshow that the decoherence time for this
reduction goes inversly as tieacroscopic separatiohetween the two parts of the superposition correlating
with up- and down-spin states. This is consistent with Zurek’s approximate result for the decoherence time, and
the persistence of system-meter correlations at large times makes it an interesting candidate to look at experi-
mentally.[S1050-294{@7)08211-5

PACS numbd(s): 03.65.Bz

In spite of the tremendous success of quantum mechanicef freedon) from a pure state to a statistical mixture, for
some of its concepts seem absurd when related to the worlathich all information on the system becomes classically in-
of our experience, the familigclassical physical world. For  terpretable. This line of approach was initiated by Zéh
example, when the linear superposition principle of quantun@nd Zurek[3]. Most studies of decoherence in the literature
mechanics is extrapolated to macroscopic systems which af€al with an environment modeled by a collection of oscil-
conventionally described by classical mechanics, we ar&tors, and the dynamics of the reduced density matrix of the
faced with the counterintuitive prospect of “Sckinger's ~ System of interest is then studied via the corresponding mas-
cat” [1], a classic illustration of the clash between the pre-ter e€quation[5-7]. For our pupose we shall concern our-
dictions of quantum theory and familiar classical percep-S€!ves with the master equation derived by Caldeira and Leg-
tions. A closely related problem is that of quantum measureJelt [7_] using the Feynman-Vern(_im] |anL_Jence funct|ona!
ment[2], where the coupling between a microscopic Syste’_’%‘echmque. For the reduced density matrix of a free particle,

and a macroscopic measuring apparatus results in an e lis equation in the high-temperatufiarkovian limit can

tangled state where quantum mechanics seems to allow the written in the position representation as:

apparatug“meter”) to exist in a coherent superposition of 5p(x,x’,t) % 92 92 N J
macrpscpplcally distinct ;tatgs, a S|tqat|on which is hard toT—[— 2im (W_ W) — (X=X )(5— W)
imagine in terms of classical intuition in the real world. Such

concepts raise several questions about quantum theory’s con- ) 2
nection with the emergence of classicality and the elusive — D/4h% (x=x')
boundary between quantum and classical wol&]s It was

postulated by von Neumar@] that an irreversible reduction \wherem is the mass of the particlé,is Planck’s constanty
process takes the quantum superposition into a statisticd the Langevin friction coefficient, anB has the usual in-
mixture which is classically meaningful and interpretable.terpretation of the diffusion constant.andD are related to
However, the nonunitary nature of this reduction seems t@he parameters of the Hamiltonian of the total system. For a
imply that the mechanism lies outside the realm of quantunkigh-temperature thermal batB,=4mykgT. Zurek has ar-
mechanics, thus questioning its validity. ~ gued that, out of all the terms in the above equation, it is the
Recently, there has been much progress in the theoreticgist term that is the dominant term for decoherence. Since
and experimental understanding of quantum decoherencgne seeks to explain the emergence of classicality, it can be
which is now widely being discussed as the mechanism reyrgued that in that limit, Planck’s constant will be small rela-
sponsible for the emergence of classicality in quantum meajye to the actions involved and if the object of interest is
surement, and also for the absence, in the real physicghassive, the last term naturally dominates. By considering
world, of 'Schraﬂinger-cat—li.ke statels3]. Decoherence results only the last term in the equation, ZurEk] showed that an
from the irreversible coupling of the systeior the apparatus injtial coherent superpostion of two Gaussians separated by a

in a measurementlike scenarito its environment. The gistanceAx decoheres over a time scale given by
emergence of classicality via decoherence is marked by the

dynamical transition of the reduced density matrix of the 9= YNy AX]?, (2)
system of interedfafter tracing over the environment degrees
wherel y=7%//2mkgT is the thermal de Broglie wavelength
of the particle. Thus quantum coherence, which is signified
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parts of the superpostion. The further apart the two wavéf one assumes that the heat bath is Markovian even at low

packets are, the faster the decoherence to a statistical mitfemperatures, Eq(3) is valid at arbitrary temperatures. At

ture. T=0, n=0. For an initial superposition of two coherent
It has been showf9] that, for an initial Gaussian wave states(Schralinger-cat stateof the form

packet, the exact solution to E@l) when all the terms are B _

included is such that, at large timest& 1), there is a com- [9)=1IN(Ja)+|=-a)), )

pIetg diagonalizatio!’\.of the density matrix iq the momentumynich evolves according to Eq3) at zero temperature, the
basis while the position space density matrix only diagonaly.ansition to a statistical mixture is goverened by the expo-

izes to the extent of the de Broglie wavelength of the pary oniial factor exp-2|alA(1—e M [14]. For yt<1 (i.e., the
ticle. It is believed 10] that the decoherence phenomenon isregime in which decoherence is considered reldyathts
dominant during time scales which are short compared to th?actor becomes exp(2la/*yt). Thus, as in the case for the

