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Single-shot measurement of the Josephson charge qubit
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We demonstrate single-shot readout of quantum states of the Josephson charge qubit. The quantum bits are
transformed into and stored as classical bits~charge quanta! in a dynamic memory cell—a superconducting
island. The transformation of stateu1& ~differing form stateu0& by an extra Cooper pair! is a result of a
controllable quasiparticle tunneling to the island. The charge is then detected by a conventional single-electron
transistor, electrostatically decoupled from the qubit. We study relaxation dynamics in the system and obtain
the readout efficiency of 87% and 93% foru1& and u0& states, respectively.

DOI: 10.1103/PhysRevB.69.180507 PACS number~s!: 74.50.1r, 03.67.2a, 85.25.Cp
c

ca
on
e

at
tw

e

ea
Th
fo

tio
l-
d.
ub
e-
su
r

-
flu
io

ar

or
ov
en
n

in

r-
er
F
te

he
a

n
le

p
he

nel
-
to

dout
tati-
in-

he

f a
e dc

pre-
e
ent

te
and
osi-
ap,

cted
It has been recently realized that Josephson junctions
be used for building quantum bits~qubits! and integrated
quantum computer circuits controlled by external electri
signals.1,2 After the first experiments on single Josephs
qubits,3–7 an important step toward the integration has be
made: coherent control of two qubits and conditional g
operation have been experimentally demonstrated for
electrostatically coupled charge qubits.8,9 However, in these
experiments, individual probabilities of each qubit averag
over all states of the other qubit were measured.10 To directly
measure multi-qubit states, one must be able to readout
qubit after every single-shot coherent state manipulation.
single-shot readout is of great importance, for instance,
quantum state tomography, quantum state teleporta
quantum cryptography.11 Without the single-shot readout, a
gorithms that give non-unique solutions cannot be utilize

To readout single quantum states of the Josephson q
~in particular, flux qubits! through the phase degree of fre
dom, a few circuits, measuring switching event from the
percurrent state to the finite-voltage state, we
implemented.4–7 In charge type of qubits, it is straightfor
ward to measure a charge quantum instead of the
quantum.12 For the single-shot charge readout, a rad
frequency single-electron transistor13 electrostatically
coupled to the qubit was proposed as a detector of the ch
states.14,15Although this approach works in principle,16,17the
single-shot readout has not yet been realized. In this w
we demonstrate an operation and study mechanism of n
readout scheme that allows one to perform highly effici
single-shot measurements, with suppressed back-actio
the measurement circuit on the qubit.

A scanning-electron micrograph of our circuit is shown
Fig. 1~a!. The device consists of a charge qubit3 and a read-
out circuit. The qubit is a Cooper-pair box~with its effective
capacitance to the groundCb'600 aF) coupled to a rese
voir through a Josephson junction with the Josephson en
EJ'20 meV. The reservoir is a big island with about 0.1 n
capacitance to the ground plane and galvanically isola
from the external environment. The qubit states are co
ently controlled by a non-adiabatic control pulse, yielding
superposed state ofu0& andu1&. The readout part includes a
electrometer which is a conventional low-frequency sing
0163-1829/2004/69~18!/180507~4!/$22.50 69 1805
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electron transistor~SET! (Cs'1000 aF) and a charge tra
(Ct'1000 aF) placed between the qubit and the SET. T
trap is connected to the box through a highly resistive tun
junction (Rt'100 MV) and coupled to the SET with a ca
pacitanceCst'100 aF. The use of the trap enables us
separate in time the coherent state manipulation and rea
processes and, in addition, the qubit becomes electros
cally decoupled from the SET. The qubit relaxation rate

FIG. 1. ~a! Scanning electron micrograph of the device. T
aluminum structure is deposited on top of a thin Si3N4 insulating
layer (0.4mm) above a gold ground plane. The device consists o
Cooper pair box, a reservoir, a trap and a measurement SET. Th
~‘‘box’’ and ‘‘trap’’ ! and pulse~control and readout! gates control
potentials of the islands. Pulse operation is schematically re
sented in the inset.~b! Stability diagram of the SET coupled to th
trap. Open circles mark positions of the SET quasiparticle curr
peaks onVgs–Vgt plane~dc gate voltages of the SET and the trap!.
Pairs of numbers (Nt ,Ns) designate the trap-SET ground sta
charge configuration in each cell bounded by the SET peaks
solid lines. Dashed, dashed-dotted and dotted lines indicate p
tions of the SET peaks for 0, 1 or 2 additional electrons in the tr
respectively.~c! A typical time-trace of the SET current~lower
panel! together with the readout pulse sequence~upper panel!.
Negative switches on the lower curve correspond to the dete
charge of the trap. Digits 1 and 0 mark readout bits.
©2004 The American Physical Society07-1
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duced by the SET voltage noise is suppressed by a facto
(CbtCst /CtCb)2'331025, whereCbt'30 aF.18 The cou-
pling strength can be made even weaker, if the unwan
box-to-trap capacitanceCbt is further decreased.

