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Projective measurement scheme for solid-state qubits
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We present an effective measurement scheme for the solid-state qubits, whichaddesoduce extra
decoherence to the qubits until the measurement is switched on by a resonant pulse. The resonant pulse then
maximally entangles the qubit with the detector. The scheme has the feature of being projective, noiseless, and
switchable. This method is illustrated on the superconducting persistent-current qubit, but can be applied to the
measurement of a wide variety of solid-state qubits, the direct detection of the electromagnetic signals of which
gives poor resolution of the qubit states.
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Quantum computation in solid-state systems is a growingn-chip detector in a “single-shot” measurement and does
field.1~8 Among various physical realizations, solid-state qu-notinduce extra noise to the qubit until the measurement is
bits have the advantage of being scalable to a large numbswitched on. The idea is to make a switchable measurement
of qubits, and that the quantum states can be engineered lfput a fixed detectgrthat only induces decoherence during
various techniques. Successful implementations of qubitthe measurement. During the regular qubit operation, al-
have been achieved in several mesoscopic systeths. though the qubit and the detector are coupled, the detector

Effective measurement of quantum bits is a crucial step irstays in its ground state and only induces an overall random
quantum computing. An ideal measurement of the qubit is #hase to the qubit. The measurement process is then
projective measuremefitthat correlates each state of the switched on by resonant microwave pulses. First, we maxi-
quantum bit with a macroscopically resolvable state. In pracmally entangle the qubit coherently to a supplementary quan-
tice, it is often hard to design an experiment that can botdum system. Then we measure the supplementary system to
projectively measure a solid-state qubit effectively andobtain the qubit's information. This approach of exploiting
meanwhile doesot couple environmental noise to the qubit. conditional resonant transitions for signal amplification is
Often in solid-state systems, the detector is fabricated ontdifferent from the other approaches.
the same chip as the qubit and couples with the qubit all the In the following discussion, we illustrate this method by
time. On one hand, noise should not be introduced to th@pplying it to the measurement of the superconducting pc
qubit via coupling with the detector. This requires that thequbit. In the previous experimett,the qubit is inductively
detector is a quantum system well isolated from the environcoupled to the detector—a dc SQUID. The flux of the qubit
ment. On the other hand, to correlate the qubit states to thaffects the critical current of the SQUID by an offs&t,
macroscopically resolvable states of the detector, the detecter 2| ¢|Sin(@exct Spe)l2— Sinqoex[INilc&quilo_sl ¢, Where
should behave as a classical system that has strong interagsy; is the flux in the SQUID loop in units o®y/27. This
tion with the environment, and at the same time interact®ffset is recorded by measuring the switching current distri-
with the qubit strongly. These two aspects contradict eaclbution of the dc SQUID, the average of which is offset by
other, hence measurements on the solid-state quantum bitsAl. as well. Due to the quantum fluctuation and thermal
are often limited by the trade-off between these twoactivation, the switching current distribution has a finite
aspects>® |n the first experiment on the superconductingwidth that is much larger thaal,. Hence, the two-qubit
persistent-current qubipc qubib,*® the detector is an under- states result in two switching histograms whose separation is
damped dc superconducting quantum interference devicamuch narrower than the width of the histogram. As a result,
(SQUID) that is well isolated from the environment and be- the histogram is not perfectly correlated with the qubit states
haves quantum mechanically. The detected quantity of thand the measurement has to be repeated many timés (10
gubit—the self-induced flux—is small compared with thetimes to derive the information about the qubit. This prob-
width of the detector’'s wave packet. As a result, the detectolem can be overcome with our method by using a rf SQUID
has very bad resolution on the qubit states. This is one of thas the supplementary system. Our method is not only closely
major problems in the study of the flux-based persistentrelated to the ongoing experiments of the pc qubit, but also
current qubits:*1° brings a better idea for effectively measuring the solid-state

Various attempts have been made to solve the measurgubits with a resonant pulse technique.
ment problerh’~*° and to provide proposals for a scalable  One might worry that coupling the qubit to the rf SQUID
quantum computer with superconducting qubits a recent  brings to the qubit a new source of noise that couples directly
experiment on the flux qubit, the measurement efficiency hato the rf SQUID. However, in our scheme, until the measure-
been greatly improved by optimizing the bias current, andment, the coupling between the qubit and the rf SQUID
coherence oscillation has been obserffelth this paper, we nearly commutes with the Hamiltonian of the rf SQUID, and
present a scheme that effectively measures the pc qubit by dhe rf SQUID stays in its ground state. The rf SQUID be-
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L L M, E L inductive coupling, the density matrix of the dc SQU(D
cir aseenn, J rf : H
daerrensy % the previously used method of Ref.)1quickly relaxes to a
C | ™ mixed state Ofhg), = Col7| g (1 | el ).
Let the desired measurement accuracy Ag=Xer /Ly,