. . 71 . . .
thermal relaxation time ™), hwhm? implies that Idegolher- hfree particle considered by Zurek, here the decoherence time
ence oplergtes |r; reglmfes where lrlctlon is neglegib e.kT Goes inversly as the separation between the two parts of the
exact solutions of Eq1) for an initial Gaussian wave packet g nernosition, which in this case is quantified by the scalar

when examined on short-time scales show that there is d.EroductlaF. The further apart these meter states are, the
agonalization in the position basis, and the time scale for thiggier is the decoherence. In the experiment of Bremnal.
is S|m|lar to Eq.(Z), supporting the fact that'the decohe.rence[ll]’ the atom-meter state is
mechanism illustrated by Zurek’s approximate solution to . ,
Eq. (1) is indeed significant at time scales much shorter than [ ) ar =12 (|e,a€'?)+|g,ae'?)), (6)
the thermal relaxation time of the system. Note that this
seems to be the case for the particular example consideraéhere the separatioh=2n sin ¢, with ¢=Qt/5, with
here of the free particle described by the high-temperaturgorresponding to the Rabi frequency asithe detuning 11].
Markovian master equation, where the system-heat bath colie€ ?) and |ae™'¢) are like macroscopic pointergvhen
pling is a linear coordinate-coordinate coupling. In general|@|*>1), which are related to the microscopic atomic states,
however, if we are to understand the decoherence time as tti@e field being left in the statiere'?) when the atom crosses
time scale over which the reduced density matrix of the systhe cavity in statdg) or in state|ae™'?) if the atom is in
tem of interest diagonalizes, then it could depend on severatate|e). In their experiment, Brunet al. saw that decoher-
factors like the form of the coupling to the reservoir etc. Inence, which is marked by a decrease in the fringe contrast in
general, decoherence is a consequence of both fluctuatioffzeir measurement schenpgl], occurs over a time scale
and dissipation in the system. which goes inversly aa?. This behavior is seen in time
Recently, Bruneet al. [11] experimentally created a me- scales which are much shorter compared to the thermal re-
soscopic superposition of quantum states involving radiatiofxation times ¢~ 1) of the system, i.e., in the regime
fields with classically distinct phases, and observed its protyt<1). If one waits for longer times, it can be seen that the
gressive decoherence to a statistical mixture. Such a supéfelds relax toward vacuum, and no longer cease to be or-
position is an equivalent of an “atom plus meter” system inthogonal, and their overlap becomes impor{dd. This is a
which the meter is simultaneously pointing in two different consequence of field dissipation, and soon enough one loses
directions, i.e., in a Schdinger-cat-like superposition. De- the one-to-one correlation between the atom and the meter
coherence here is a consequence of dissipation brought abaiates. Thus in these experiments the study of decoherence is
by the linear coupling of the field mode with a bath of ther-to be confined to extremely short-time scales, and, since the
mal oscillators at zero temperature?]. Decoherence is then cavity relaxation times are very fast, there is a need to have
monitored using two-atom correlation experimefits]. The  low dissipation cavities with very large damping tinfdd].
dynamics of the reduced density matrix here is described by We [15] have analyzed the Stern-Gerlach model for the
the Markovian master equation at zero temperature for a hameasurement of spig-using the decoherence approach. In
monic oscillator coupled to a bath of oscillatd6s7,13: The  this model a spirs particle is in an inhomogeneous magnetic
master equation for the reduced density operator under thigeld, and the whole setup is in contact with an external en-
Born and Markov approximations is vironment. Here the spin constitutes the system of interest,
while the position or momentum degrees of freedom of the
ap Y e a e Y an aa particle is like the apparatus. The Hamiltonian of the com-
—=—iw[a'a,p]— ?[X,PerpP]— E[PX—XP,p] bined system and apparatus with the environment is

at
HSAR=(p%/2m) +No,+ exo +HAR+HE. ()