The operation of the circuit can be described in the f
lowing way. During the qubit manipulation, the trap is ke
unbiased prohibiting charge relaxation to the trap. Once
control pulse is terminated, the readout pulse~see the inset of
Fig. 1~a!! is applied to the trap. The length and the amplitu
of the readout pulse are adjusted so that if there is an e
Cooper pair in the box after termination of the control pul
it escapes to the trap through a quasiparticle tunneling wi
high probability. After the charge is trapped, it remains in t
trap for a long time~a reverse trap-to-box charge relaxati
is suppressed due to the superconducting energy gapD)
and is measured by a low-frequency SET.

The Hamiltonian of the two-level system of th
qubit in the charge basisu0& and u1& ~without and with
an extra Cooper pair! is H5Ub(0,Qb)u0&^0u
1Ub(2,Qb)u1&^1u21/2EJ (u0&^1u1u1&^0u) ~we define an
electrostatic energy of island k as Uk(Nk ,Qk)
5(Nke2Qk)

2/2Ck , wherek is eitherb or t indicating box
or trap island, respectively,Nk is an excess electron numbe
and Qk is a gate induced charge in the island. Start
at Qb0(Qb0,Qb1), where E@EJ (DE5Ub(2,Qb)
2Ub(0,Qb)) we let the system relax to the ground sta
which is nearly pure charge stateu0&. Then we instantly
change the eigenbasis for a timetc by applying a rectangula
control pulse, which brings the system toQb1. If Qb1 is a
degeneracy point (DE50), the final state of the contro
pulse manipulation is u0&cosvJtc /21u1&sinvJtc /2 (vJ
5EJ /\), therefore, after the pulse termination, the stateu1&
is realized with a probability of sin2vJtc /2.

Figure 1~b! shows an experimentally measured stabil
diagram: SET current peak positions as a function of trap
box gate voltages of the SET and the trap. By setting the
and trap gates to one of the pointsNt0 , Nt1, or Nt2, we can
detect if the trap has 0, 1 or 2 additional electrons. In
measurements, the SET is usually adjusted toNt0. To read-
out the qubit, the trap is biased by the readout pulse of ty
cal length t r5300 ns and amplitudeDQt53.5e(DQt5Qt1
2Qt0), applied to the readout gate, letting an extra Coo
pair of the stateu1& escape to the trap through a quasiparti
tunneling and switching off the SET current~the SET peak
position is shifted to the position of the dashed line!.

Figure 1~c! demonstrates a readout pulse sequence~an
upper curve! together with a time-trace of the SET current~a
lower curve!, where negative switches coming synchr
nously with the readout pulses are counted as charge d
tion events. The trap relaxes to its ground state in a tunne
process of the extra charge to the reservoir via the box.
lifetime of the trapped charge is about 300ms, which is
much shorter than the theoretically estimated one for tun
ing of thermally excited qusiparticles. This is probably due
defects in the tunnel junction or uncontrolled no
equilibrium quasiparticles. We use repetition time of 2 ms
let the trap freely relax, which in principle can be shorten
if negative ‘‘reset’’ pulse is applied to the trap.

An experimentally obtainedP5m/nt ~number of counted
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switchesm normalized by total number of shotsnt , usually
nt5327 for one data point! as a function of the control puls
lengthtc and the amplitudeDQb (DQt5Qt12Qt0) is shown
as a two-dimensional plot in Fig. 2~a!. We define the pulse
with DQb50.84e([QbA) and tc5120 ps, whenP reaches
maximum, as ap-pulse. Figure 2~b! demonstrates coheren
oscillations as a function oftc measured atDQbA . As shown
by the vertical arrowed line, the visibility here reaches 0.6
while the longest lasting oscillations shown in Fig. 2~c! are
found atDQb50.75e([QbB), ~the phase decoherence is e
pected to be the weakest at the degeneracy point!. We believe
thatQbAÞQbB due to the control pulse distortion because
limited frequency bandwidths of the transmission lines a
the pulse generator.

