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We analyze single-shot readout for superconducting quidtsontrolled catch, dispersion, and release of
a microwave field. A tunable coupler is used to decouple therowniave resonator from the transmission line
during the dispersive qubit-resonator interaction, thrmimventing damping from the Purcell effect. We show
that if the qubit frequency tuning is sufficiently adiabatidast high-fidelity qubit readout is possible even in the
strongly nonlinear dispersive regime. Interestingly, Jagnes-Cummings nonlinearity leads to the quadrature
squeezing of the resonator field below the standard quantuin fesulting in a significant decrease of the
measurement error.

PACS numbers: 03.67.Lx, 03.65.Yz, 42.50.Pq, 85.25.Cp

Introduction-Fast high-fidelity qubit readout plays an im-
portant role in quantum information processing. For super-
conducting qubits various nonlinear processes have begh us
to realize a single-shot readout [1-6]. Linear dispersaaslr
out in the circuit quantum electrodynamics (cQED) setup
[7, 8] became sulfficiently sensitive for the single-shotitub

measurement only recently [9, 10], with development of nhear (b) _catch | disperse release
quantum-limited superconducting parametric amplifiers [9 0.20f— ——————————72
11]. In particular, readout fidelity di4% for flux qubits [9] < 0.15 7.0 ~
and97% for transmon qubits [10] has been realized (see also = 6.8 T
[12]). With increasing coherence time of superconducting < 0.10 6.6 T
qubits into 10-10Q:s range [13, 14], fast high-fidelity readout & 64 S
becomes practically important, for example, for reachhmy t 0.05¢ 62 °
threshold of quantum error correction codes [15], for which 0.00= 6.0
the desired readouttime is less than 100 ns, with fidelitwabo 0

99%. ttns)

A significant source of error in the currently available FIG. 1: (color online). a) Schematic of the measurementpsefhe
cQED readout schemes is the Purcell effect [16] — the cavity*adio frequency (RF) source produces a microwave pulsewiop-
induced relaxation of the qubit due to the always-on cogplin ulates the resonator via a small capacitir. The resonator photons
between the resonator and the outgoing transmission line. T then interacts with a capacitively’§) coupled qubit. The interac-

. . . tion with the outgoing transmission line is controlled byuadble
Purcell effect can be reduced by increasing the qubit-retson coupler, which releases photons at the end of the procetdbeere-

detuning; however, this reduces the dispersive interaeti@l  |gased field is then amplified and mixed with the local osttiiéLO)
increases measurement time. Several proposals to overcorsignal to be measured via homodyne detection. b) The RF p(ise
the Purcell effect have been put forward, including the use o(blue curve) and varying qubit frequeney () (red curve), with ap-
the Purcell filter [17] and the use of a Purcell-protectedigub proximate indication of the “catch”, “disperse”, and “rate” stages.
[18]. Here we propose and analyze a cQED scheme whicRashed lines show the resonator freqqeaagyind iTit.iaI/finaI"qubit
avoids the Purcell effect altogether by decoupling the resT8aUeNCYwo; A = wr —wq is the detuning at the “disperse” stage.
onator from the transmission line during the dispersiveitgub

resonator interaction.

Main idea and resultsSimilar to the standard cQED mea- ated with _the Purcell effect, as coupling to the incoming mi-
surement [7—10], in our method (Fig. 1) the qubit state af-crowave line can be made very small [20].
fects the dispersive shift of the resonator frequency, ihat During the “catch” stage, the initially empty resonator is
turn changes the phase of the microwave field in the resqnatadriven by a microwave pulse and populated withO pho-
which is then measured via homodyne detection. Howevetons. At this stage the qubit is far detuned from the resanato
instead of measuring continuously, we perform a sequence ¢Fig. 1(b)], which makes the dispersive coupling negligibl
three operations: “catch”, “disperse”, and “release” @hi-  and allows the creation of an almost-perfect coherent gtate
crowave field. During the first two stages a tunable couplethe resonator. At the next “disperse” stage of the measure-
[19, 20] decouples the outgoing transmission line from thement, the qubit frequency is adiabatically tuned closeh#o t
resonator. This automatically eliminates the problemeass resonator frequency to produce a strong qubit-resonator in
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teraction (it may even be pushed into the nonlinear regime). 0f«) 1 dotsevery 5ns | 10° ®)