2y S oo
—7(n+1/2)mw[x,[x,p]], ) Here x and p denote the position and momentum of the
particle of massm, Ao, the Hamiltonian of the system,

€ }he product of the field gradient and the magnetic moment
where these operators correspond to the system alone, as 8‘* the particle HAE the interaction of the environmental de-

the béth degrees of freedom have been averagedyaaithe grees of freedom with the coordinate andHE the Hamil-
damping constant is the system momentum observable, ionian for the environmental degrees of freedom. The model
andn is the expected number of quanta in a harmonic oscilyf the environment is the usual oscillator heat bath model as
lator of frequencyw at equilibrium at temperature: discussed above, and they deal directly with the master equa-
tion, now corresponding to four elements of the spin space,

n=[expfwlkgT)—1] . @ anrLinLD [15k
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dpsg (XX ) [ A (PP p—1al?[1)(Tlpy; 101 (LI, (13
ot 2im\gx?  ox'? . .
where the pointerg,; andp | are no longer in a coherent
, d superposition, but correspond to diagonal distributions in
—Y(X=X)| o= = o7 momentum:
. . o 1/2 1 € 2
ie(xs—x's S — |uz—
——z(x—x’)2+¥ pr1,1(U) (N(t)) ex;{ N(t) (u+ﬁ7) } (149
4f f
i)\(S_S’) , where
T pss’(xyx 1t)! (8)

D 1
N(D) = 577 (1-e 2" + —e 2, (15)
wheres,s’=+1 (for 1) or —1 (for |). The details of the Y 7

for the system and apparatus combination is a product of a

Gaussian wave packet and a superposition of spin states of 7 |12 1 ph _ et
the form Pin= w9 v X my Tmy
: M(t) M(t) my my
4(%,0) = ————=exp(ipx—xX¥/20%)5(al 1) +b1)), (9 : )2 (16
X,0)= exp(ipx—x“/20°)®(a|T)+ , + ,
a'\/; P my*
then one can easily check that in the absence of environmen¢here
tal interaction, the state of the system is indeed a 2
Schralinger-cat-like state whose density matrix can be writ- M(t)= 02+ ———(1—e ")+ ——= (29t —3
ten as o“msy 2m-y
, )
p=1al2 )T wE (D (X0 + bl L) Taer-en®). an

X{L* (0 (X 1) +ab* [T (x,t)_(x",t)  As has been pointed out befof®], for the distribution in
. . ’ position space the off-diagonal elements are not strictly zero
+a*b| L )(T#= (X, (X',1). (10 in the large time limit, though initiallyat shorter timesthey

. . decay faster than the momentum off-diagonal elements. The
The spin-up and -down states are thus correlated W'ﬂéeparation between the mean pointer positions is

YL (x,1) and ¢ (x, 1) (x',t), which correspond A —2¢t/my, and that between the mean pointer momenta is

to the position distributions: A,= 2eltiy. The interesting point, now, is that, andp; ,
- 12 1 which are correlated with the off-diagonal elements in spin
[ (x,t)= %z exp — — 7% space decay to zero at large timeg$ 1), as seen in the
02t —— 02t —— exact solutions in the partial fourier transform representation
o'm o'm where the leading decay terfngoes ag§15]
et?\? v — 22043/ 2m2 2% 2
o Xi%) | 1) A~exp(— €2Dt3/3m?y2432). (18
An examination of this term clearly shows that
hich 45 1o the dist A €Dt® A2Dt ADE
which corresponds to the distance ~ — 3| = - = -
p ex 3mZ 22 ex 157 | = & TomZ |-