Curves with open and closed dots in Figs. 3~a,b! represent
P as a function of the readout pulse amplitudeDQt with and
without control p-pulses, respectively. The probabilitie
measured atNt0 are shown in Fig. 3~a!, while the probabili-
ties measured atNt2 ~where positive switches are counte!

FIG. 2. ~a! Coherent oscillations measured by averaging o
many events of the single-shot measurements.~b! P vs tc measured
at DQb50.84e([QbA), where visibility is the highest.~c! P vs tc

measured atQb50.75e([QbB), where the oscillations are th
longest lasting~degeneracy point!. Dashed envelops correspond
the exponential decay with the decay time of 5.8 ns.

FIG. 3. P vs readout pulse amplitudeDQt with and without
p-pulse ~open and closed cycles, respectively!. ~a! P measured at
Nt0 @see Fig. 1~b!#. ~b! P measured atNt2. One may distinguish
three different regions on the plots:~I! a finite probability for the
excited state detection is only atNt0 position;~II ! finite probabilities
for the excited state detection are atNt0 and Nt2 positions; ~III !
switches are detected even if the qubit is in the stateu0&. Threshold
amplitudesQtA , QtB , QtC are derived for the box-to-trap relax
ation processes (2,0)→(1,1), (1,1)→(0,2) and (0,0)→(21,1), re-
spectively.
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are shown in Fig. 3~b!. One may divide the plots into thre
regions marked by I, II and III differing from each other b
the counting characteristics. Based on the data from th
plots, we suppose that when the qubit is in the stateu1&, one
quasiparticle tunnels from the box to the trap in the proc
(2,0)→(1,1) within region I ((Nb ,Nt) represents the box
trap quasiparticle configuration!; quasiparticles tunnel to th
trap in the process (2,0)→(1,1)→(0,2) within region II; a
quasiparticle tunneling process becomes possible even
the stateu0& in region III.

The quasiparticle tunneling is energetically feasible in
process (Nb ,Nt)→(Nb21,Nt11), when the following con-
dition is satisfied Ub(Nb ,Qb0)1Ut(Nt ,Qt1).Ub(Nb
21,Qb0)1Ut(Nt11,Qt1)12D ~we neglect the interaction
energy term which is as small as the inter-island coupl
strength!. Substituting an explicit expression for the energi
one may find the necessary trap readout pulse amplitude
the quasiparticle escapeDQt.Qt81Nte1h(22Nb)e,
where h5Ct /Cb and Qt85e/22h(3e/22Qb0)12DCt /e
2Qt0. We define three threshold amplitudes ofDQt , at
which the following processes become possible: (2
→(1,1) at DQt.QtA , where QtA5Qt8 ; (1,1)→(0,2) at
DQt.QtB , whereDQtB5Qt81(11h)e; (0,0)→(21,1) at
DQt.QtC , where QtC5Qt812he. The threshold ampli-
tudes calculated withQtA50.6e @taken from the first step o
P curve in Fig. 3~a!# and h51.67 areQtB53.3e and QtC
53.9e and shown in Figs. 3~a! and 3~b! by the dashed ver
tical lines. Note that the probability for the trap to have
charge atDQt.4.5e reaches 1 in Fig. 3~a!. This proves that
once the charge is trapped it is detected with 100% proba
ity. For the highest efficiency, we set the operation point
the SET toNt0, where either one or two trapped quasipar
cles yield a negative switch of the SET current and the pu
amplitude toDQt'3.5e, at which two quasiparticles ma
escape to the trap.

