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A measurement on a macroscopic quantum system does not, in general, lead to a projection of the wave
function in the basis of the detector as predicted by von Neumann’s postulate. Hence, it is a question of
fundamental interest, how the preferred basis onto which the state is projected is selected out of the macro-
scopic Hilbert space of the system. Detector-dominated von Neumann measurements are also desirable for both
guantum computation and verification of quantum mechanics on a macroscopic scale. The connection of these
guestions to the predictions of the spin-boson model is outlined. | propose a measurement strategy, which uses
the entanglement of the qubit with a weakly damped harmonic oscillator. It is shown that the degree of
entanglement controls the degree of renormalization of the qubit and identify that this is equivalent to the
degree to which the measurement is detector dominated. This measurement very rapidly decoheres the initial
state, but the thermalization is slow. The implementation in Josephson quantum bits is described and it is
shown that this strategy also has practical advantages for the experimental realization.
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The field of quantum computatidhas been experimen- the state of the qubit, however, the final statedsan eigen-
tally pioneered in quantum optics, atomic physics, andstate of the measured observable, but of the qubit. Qubit and
nuclear magnetic resonanc®dMR). In these quantum- apparatus daot get strongly entangled. It has also been
mechanical systems with few degrees of freedom and stronghown theoretically, that detector-dominatestrong mea-
quantum coherence, the measurement devicesters”) are ~ surements of superconducting qubits are possible, on the ex-
well described and can be classified into two types. In atomi®€ense ofrg being very short, which sets a strong experimen-
physics, e.g., “strong” measurements can be performedtal challenge. It is a fundamental question, under which
which satisfy von Neumann’s measurement postiflate,, conditions a measurement performed on a potentially macro-
the state of the system is projected onto the eigenstate of tH€0pic object follows the postulates of quantum mechanics
metercorresponding to the measurement result. In NMR, orgnd how, in general, the preferred observable basis is se-
the other hand, the meter couples weakly to each individudected out of the large Hilbert space of the system and the

spin and decoheres it only weakly. In order to still obtaindetector® This question should be addressed using specific
enough Signa| and information’ the measurement is pelﬂ']OdelS which describe actual detectors. Moreover, there are

formed on an ensemble of qubits. practical issues(i) The theoretical signal-to-noise ratio of a
These qubits cannot be easily integrated to large-scale civveak measurement is limited to(Ref. 12, (i) and Efficient
cuits. Thus, solid-state qubits, which can be lithographicallyduantum algorithms such as error correctfoor the test of
manufactured, are a promising alternative. Solid-state sydBell-type inequalitie¥’ rely on strong measurements.
tems consist of many degrees of freedom, hence quantum In this paper, | am going to connect the abstract notions of
coherence can so far only be maintained over very shofuantum measurement theory to the concepts of the spin-
times_3'4 It was proposed that Superconducting Josephson Ci[boson mOdEL in partiCUlar, the issue of entanglement will be
cuits in the charg® or flux*® regime could act as solid-state connected to scaling of the tunnel matrix element. | will
qubits with appreciable coherence times. In these cases, tifitine a method how to perform genuine detector-
measurement apparatus is permanently close to the qubflominated measurements in this context.

although the interaction may effectively be switched ‘c¥f. For definiteness, it is assumed that the variable of the
The measurement process in this system can be describ@antum bit which is measured is described by the pseu-
within the spin-bosoh® or related model§!1? dospin operators,. When the measurement apparatus is

From a density-matrix description, we can obtain detailedcoupled to the qubit, the same term experiences a fluctuating
(although incompleteinformation about the dynamics of the force, which is assumed to be Gaussian and be modeled by a
measurement: After a dephasing timg, the density matrix bath of harmonic oscillators. Consequently, we end up with
is brought into an incoherent mixture, and after the relaxthe spin-boson Hamiltoniah® After integrating out high
ation time 7, it thermalizes and the information about the frequencies, its pseudospin part reads
initial state is lost. In order to renderr, long enough,
usually’~°the meter is only weakly coupled to the qubit. This . €~ Aggn
makes it necessary to ensemble average by repeating the Heﬁ:ﬁ(EUZJ’ 5 Ix]»
measurement. Theoretical resedrcht? shows that an opti-
mization of these weak measurements allows for single-shavhere the off-diagonal term o is in general rescaled due to
measurements without averaging, by waiting longer than théhe environment as compared to the original splitthgf an
dephasing time. These aoptimized weak measurements isolated qubit. The spin-boson model generally predfictse
qubit dominatedmeasurements: They completely decoheredynamics described in the preceding section. In particular,