During this interaction, the resonator field amplitud&sz{ R I s Po P,
associated with the initial qubit staté®y and|1) rapidly ac-  ~-1 11072

cumulate additional phases and separate in the compleg phas’ g SO

plane [see Fig2(a)]. Finally, at the last “release” stage of E oot o 104

the measurement, after the qubit frequency is again detuned

from the resonator, the resonator photons are releasethmto  _3|, ‘ 1

outgoing transmission line. The signal is subsequentlylamp 2 Re((;» r) 1 2 2¢ ? *
fied (by a phase-sensitive parametric amplifier) and sehto t ‘

mixer where the homodyne detection is performed. FIG. 2: (color online). (a) Evolution in time of the effeatifield am-

With realistic parameters for superconducting qubit tech-plitude A on the complex phase plane for initial qubit statiésand
nology, we numerically show that the measurement of 30-4QL), computed numerically. The horizontal line emphasizeghsli
ns duration can be realized with an error below?, neglect- ~ asymmetry. The dots indicate time moments- 0, 5, 10, 15, 20,
ing the intrinsic qubit decoherence. The latter assumption 25 and 30 ns. (b) Corresponding probability distributidh¢a,)

f . - S and P (x,) for measurement (at= ¢¢) of the optimum quadrature
quires the qubit coherence time to be over ) which is z,. Side bumps of, and P, are due to non-adiabaticity. We used

already possiple expgrimentglly [14]. Itis intergstingttbe- g/27 = 30 MHz, A/27 = 50 MHz, [Ain|? = 9 (Bo/2r = 497.4
cause of the interaction nonlinearity [21, 22], increadi®®  \MHz, 75 = 1 ns),0q = 3 nS,tq = 3.25 NS, tqe = 30 NS, t5 = 3 NS,
microwave field beyone- 10 photons only slightly reducesthe andt; = 32 ns.
measurement time. The nonlinearity also gives rise to about
~50% squeezing of the microwave field, which provides an , ) .
order-of-magnitude reduction of the measurementerror. ~ the resonator. In this case, the system is 2descr|bed by the
The modekWe consider a superconducting phase or transtStal d|sp(§r3|ve Hamiltonian [#q = (wo + g°/A)o./2 +
mon qubit capacitively coupled to a microwave resonatay.[Fi (wr + 029 /%)aTa’ ”where o Is the P‘?‘”'.' matrix. Af-
1(a)]. For simplicity we start with considering a two-level t€F the short “catch” stage the system is in a product state
qubit (the third level will be included later) and describet (¢10) + 5I1))|Ain), wherea and are the initial qubit state
system by the Jaynes-Cummings (JC) Hamiltonian [7] with 6f':_lmplltudes anqin is the amplitude of t2he coherent (esonator
microwave drive (we usg — 1) f|e_Id, An = —i [ B(t)dt _(SOﬁ = |Ain|?). Then during the
“disperse” stage the qubit-resonator state becomes dathng
H = wq(t)oyo_ +wa'a+glaoy +o_al) a|0)[Ao(2)) "‘t ﬂ|21>|/\1(t)>1 with Ao = Aine ™%, A1 = Aine'?,
T, —iwt * iwt and¢(t) = f [g /A(t/)]dtl
+ B(t)ale + B (t)ae™, (1) The distin(g):juishablity of the two resonator states depends o
wherew, (t) andw, are, respectively, the qubit and the res- their separationiA| = [A1 — Ao| = 2|Ain| sin [¢| (see numer-
onator frequencies;,. are the rasing and lowering operators ical reSL_JIts in Fig2). The releaged cqherent statgs are mea-
for the qubit,a (a') is the annihilation (creation) operator for Suréd via the homodyne detection using the optimal quadra-
the resonator photong,(assumed real) is the qubit-resonator tUré connecting, and A, i.e. corresponding to the angle
coupling, B(t) andw are the effective amplitude and the fre- ¥ = a&rdA1 — o). We rescale the measurement results to
quency of the microwave drive, respectively. In this work wethe dimensionless field quadrature = (ae™** + afe’?)/2,