wherex,,, is the square-root error from the expected value of

(a) the measured variable ang is the range of the variabbe
For a von Neumann measurement, withirmeasurements,
4 v IT,1,> 24 GHz the average time we finfD) is |co|?N with the deviation
enot lia Gy AN/N=1/(2N). N,=1/(2A,)? repetitions are required to
[1,0,> 10GHz achieve the accuradk,,. For a measurement with overlap-
PTI Fp— 0,1,> 8GHz ping d!str!but!ons_ as in thg previous @;cussmns, assume
\g rotation 0.0.5 0 each distribution is a Gaussian for simplicity. The average of
o the Gaussian functiong, andy, are slightly different, but
(b) (c) much smaller than\/E, where o is the deviation of the

o Gaussian distributions. Given the qubit state, the average of
_ F!G. 1. (a)_ Circuit of the measurement scheme, from left to the measureg’s is y§§2t=|co|2yo+|c1|2y1, from which we
right: the qubit, the rf SQUID, and the dc SQUID magnetometer. an infer|c |2 of the qubit state. With a finite number of
(b) Eigenstates and potential energy of the rf SQUID when biased a(f 0 ¢ — (N =N " d ived b G
f.=0.4365 flux quantum. The ETLS are labeled with arrows and/'aSUremen Siave= (1/N)Z - 1yi is described by a Gauss-

the wave functions are showft) The states of the interacting qubit 'a" d'smbu“g? taccordlng t(_) the central limit theorem with
and the rf SQUID. an averageys, s and a deviationo/N (N measurements
The accuracy withN measurements i\Y,,o/|V1i— Yol
haves as a poor transmitter of the noise, and cannot transfer\/a/NJy; — yo|?. Np:(4o/|y1—y0|2)NU repetitions are re-
noise to the qubit as we show below. During the entangleguired to achieve the accuraéy,. In the previous experi-
ment pulse, the rf SQUID induces decoherence to the qubihent, 2/a/|y;—y,|=50, soNp/NU>1O”’ is required to get
in microseconds, which is much longer than the 10 nseegatisfactory results.
duration of the entanglement pulse. This shows that the measurement in Ref. 10 is not an
The superconducting persistent-current qifhis a super-  efficient measurement. The quantum nature of the dc SQUID
conducting loop that has three Josephson junctions in seriegyhich is intentionally designed to reduce decohergpee-
see Fig. 1a). The qubit is controlled by the magnetic flux vents efficient detection of the qubit’s information. To get a
fq®@o in the loop, whered, is the flux quantum. The qubit more efficient measurement, we should either encode infor-
states of this circuit are nearly localized flux states with op-mation in the pc qubit in some other way or measure the
posite circulating currents. The qubit states are analogous tgubit states with another approach.
the states with spin 1/2 and are described by th&)salge- Given the Hamiltonian of a qubit, a projective measure-
bra of the Pauli matrices. The qubit Hamiltonian can be writ-ment that correlates the eigenstates to the distinct macro-
ten asHq= (€o/2)03+ (to/2)0, , whereey (f—1/2) andt,  scopic states can always be constructed according to the
is the coherent tunneling between the two localized fluxNeumark’s theoreni* However, in experiments, it is not ob-
states over the potential-energy barrier. The operator for theious that we can build an apparatus that effectively mea-
circulating current isl=1.;,c3. Typically, the circulating ~Sures the pc qubit without introducing extra noise. In the
current of the qubit id ¢, ~0.7., wherel, is the critical ~ following, we present a measurement scheme that improves
current of the Josephson junctions ape-200 nA. With a  the previous measurement significantly and is both effective
loop inductance of ;=10 pH, the self-induced flux of the and noiseless. _ _
qubit is S¢q= 10730, The |dea is that instead of dyectly detecting the flux of the
To understand what prevents the effective measurement §fubit, we first apply a short microwave pulse to entangle the
the pc qubit in Ref. 10, we analyzed the previous measuredubit with a supplementary quantum system that behaves as
ment in detail in Refs. 23,24. Considering the dc SQUID asn effective two-level systedETLS). The flux or charge of
coupled oscillators, the direct coupling between the qubit and® ETLS is designed to be much larger than that of the

the dc SQUID offsets the origin of the SQUID oscillator by qubit. Then the ETLS whose state exactly reflects the qubit
+ 8po=mM gl o, /Po~0.002 with typical experimental pa- State is measured. This scheme is a highly effective “single-
rameters, V\?herdqug pH is the mutual inductance be- Shot”measurement, and meanwhile it avoids transferring ex-

tween the two circuits. The overlapping between the shiftedr@ noise from the detector to the qubit.