@

0163-1829/2003/68)/0605034)/$20.00 68 060503-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

F. K. WILHELM PHYSICAL REVIEW B 68, 060503R) (2003

after the dephasing time, the density matrix is projected onto IL>
a mixture of eigenstates of k. Usually, in the weak-
coupling regimé, A .« is close to the bard of the qubit and -
consequently the eigenstatestfi; are far from being eigen-
states ofo,. Consequently, the state of the qubit will not be
projected onto the measured variable, i.e., the measurement
is qubit dominated. A detector-dominated measurement

|0> IR>

would be realized foA =0, i.e., whenH o= (&/2) o, and @)

hence commutes with the coupling to the meter. A number of

schemes allow to directly suppredsusing an external con- g 04 : : : : : : :

trol parameter:®*8In what follows, | want to describe, using Soss | t_0 — |

a generic model, how this is accomplished by the measure- Q;)3 i Ag |

ment apparatus itself, in agreement with the usual under- =" z=0-1 """""

standing of quantum measurements. B2 |- e 1

Consider a qubit coupled to a sindleig) harmonic oscil- 021 N 1o 1

lator, which experiences linear friction, which is in turn de- 0.15 £ 10 e _

scribed quantum mechanically through a bath of oscillators. ik A i

The Hamiltonian of this system reads s L |
. €. A. P2 M o 06 =05 T 15 2 25 5 35 4
H_h(EUZ+EUX +m+ EQ (X—=qo) ) q/w

f)-z FIG. 1. Left: Visualization of the ground stae) and the co-

+2

i i ~ S

2_mi+ ?wiz(xi_(ci Imo)X)?|, (2 herent pointer stateld ) and|R) of the oscillator in the potential
V(x); right: Relaxation rates as a function of the coupligigv for

where the displacement characterizes the coupling of the different energy biasesw is the width of the ground-state wave

qubit to the big oscillator. The oscillator bath is characterizedunction of the pointerw= y#/MQ.

through an ohmic spectral density](w)=2(7rci2)/

(2m;w;) 8(w— w;)=MT w, wherel'/2 is the friction coeffi- The coherence properties of our system caneat, T

cient of the damped big oscillator. It was shdWihat this <Q be studied using a systematic weak damping

system is equivalent to the spin-boson model, with an effecapproximatioft® of the spin-boson model. The relaxation and

tive spectral density dephasing ratek, ,= TJ;; are given by
Q4 2 2
Jeil(0) =200 ———— > 50 () _ ﬂ > _E <
(02— 02)2+4T 20 IN=na VeffCOt 5T Iy= 5 +2makg VeﬁT/h, (4)

where a=2M@?I'/h is a dimensionless dissipation coeffi-
cient, which here is assumed to be smals1. From now wherevgs= \/Aezﬁ+ €. Inour case, ifp>1, A is exponen-
on, we want to concentrate on the casa <(). tially reduced compared ta, transitions between the basis
At I'=0, the low-energy Hilbert space is spanned bystates are suppressed leaving relaxation very slow, i.e., the
|+ )er=|=)|L/R) where|=) are the basis states of the qu- state becomes almost localized or “frozen,” see Fig. 1
bit, o,|+)=+|*), and|L/R) are coherent states of the har- (right). The second contribution t&' 4 in Eq. (4) reflects
monic oscillator centered arourXi= +q, see Fig. 1(left).  dephasing processes which do not change the qubit energy
So in a general low-energy state/)=al+)ei+b|—)e,  and are consequently not frozen.
|al?+|b|?=1, qubit and oscillator are entangf@dand the The use of a weak damping approximation or , is
oscillator states are pointers onto the qubit sthtds. this  appropriate, althoughi(w) can be large at the peak and in
low-energy basis, the Hamiltonian acquires fofin, with  fact the down scaling of .« is essentially a nonperturbative
Agg=A(L|R)=Ae” 7 wherep=MQq?%. Under an appro- effect. However, decoherence is mostly probing dag o)
priate choice of parameters, we can achieyel andAg  around w=rz<{Q, where the weak damping condition
<A. This choice corresponds to the condition of almostholds. This is supported by two observationsf ive project
[meaning here and henceforth “up to an errorGffe” 7)”]  the full Hamiltonian onto its low-energy Hilbert space
orthogonalstates in the environment, which has been idenspanned by= )., we find an effective ohmic model leading
tified as the condition for an ideal von Neumann to Eq. 4;(ii) a full nonperturbative calculatidhbased on the

measurementt:! noninteracting blip approximatiofNIBA)® reproduces both
For finite I', this system can be analyzed using the scaling and’, within the knowr® limitations of NIBA.