assumev = w,. which corresponds to thg-angle axis in the phase space of
For the microwave drivé3(¢) and the qubit frequenay, (¢) Fig. 2(a). In resolving the two coherent states, we are essen-
[Fig. 1(b)] we use Gaussian-smoothed step-functidh@) = tially distinguishing two Gaussian probabllhty distribrts,
0.5Bo{Erf[(t — t5)/v/208] — Eff[(t — tg — 78)//208]} and Po_(xg,) and P (z,), centere_d at-|dA|ocon With Ocoh = 1/2
wq(t) = wo + 0.5(Ag — A){Er(t — t4)/ /204 — Erf[(t — being the coherent-state width (standard deviation) fah bo

tqc)/\/%qe]}. wherets, tp + 75, tq, andt,e are the centers distributions. Then the measurement error has a simple form
of the front/end ramps, andg, o4, ando, are the corre- o . mr
sponding standard deviations. In numerical simulations we E = 1/ min(Py, P1) dx, = ! Erf('?' 77/2)7 2
useop = 0qe = 1 ns (typical experimental value for a short -
ramp) while we use longer, to make the qubit front ramp wheren = 7ncmamp is the detection efficiency [24], which
more adiabatic. Other fixed parameters /s = 30 MHz, includes the collection efficienayo and quantum efficiency
8 = 1 NS,tg = 3 ns,w, /27w = 7 GHz, andw, /27 = 6 GHz, of the amplifiernamp  Unless mentioned otherwise, we as-
so that initial/final detuning\g = w, —wg is 1 GHz, whilethe  sumern = 1, which corresponds to a quantum-limited phase-
disperse-stage detuniny is varied. The measurement starts sensitive amplifier (for a phase-preserving amplifiet 1,/2).
att = 0 and ends afy = ¢4 + 204 When the field is quickly Full analysis—In general the JC qubit-resonator interac-
released [23]. tion (1) is non-linear for|Ai,|* = A?/4¢* [7] and the res-
Simplified analysisiLet us first consider a simple dis- onator states are not coherent. The measurement Erisr
persive scenario at large qubit-resonator detunijdy, >  still given by the first part of Eq.2), while the probabil-
gvn+ 1, wheren is the average number of photons in ity distributions P ;(z,) of the measurement result for the




qubit starting in either stat®) or |1) can be calculated in 5 i ‘ ‘ NP
the following way. Assuming an instantaneous release of the 107 g/27 = 30MHz "6
field, we are essentially measuring the operator There- = 1031 —9
fore the probabilityP(x,,) for the ideal detectioni( = 1) g — g
can be calculated by converting the Fock-space density ma- 10_4\
trix p,.,, describing the resonator field, into thg-basis, thus

obtainingP(z,) = 3., Un () prm (D)0, (2 )e~ nmm)%, 10—5\\
wherey,, (z) is the standardth-level wave function of a har- ‘ ‘ ‘ ‘

monic oscillator. For a non-instantaneous release of the mi 27 28 29tf (ns)30 3 32