A= et’/m (12

between the “pointers” which are, at this point, in a coher- Thus the decoherence corresponding to the decay of the el-
ent superposition. IfA, is macroscopic, we have a ements correlated with the off-diagonals in spin space in-
Schralinger-cat-state. It may be noted that the wave packetreases as the square of thacroscopicseparation in mean
would spread in time in the position space, and so (&6) position A, and momentum\ ;. Note that this result is a
would represent a macroscopic superposition in the trueonsequence of thexactsolutions to the high-temperature
sense only if the widths of the wave packets are smaller thamaster equation at large times, and includes the effect of
the separation between their peaks. Since both increase witioth dissipation and fluctuations. Though it is quite straight-
time and the separation additionally dependsepone can forward to see that decoherence increases as the square of the
ensure such a condition by adjustieg In the momentum macroscopic separations, since the separation in mean posi-
space also, it can be seen that Ef) is a Schrdinger-cat- tion A, itself is time dependent, it is not easy to directly
like state where, unlike the position case, there will be ncextract a decoherence time. The separation between the two
spread in the width of the wave packet with time. Whencomponents of the superposition in the experiment of Brune
environmental interactions are included, one can see frorat al. is also time dependeritll], as pointed out above.
the results of Ref[15] that Eg.(10) diagonalizes at large However, in their experiment, the transit times across the
times (yt>1) to a statistical mixture: cavity of the first atom which creates the superposition and
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of the second which probes it are lower than the delay. Théeams at the end of the second Stern-Gerlach setup. A quan-
phaseg evolves only during the interaction times, and is left titative study of the effects induced by varying the pressure
constant during the delay between the two atoms. It is thuand temperature of the géand hence affecting), ande will
assumed that the two coherent components are instantghen provide an understanding of the decoherence phenom-
neously separated by the first atom, left free to relax for theanon in general, and a means to estimate the decoherence
a fixed time intervalT, and then probed, again instanta- time. The analysis in this paper has been in the context of the
neously, by the second atdrh6]. In this way it is possible to  experiment done by Brunet al. It may be noted that other
extract a decoherence time as the separation is no longer tigg yeriments like the atom optical Stern-Gerlach effect using
dependent. In the Stern-Gerlach example considered hereo|d atoms and laser dipole forces observed by Slesitat.

the time dependence of the macroscopic separation in PO17], are closer to the spirit of this paper, and are well worth

tion space makes it slightly more complicated. However, it 'Sanalyzing in the context of this work.

e dles et e eme befaornemsof e depencenc v concuce St Gelch setu for e messuremen
P P 9 opspiné [15] produces Shiinger-cat-like states where the

in this case. In terms of the macroscopic separation in the - ) : ; .
momentum space, however, one can always extract a tim@eter positions are the particle trajcctones correlatcd with
up- and down-spins and macroscopically separated in terms
of position and momentum. These states decohere when the
pow[lzmz/DA,z)]”% (200 environment is included in the form of the Caldeira-Leggett
heat bath model. An analysis of the exact solutions to the
since the separatiod, is not time dependent. Note that in master equation show that the decoherence increases directly
this case we see this feature of decoherence increasing wily ihe square of theacroscopic separatiobetween mean
the square of the macroscopic separation even at large t_im%%sition as well as the mean momenta of the meter. This
for the exact solutions, and have not taken any short-timgepayior is seen at times larger than the thermal relaxation
limit. This thus proves Zurek’s earlier result in a much MOr€iime unlike previous estimates of the decoherence times
gener_al framework. Note also that unlike the system studieq,yere one had to look for decoherence in the limit of negleg-
experimentally by Brunet al. [11], here the system-meter jyjo friction (i.e., yt<1). These exact results are also impor-

correlations are permanent, and will not be lost due to energyany for the short time regime since they do not involve ne-
dissipation as was the case there. The parameters 'nVOlve&Iecting any term in the master equation. These solutions

.e., € and y, can also be externally controlled. A possible gjo\, the same kind of dependence of the decoherence rate
experimental scenario could be a spin-recombination set ugy, the separation between the two parts of the superpositions
in which the first Ste_rn-GerIach spits the sél_beam andthe o5 in Zurek’s earlier approximate res[®. Also in this ex-

second one recombines these split beams in a reversed Mags pje the fact that the system-meter correlations are perma-
netic field. If, in such a setup, we introduce the environmentant and do not disappear due to dissipation, makes this an

say, in form of a certain amount of gas which decoheres thg,eresting system to look at experimentally from the point of
total density matrix, then the following consequencesg\y of quantum measurement.

emerge. When ax-polarized beam is passed through the

first setup, the beam splits into tveepolarized beams. In the The author acknowledges partial support from the Na-
absence of any decoherence, if these two beams are recoticnal Science Foundation under Grant No. PHY94-07194,
bined in the second setup, one would again obtainxhe and also wishes to thank T. Qureshi and C.S. Unnikrishnan
polarization. On the other hand, in the presence of decohefer a critical reading of the manuscript and useful discus-
ence, one will obtain a statistical mixture of twepolarized  sions.
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