adiabatic renormalizatioh One find$® Agg gamd @) The measurement can now be performed as follows: As a

=Ae "A-a(A/Q)*(A-a)  Thus, finite dissipation €« first step,q is adiabatically ramped from=0 to a finiteq,

<1 scalesA down even slightly further. where n>1 and A—A<A. The adiabatic theorem pre-
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dicts, that the state of the system evolves ag )
+ Bl ®]0)— (| +)|L)+ 8% —)|R)), where

6°"—0\  [6"—0
oo cos( 5 sm( 5 ) N
- il

6°f— o 6°f— 0
—sm( > ) CO% 2 )

and targ®M=¢/AMN  The condition for adiabaticity is
do/dt< vﬁﬁIZq MQA s, i.e., for smallg the ramping can be
very fast.

When »>1, the matrix element is scaled down and the
state is “premeasured” by entanglement with well-separated

pointer stated and R*® Only now, we start the measure-
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Oscillator 11 Meter

: !
L2

Fqu—‘qubit

ment, by coupling the oscillator to the meter and decoheringleft) and chargeright) quantum bits.

the state is projected onto the eigenstateélg;‘, which are
close to the ones af,. We can then read off the position of

the big oscillator serving as a pointer and switch off the

meter(or q) again way beforer, without destroying infor-
mation by relaxation.

In practice, it will usually not be possible to switch the i
coupling between oscillator and meter separately. Thus, be-

We

charge—qubit

FIG. 2. Underdamped readout devices for superconducting flux

the weak damping regime in Ref. 8 and resembles the one
experimentally used ifRef. 4. The oscillator in our model
represents the plasma resondfia# the tunable junction at
Q=\2ely/hC,(1—13/13)Y4
C,(h/2e)%2, X=¢ (the Josephson phase and q
(5IC/IC)(IB/\/I02—IZB), where 61/l is the difference in

can identify M

fore the entanglement is established, the relaxation (dite critical current induced by the two fundamental states of the

doesnot profit from the reduction ofA ., see Fig. 1(right).

In order not to lose the information to be measured, ther=hq

maximumrelaxation ratel’, .« reached atp=1/2 (i.e., q

=(q.= Vh/l2MQ) should be slow enough, such that by the

time 7¢ it takes to ramp above,, the information is not
lost. In practice, this can be achieved by switchopgery
fast, at a timerengl“[,%]ax, to g, and slower afterwards,
when the actual measurement occurs.

In the ohmic spin-boson modgt® ie., for Ju4
=2mawe ““c, a scaling ofA. to zero can be achieved

through a dissipative phase transition at strong coupling to

the bath @>1).%1"?42°This transition is driven by the en-
tanglement with aollectivestate involving the whole oscil-
lator bath. Ramping to large values increasdgy( ) atall
frequencies, which leads to rapid relaxatioeforethe scal-

ing is established. Moreover, it is not known, how long it is limited by I na,=2.

will take for the system to go through this phase transition.

qubit. The damping is provided by the resistor and leads to
2/2e’R=0?%11.&O/R, and the scaling exponent reads
7=0°\C,l A/8€°.
When rampindl g, the junction switches to a finite volt-
age atl;,,<Iq, which provides a measure fby. This switch-
ing is a stochastic process, so, if the measurement is re-
peated, one finds a histogram of switching currérs
centered arountl,,, o, whose widthdl g, limits the resolution
of this detector. In our case, the switching is predominantly
due to thermal activation, where we can exprégso/lo
1—[In(wr/TYluel?® and 81 /1= [ujin(w/T'9] 3 through
the dimensionless height of the barrier at zero bigs
=(4\2/3)(h1J2ekT), the activation frequency wy
=20/, and the ramp rat€';=d(q/qma0/dt. The current
can be switched within a time,,=Q 1, i.e., the ramp rate

In a flux qubit, one can reali2d .=1 uA, shunt with

Here, according to the adiabatic theorem, this time is sefx=100 pF andR=10 K, and gm,=0.05 at a typical
through the inverse level spacing of the coupled systemSwitching current level. We will assum,=1 GHz ande
which is infinite for the dense Ohmic spectrum. On the con-=1 GHz for the qubit. These parameters are accessible by
trary, the model studied in the present paper provides strongoubling the size of the sample studiedRef. 4). This leads
scaling of A4 with predictablyslow relaxation and gives a to (=2 GHz, «=0.003, and
clear prediction for the time scale of the entanglement set by 0.03A,. Entanglement sets in g;=0.015, where the re-

the finite level spacing.

laxation time iS7, =17 ma=5 MS.