oscillator ground states i@ﬁ§|<//g>=exp(— 5@5/2@%))%1 - Lgt the pc q-ublt mtgract VYI'[[] this supplementary system

—0.0002, wherg/{2)~0.1 is the width of the ground-state Via inductive interactionMgl4l,. We assume that the

wave packet of the inner oscillator of the SQUID. The mea-supplementary system is also a current loop Witk | .05

surement of the qubit becomes the detection and the resoland o is the Pauli matrix of the ETLS. The Hamiltonian is

tion of the overlapping and highly nonorthogonal oscillator

states| z/xg). The overlapping of the oscillator states limits

the efficiency of the previous measurement. H _%o
Assume the qubit state jg)=co|0q) +¢1|1,). With the 02

q to q ﬁwa a tg a ﬁwA q.a
O'Z+EO'X+—2 o'z+§o'x+—2 oyo5, (1)
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wherew, is the energy splitting of the ETLS anal, is the tice, the junction is always made of a SQUID wh&gd.,)
inductive interaction. We design the tunnelitfyto be ad- is controllable by the external flu., and hence is§. The
justable. During the qubit operatiot§=0; during measure- potential energy of the rf SQUID is drawn in Fig(hl with
ment,t§ is a resonant pulse that flips the ETLS. The energythe energies of its eigenstates. By adjusting the parameters,
levels are shown in Fig(t). the two states localized in different wells, indicated by the up
During regular computation, we store the supplementaryand the down arrows in Fig.(h), are chosen as the effective
system in its ground staf®,). Due to the interaction, the two-level system. The currents of these two states differ by
qubit’s energy is modified aﬁqu\/(eo—ﬁwA)ertoz and Al=l; and results in a flux difference chAd =AIL ¢
the qubit states ar@)q)z[—sin(é’/2),cos@/2)]T and [1,) ~0.3D,. By adjusting the flux in the qubit loop, we have
=[cos(@2),sin@/2)]" with sinf=to/fiwy. By applying an ;=13 GHz,ty=1 GHz, w,=11 GHz, andt=0. By ad-
external oscillation with this frequency, single-qubit gates arqusting the mutual inductance to bé,/L,=1/4, we have
achieved. In this process, the ETLS stays in its ground statg,, =3 GHz. The states are drawn in Fig(cl with their
and has trivial dynamiCS. When the ETLS is at sta®7 the energies labeled beside each level.
qubit's energy isﬁwq:\/(E()Jrf’LwA)erto2 and the qubit The rf SQUID is stored in the stat€,) as in Fig. 1 of
states are|@)=[—sin@2),cos@2)]T and |Tq)=[cos(07 Ref. 11 by suddenly switching the fl_ux in the _Ioop. Th(_a qubit
2),sin(072)]T with sind=t. /.. . energy is wq=1_0 GHz,_ and the single-qubit operation is
0 q
To measure the qubit's state, local operation on thémplemented with a microwave pulse at the resonant fre-

supplementary system is applied to entangle the two system uency. During the qubit operations, the rf SQUID has trivial

h . - ynamics. In the beginning of a measurement, a microwave
With the presence of the qu*i't’ we hagy;, ~Eogp, pulse with frequencyEs 1 —E; o =14 GHz is applied to
:ﬁwa—(hwq—ﬁwq)(Z and Ej, — Elqoa:ﬁ“’aﬂz(‘_’q the rf SQUID for ar rotation. This pulse flips the SQUID
—hwg)/2. By applying an external pulse ofhQxog in  state when the qubit is in staté,). When the qubit is in
resonance wnl’n‘qqla— Elqoa, the ETLS is flipped to the state state|0q), anla— quoazs GHz and the applied pulse is not

[1,). Let (Eq—wq)>ﬂx, the off-resonant transition be- resonant with the rf SQUID. By controlling the external flux

tween the statef,1,) and|0,0,) is negligible and the dy- Pex, &  _pulse of 10 nsec dx=50 MHz) flips the rf
namics only depends on the resonance properties. Afier a SQUID. The off-resonant transition has a probability
pulse that operates as éipr/2)o?], the ETLS is maximally (wx /A w)* which is lower than 10® and is irrelevant in this

entangled with the qubit, cp|0,)+c,|1.))|0 c 0.0 process. The operation is hence an effective controlled-
g Qubit, c|Og) + 1| 1)) | 0a) — Co|0g0a) gate on the rf SQUID. After the entanglement pulse, the rf

