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The adiabatic “protective measurement” suggested by Aharonov, Anandan, and Vajigmgn Lett. A
178 38 (1993] is a measurement of a discrete energy eigenstate, in which the entanglement between the
measured state and the quantum probe is avoided approximately when they interact adiabatically, and the
measured state is left approximately unchan@gnl to a phase factpifor all measured observables. This
measurement scheme, however, does not overcome the reduction of the measured state, because this state is
only approximately, and not exactly, disentangled from the quantum probe. Our recent analysis of a measure-
ment scheme of a squeezed harmonic-oscilllator fBtigs. Rev. A53, R2911(1996], in which the entangle-
ment between the measured state and the probe is avoided exactly, and the measured state is left exactly
unchangedup to a phase factpfor all measured observables, suggests that in order to measure the quantum
state of a single system without changing this state, duffriori information about this state is required.
[S1050-294{@7)08206-1

PACS numbdss): 03.65.Bz, 42.50.Dv

The indirect measurement of a quantum system, i.e., a For example, consider a measurement of the generalized

quantum signal, is composed of three stages: preparation ofigysition s, of a quantum harmonic oscillator, which is ini-
quantum probe, interaction of the probe with the signal, andiajly in the number statfn)s. The number states are energy
measurement of an observable of the probe, which inducesigenstates of the harmonic oscillator, and therefore any
collapse(or reduction, of the probe. Usually, the probe and number state is a protected state, as suggested by Aharonov
the signal are entangled after their interaction and the colang vaidman in their Commef6]. The free Hamiltonian of
lapse of the probe changes the quantum state of the &gn%e harmonic oscillator iﬁozﬁw(§f+§§), wheres, is the

Aharonov, Anandan, and Vaidmaa,2] recently suggested eneralized momentum of the oscillator. The interaction of

that the entanglement of the signal and the probe can bt e signal with the probe, in which the generalized position

approximately avoided when the signal is known to be in a . ~ . ’
discrete energy eigenstate, which they call a “protecteoOf the S|gnals} is coupled to the generalized momentum of

state,” by having the signal interact adiabatically with thethe —probe p,, is described by the Hamiltonian
probe. According to the adiabatic approximation, if the inter-V(t)= 2% «(t)s;p;. The time evolution of the measured
action of the signal with the probe is turned on and therharmonic oscillator state is governed by the Hamiltonian
turned off sufficiently slowly, then the signal and the probeg(t)=|:|0+\‘/(t)_ Using normal ordering of the unitary
are left approximately disentangled after this interactionme evolution operator, it can be shoW8] that when the
where the signal is approximately back in its initial stalp  signal is initially in a coherent stafer)s and the probe is in

to a phase factor In general, when the probe is prepareda generalized position eigenstatﬂl)p, where E)l|:81>p

initially in any state other than an energy eigenstate, the in-_ e ! .
teraction with the signal changes the state of the probe and Eﬁl|'81>p’ then after their interaction, the signal and probe

subsequent measurement of the probe yields informatio re dis_entangled,where the signal i_s left if‘ the _co_herent state

about the signal, leaving the state of the signal approximatel xp(iwt)la+&Y])s and the probe is left in its initial state

unaffected. The adiabatic “protective measurement” seem 1)p (Up to a phase factpr

to allow a series of measurements of all of the observables,

that are associated with the signal to be performed on thdJ (V)| @)s|B1)p,=exdig(t)]|exp —iwt)[a+ (1) ])s|B1)p,

signal without changing it, even if these observables do not

commute with each other. Therefore, the adiabatic protective ) t o

measurement seems to allow a determination of the quantum 8(t)= _'ﬁlfo x(t")expliwt’)dt,

state of a single system without full priori knowledge of

this state. Yet, approximate disentanglement of the signal ,

and the probe is not sufficient forotect the state of the [ 29RO ]
: . : é(t) |8(t")] 7

signal from reduction. For that purpose, exact disentangle- 0 dt

ment of the signal and the probe is necessary. The reduction (D)

was shown to prohibit the determination of the quantum state

of a single systeni3,4] (see alsd5]). Therefore, the adia- Using this result, it can be showfafter some maththat

batic approximation, which approximates an actual entangleshen the signal is initially in the number state

ment of states as disentanglement, is not valid in the analysi®)s=f (d?a/ ) a|n)s a)s and the probe is in the general-

of a quantum measurement process of a single system. ized position eigenstatg3;),, then again the signal and

dt’+%[a* S(t)— as* (1)].
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probe are disentangled after their interaction, where theshould be finite and the initial state of the probe should be a
probe is left in its initial statg3;),: superposition of generalized position states. In this case, the
exact solution, i.e., Eq(2), shows that the signal and the
probe are actually entangled after the interaction, while the
approximated solution, i.e., E6), suggests that they are
disentangled. Therefore, while a subsequent measurement of

n—-1
0<t>|n>s|31>p=exq—|5<t>|2/2]|kZO Vi

X[~ expliot) 5* ()]"* L™ a(1)]?] the probe would actually lead to a reduction in the state of
© the signal, the adiabatic approximation suggests that the sig-
+ > Jnl/KI[exp —iwt)s(t) ]k " nal is unchanged. The adiabatic approximation, therefore, is
k=n not valid in the analysis of the quantum measurement pro-

cess of a single system.
X LK ()2 K)ol B2) ) In a recent Rapid Communicatidi0O] we considered a
: s P measurement scheme in which the signal and the probe are