ﬂmaX:3.5, i.e., Aeff

For 1% error, the first

This model does not generally predict the efficiency of theswitch over this point has to be done at 700 ns, which is way
detection. In order to do so, | chose a specific realization oaibove I'g ,,,=500 ps and the adiabatic conditiandg/dt
the model, a superconducting quantum®bitn this case, the < (500 ns) *. Close to the measuring poing,, o, we find
readout device is a Josephson junction, whose critical current=120 us andr,= 100 ns, which leaves a huge measure-
I, is influenced by the state of the qubit, either a superconment window.

ducting single-electron transistoor a dc superconducting

For definiteness, we set the temperaturelte200 mK

quantum interference devi¢8QUID).® see Fig. 2. We study and find, usingl's=(15 us) !, that l'sw,0/10=0.96 and
the junction on the superconducting branch at low bias cursl/l1,=0.35%, so, becausg=5%, we have a signal-to-
rentlg. We assume the tunable junction to be shunted onlyoise ratio of about 14. Hence, a single-shot von Neumann

by a very large resistdR and an external capacitan€g and

consequently underdamped. This system has been studiedpnovement of technology.

060503-3

measurement appears to be feasible within a gradual im-



RAPID COMMUNICATIONS

F. K. WILHELM PHYSICAL REVIEW B 68, 060503R) (2003

For the readout for a charge qublty a superconducting
single electron transistd6-SET), one can achieve values of
g=0.5 within a charging energ¥¢ set=2K, corresponding
to a capacitance scale @f=1 fF. We take the critical cur-
rent of the SET to bé.=10 nA and a shunt oR=10 k()
and C,=1 pF shunt capacitance. This leads#e- 3.5, )
=2 GHz, and damping:=0.25. AssumingA=1 GHz, and
e=1 GHz, we find7g ;=60 ns, so for 1% error we have
to switch toq. in about 10 ns, which is close to the limit of
I's max=500 ps. however, may pose some challenge for th
limiting time scales which ar@ot due to the on-chip cir-
cuitry. For the readout step, we findk=25us and 7,
=15 ns. Applying the histogram theory as above Tat
=200 mK andI's=(3 #s)", we end up withlg, o/l
=40% anddl /I .=8%, which can resolve our large signal
of q=30% at signal-to-noise ratio of 4. It has been
showrf®>®° that experimentally SET'san reach signal-to-
noise figures comparable to the quantum limit, hence eve
though the resolution is slightly less favorable than above
von Neumann measurements appear to be possible. F
qubits’® operating in the regime dE;/E.~=1, more favor-
able parameters should be accessible.

The readout of the detector by switching is only one, an
not necessarily the optimum alternative. Measurements could | thank J. von Delft, M. Governale, M. Grifoni, A.C.J. ter
also be performed by detecting the kinetic inductance usingdaar, P. Hadley, P. Hakonen, C.J.P.M. Harmans, S. Kleff, L.
the same parameters. Levitov, S. Lloyd, A. Lupascu, J.E. Mooij, T.P. Orlando, A.

A similar circuit, anormal conductingSET with outthe  Shnirman, and C.H. van der Wal for clarifying discussions,
shunt capacitor has been thoroughly studied in Refs. 5,7. las well as acknowledge support by the EU through TMR
that case, the measurement is started by rapidly switching theupnan and Quiprocone and through ARO under Contract
gate and monitoring the current. It has been shown that itNo. P-43385-PH-QC.

this way weak as well as strong measurements can be per-
formed. As a consequence of the direct coupling of a dense
spectrum of normal electrons to the qubit, the entanglement
and the decoherence are not as strongly separated as in our
case. Typical mixing times during the whole measurement
are of the order of 1us, i.e., one has to be able to monitor
the current through the SET on the scale of 100 ns. In our
case, one has to make the first entanglement switch on a
similar scale, but has to be monitor the voltage only after-
gvards, when mixing times are on the scale of € These
numbers clearly indicate an advantage of the entanglement
with the intermediate oscillator.

| have proposed a strategy for performing detector-
dominated von Neumann measurements on qubits, using en-
tanglement with coherent states of an harmonic oscillator.
This system has been quantitatively analyzed using the spin-
boson model and it has been shown that it has very favorable
coherence and relaxation properties. A connection between
the familiar scaling of the tunnel matrix element and the
degree of entanglement with the environment has been es-
Pblished. Realistic superconducting circuitry, which could
perform such measurements within present-day technology,
dwas been proposed.
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