SQUID is measured by a magnetometer, such as the dc
. — SQUID shown in Fig. (a). Optimized designs besides the
pa=1Col?|0a)(0a +[Ca|?| La)(1al + (ic5 C1(0g| 1) 1a) si%ple dc SQUID gonﬂf%ura?ion can be gmade for better
X (0, +c.c), (g ~ detectiorr>*" |
o o In designing the rf SQUID, attention should be focused on

where (04| 1,)=sin(6—6)/2. The probabilitiegc, ,|? of the ~ several issues to successfully implement this measurement
ETLS are then measured by a detector. Note that the supplécheme. First, the two-level system should be well separated
mentary system does not have to be a qubit and be weffom the other states of the rf SQUID, so that no off-resonant
isolated from the environment itself. But it is required thatleakage to the other levels happens during the entanglement
the noise is not transferred back to the qubit during the regupulse. In our design, the two states are at least 40 GHz away
lar qubit operations. from all the other states, and the off-resonant transitions can

In this design, we choose a rf SQUID to be the supplebe neglected. Second, a trivial but crucial point, the param-
mentary system that inductively couples with the qubit. Theeters have to be realistic for sample fabrication. We base our
circuit is shown in Fig. {a). The detector is a damped dc scheme on existing experimerits? Although we chose as
SQUID magnetometer. In the following, we adopt the pa-an example that the qubit couples inductively to a rf SQUID
rameters as in Refs. 22,11 for the rf SQUID, where coherenin this paper, other supplementary systems can also be used
manipulation of the rf SQUID has been achieved experimenwith different interaction mechanisms and different detection
tally. Typical parameters ark ;=154 pH, |.=4 uA, C; technologies.
=40 fF, andE;/E-~4000. The inductance of the rf SQUID  With the self-generated flux of an order of one flux quan-
is much larger than that of the qubit, which has two consetum, the rf SQUID is subjected to strong perturbation from
quences(1) the flux difference between the states localizedthe environment, such as randomly trapped flux, impurity
in the two potential wells of the rf SQUID is of an order of spins, and nuclear spins. Fortunately, however, the noise
half a flux quantum, and can be resolved by a dc SQUIDdoes not affect the qubit during the regular qubit operations.
magnetometer in a “single-shot” detectiof®) the coupling The fluxlike noise adds to Eql) a term o5f(t) which
between the rf SQUID and the environmental noise is strongshakes the energy levels of the rf SQUID up and down ran-
hence it is harder to keep the coherence of the rf SQUID andomly. As the ETLS stays in its ground sta@g) during the
to use the rf SQUID as a qubit directly. AjB, qubit operations, this term only contributes an overall phase
=27l ¢l /Py=1.9, the rf SQUID has a double-well poten- to the total wave function of the interacting system and does
tial with several eigenstates localized in each well. In prachot decohere the qubit. This is true even when the qubit

+ icl|qua), which gives the density matrix of the ETLS as
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Hamiltonian has a nonzere] term. For environmental de- sity (f(Qy)f(—Qy)). With noise coupling as in Ref. 23, we
grees that assume coupling with the rf SQUID, the envi- estimate the decoherence time to be between 0.1 and
ronmental modes with the frequency around 10 GHz can fliptO #sec, which is significantly longer than the resonant
the rf SQUID, in principle. But at the low temperature of Pulse of 10 nsec.

20 mK, no excitations of these transversal modes exist to " conclusion, we have presented an effective measure-
excite the rf SQUID from the ground state to the excitegMent scheme that increases the measurement efficiency with-

state out introducing extra decoherence. We illustrated this

During the entanglement pulse, the rf SQUID makes amethod by applying it to the superconducting persistent-
transition from|0,) to|1,), and the fluxlike noise affects the current qubit where a supplementary two-level system—a rf

dynamics of the qubit-ETLS system. It is important for the SQUID—was coupled to the persistent-current qubit. This

. X ethod improves the previous measurement by avoiding the
gate time to be shorter than the decoherence time of the g: P P Y 9

, ) fficulty of measuring a flux of 10% flux quantum with a
SQUID to maximally entangle the qubit and the ETLS. In 4 antum detector whose quantum broadening is of 0.1 flux

the rotating frame of the Hamiltoniakly in Eq. (1), the  guantum. Our scheme creates for the solid-state qubits a

Hamiltonian during the entanglement is measurement scheme that is projective, noiseless, and swit-
1409 chable. More delicate designs based on this idea can be de-
oy, P
H,o= Z Qyod+f(1)o?, 3) veloped to optimize the measurement.
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