‘ . . . left exactly disentangled after their interaction. The analog to
whereL ;[ |5(t)|"] is the generalized Laguerre polynomial of the protected state in our scheme is the squeezed harmonic
the variable| 5(t)|%. Note that the final state of the signal gsgiliator state, ie., an eigenstate of the operator
depends orB;, the initial generalized position of the probe.

Now, according to the adiabatic approximati@®j, if the
turn-on and turn-off of the interactiow(t) are sufficiently
slow, the probability amplitude,(t) for the transition of the
signal from its initial number stat@)¢ to any other number
state|k)s, wherek#n is small, is

t 1
|ak(t)|% fo ﬁw(k—n)s k

Xexdiw(k—n)t']dt’

e's,+ie 's,, wheres; ands, are the generalized position
and momentum of the measured harmonic oscillétwe sig-

nal). A priori knowledge ofr, the squeezing parameter of
the signal, is used in preparing a probe in a squeezed vacuum
state with theoppositesqueezing, to avoid entanglement of
the probe and the signal as they couple linearly. The interac-
Nt tion of the signal and the probe is described by the Hamil-

at’ >S

tonian V= 2% k(s,p;,+ S,P,). Since in this case the signal
and the probe are exactly disentangled after their interaction,
a subsequent measurement of the probe would yield infor-
<1 (3) mation about the state of the signal without affecting the
signal at all. A measurement of the generalized positino-

mentun) of the probep; (p,) would give information about

and therefore can be neglected, ia@(t)~0. This leads to

the approximation the generalized momentugposition of the signak, (s;). A
P measurement of the energy of the prqifer p5 would give
f P ':j(t’ )exp(iwt’)dt’wo. (4  information about the energy of the sigr&+s3. In this

0w

scheme, in fact, one can measure all of the observables as-
sociated with the signal, where in each measurement the en-
tanglement of the signal with the probe is avoided exactly.
The price one pays for the exact disentanglement is a deter-
ministic change in the energy of the signal. For the signal to

With this approximation, after the interaction is turned off at
t=T, wherex(0)=«(T)=0, evaluation of§(T) of Eq. (1)
using integration by parts gives

B _ be back exactly in its initial stat@ip to a phase factor only
8(M)=—"Ax(MexpiwT) = x(0)] one needs to drive the signal back to its initial excitation, and
for this purpose one needs to know this initial excitation. We
T| B dk(t) . concluded that it is possible to devise a measurement without
fo ‘o dt expliot) |dt~0. (5) entanglement for any observable with only partial knowledge
of the measured statén our case, one only needs to know
Substituting this in Eq(2), one obtains the squeezing parameter or noise distribution, of the
A squeezed stateln a measurement without entanglement, the
U(M)[n)s B)p~[n)sl B1)p- (6)  reduction in the state of the signal, due to a measurement of

] . . . the probe, is avoided; therefore, there is no stochastic change
The exact solution to the time evolution problem, i.., EQ.j the state of the signal. Yet, in order to avoid any change in
(2), shows tha.t _the initial number state of_the signal evoIvesthe state of the signal, i.e., in order to also avoid a determin-
to a superposition of r_ll_meer states, which depends on tngtic change in the state of the signal due to the unitary in-
initial generalized position of the probg,. The approxi- o action with the probe, one needs to have lpriori

”.‘ate? hsolutiont,) e., Iﬁq(ﬁ), sugge”stsN that the_dstat?] of the knowledge of this statén our case, the additional informa-
signal has not been changed at all. Now consider the case {j,, oaded is the initial excitation of the squeezed state,

whigh the_probe Is initiglly in a superposition of generalize'dwhich, together with the initial squeezing parameter of the
position eigenstates. S'Tce a measurement of the generallzggne comprise a full definition of the initial squeezed 3tate

momentum of the probg, is expected to give information  To conclude, the adiabatic approximation used in the
about the generalized position of the sigsa) the initial  analysis of the adiabatic protective measurement is not valid

uncertainty in the generalized momentum of the probdor the analysis of the quantum measurement process of a
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single system because it approximates an actual entanglsignal. In this case, the unitary interaction of the signal with
ment of the quantum signal with the quantum probe as ahe probe would change the state of the signal in a determin-
disentanglement and therefore neglects the reduction in thtic way. In order to avoid all possible changes in the state
state of the measured system. This reduction can be avoided the signal while it is being measured, falpriori infor-
when the entanglement of the signal with the probe is exactlynation about this state is required.

avoided, using partia priori information on the state of the
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