Figures 4~a! and 4~b! demonstrate time relaxation dynam
ics of the qubit states. Figure 4~a! shows a probabilityP to
find an extra charge in the trap, when time delaytd is intro-
duced between the controlp-pulse and the readout pulse
The exponential decay ofP may be explained by tunnelin
to the reservoir@presumably via energetically feasible Co
per pair tunneling (2,0)→(0,0)] because alternative quas

FIG. 4. ~a! P as a function of delay between the controlp-pulse
and the readout pulsetd . A solid curve is a fitting by an exponen
with a decay rateb5(220 ns)21. ~b! A probability of u1& states
detection created by the -pulse as a function of the readout p
length t r . A solid curve is a result of fittingm(t) using Eq.~1!
normalized bynt with fitting parametersn0* and a (n0* /nt50.87
anda5(37 ns)21). The inset shows probability withoutp-pulses.
P is fitted by 12exp(2gtr) with g5(4.1 ms)21.
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particle relaxation to the trap through the high resistive ju
tion is blocked by 2D when the trap is not biased. Th
relaxation rate to the reservoir found from the fitting~solid
curve! is b5(220 ns)21. Figure 4~b! shows relaxation dy-
namics of the stateu1& as a function of the readout puls
length t r (td'0). This relaxation is mainly determined b
quasiparticle decay to the trap with a ratea (a@b). Addi-
tionally, the inset of Fig. 4~b! shows dynamics ofu0&-state
relaxation ~‘‘dark’’ switches! to the trap. These ‘‘dark’’
switches can be presumably described by the process (
→(22,2), with a weak relaxation ratem5(4100 ns)21 de-
rived from fitting the data by 12exp(2g tr) ~solid curve!.

Let us consider the relaxation dynamics in more det
The number of excited states,n* , decreases within the time
interval @ t,t1dt# as dn* (t)52an* (t)dt2bn* (t)dt.19

The number of states in~0, 0! configuration,n(t), changes,
in turn, as dn(t)52gn(t)dt1bn* (t)dt. We may also
write an expression for the number of events in which
trap is found to be charged:dm(t)5n* (t)dt1n(t)dt. Solv-
ing these equations with the initial conditionsn* (0)5n0* ,
n(0)5nt2n0* andm(0)50 we find

m~ t !5nt@12e2gt#1
n0* ~a2g!

a1b2g
@e2gt2e2(a1b)t#. ~1!

We fit the data of Fig. 4~b! by a curve ofP5m(t)/nt with
m(t) taken from Eq.~1! with two fitting parametersa and
n0* . The fitting givesa5(37 ns)21 ~Ref. 20! and n0* /nt

50.84, implying that the efficiency ofu0&-to-u1& conversion
by the controlp-pulse is 84%.

If our readout pulse lengtht5t r satisfies the conditions
g!t r

21!a1b, then Eq.~1! can be simplified to

m~ t !'n0*
a

a1b
1gt rFnt2n0*

a

a1bG . ~2!

Using Eq.~2!, one may estimate an efficiency of the singl
shot readout. We introduce a probabilityPy(x) of finding the
trap charged (y51) or uncharged (y50), when the qubit is
in ux& state (x is either 0 or 1!. According to the definition of
Py(x), P0(0)1P1(0)51 andP0(1)1P1(1)51. The total
number of detected events expressed in terms of these p
abilities may be written asm5n0* P1(1)1(nt2n0* )P1(0).
Comparing the latter expression with Eq.~2! we find

P1~1!5
a1bgt r

a1b
~3a!

P1~0!5gt r . ~3b!

Confirming that our readout pulse lengtht r5300 ns ful-
fills the necessary condition for Eq.~3!, g!t r

21!a1b, we
directly find from Eq.~3! that the probability of detection o
the stateu1& is P1(1)50.87 and the stateu0& is P0(0)
50.93 (P1(0)50.07). The derived probabilities are consi
tent with the mean probability of the oscillations at the d
generacy point, ^P&5@^n0* &P1(1)1(nt2^n0* &)P1(0)#/nt

50.47@horizontal line in Fig. 4~c!#, where^n0* /nt&50.5. We
suppose that the readout efficiency can be very much

se
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proved by optimizing the relaxation rates and fabricat
procedure, because the factor of exp@22D/kT#'exp@250#
gives very strong suppression of unwanted relaxat
through thermally excited quasiparticles.

Finally, we would like to briefly discuss new possibilitie
and potential applications, which this scheme opens. The
island works as a dynamic memory cell, which stores
multi-qubit state in a classical bit. Therefore, the data can
further processed in a classical way. For example, imp
menting sequential readout of many cells connected in se
similar to that of charge-coupled devices, will allow one
reduce a number of output circuit channels. Also, the sing
shot readout of a double qubit system8,9 will allow us

*Electronic address: astf@frl.cl.nec.co.jp
†On leave from Lebedev Physical Institute, Moscow 117924, R
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