crowave field the calculation aP(z,,) is non-trivial; how-
ever, since the qubit is already essentially Qecoupled fro”l}IG. 3: (color online). Optimized measurement erfbvs measure-
the resonator, the above result f8(z,,) remains the same  ment timer; (optimization is performed ovek, o, andt,). The mi-
[25] for optimal time-weighting of the signal. In the caseaof crowave pulses correspond to mean photon nuhbgf = 6,9, 12,
non-ideal detectiorm( < 1) we should take a convolution of and15. The lines are guides for the eye.
the idealP(z,) with the Gaussian of widtR/7=1 — 1 o¢oh.
Calculation of the optimum phase angianinimizing the er-
ror is non-trivial in the general case. For simplicity welsti the overbar denotes the (dressed) eigenstategandt) =
use the natural choice = argAe1 — Aetr,0), Where the fttD dt'[\/A(t')? + 4g?n—A(t')] /2 is the accumulated phase,
effective amplitude of the resonator field [26] is defined bywith tp = ¢g + 75/2 being the center of thé3(¢)-pulse,
et = Y, V/Npn.n—1. The field density matriy,, is calcu-  which is crudely the start of the dispersion. Similarly, if
lated numerically using the Hamiltoniaf)(and then tracing the qubit starts in statél) (following the ideology of Ref.
over the qubit. [27], we then useé10) as the initial state), the state evolves

Extensive numerical simulations allowed us to identify twoas [y, (t)) ~ e~ /25" (A2 /3/pl)ei®r~ ([T n), where
main contributions to the measurement erffan our scheme. bra(t) = ftt dt’[\/A(t’)2 F4@(n+ 1) — A())]/2. Us-
The first contribution is due to the insufficient separatién o . D
the final resonator statga.qs,1) and |A\es o), as described
above. However, there are two important differences fro
the simplified analysis: the JC nonlinearity may dramaltcal t g
change|d\| and it also produces a self-developing squeez- Aef,0 = Ain exp [—i
ing of the resonator states in the quadratuyge significantly tn VAF)? + 48 in]?
d_ecreasmg_ the error compared with E2) (both effec_ts ar - The corresponding expression fag ; can be obtained by re-
discussed in more detail later). The second contribution to .~~~ i and |\ |2 with [ A, |2 + 1. These formulas
the measurement error is due to the nonadiabaticity of thg acing—: With ¢ mie m ' i

. ) agree well with our numerical results. In particular, thay e

front ramp of the qubit pulse,(¢), which leads to the pop- lain why \ rotates sliahtly faster thai as seen in
ulation of “wrong” levels in the eigenbasis. This gives risep Y Aett,0 ghtly eff, 1

. . ~ AP Fig. 2(a).
to the side peaks (“bumps”) in the probability distributon . : .
Py.1(,.), as can be seen in Fig(b) (notice their similarity to Equation 8) shows that a decrease in detuning leads to an

the experimental results [9, 10], though the mechanisnfis di L?g;ﬁ?:g:ﬁéh?r;g?tllgni ezgﬁﬁféHt(;]v;e;ﬁr,l:?atrhg s;;odnzg[_
ferent). During the dispersion stage these bumps move in the 9 " g g P

“wrong” direction, halting the exponential decrease in ¢ne urﬁtehstﬁtd)garg()\efégil))/dt N jig/?'l/.\'”!i ;’Eus, the rate at

ror, and thus causing the error to saturate. The nonadditiyati WhICh I€Aefr1 aNdAerro SEparate Is fimited by

at the rear ramp ab,(¢) is not important because the moving d|SA|/dt < |g], (4)

bumps do not have enough time to develop. Therefore the rear -

ramp can be steep, while the front ramp should be sufficientlyvhich does not depend dn,|. This means that the mea-

smooth [Fig. 1(a)] to minimize the error. surement time should not improve much with increasing the
Now let us discuss the effect of nonlinearity (wHen|?> > mean number of photorigi,|? in the resonator, as long as it

A?/4g%) on the evolution ofAcq,0 and Ag,1 during the s sufficient for distinguishing the states with a desireelftgt

disperse stage. Since the RF drive is turned off, the in{crudely,|\in|> > 7/n for E < 107%).

teraction described by the Hamiltoniah) (occurs only be- Results of numerical optimizatiedrigure3 shows the re-

tween the pairs of state®,n) and [1,n — 1) of the JC  sults of a three-parameter optimization of the measurement

ladder. Therefore, if the front ramp of the qubit pulseerror E for several values of the average number of photons

is adiabatic, the pairs of the J€igenstatesevolve only in the resonator\ix|? (@assuming; = 1). The optimization

by accumulating their respective phases while maintainparameters are the qubit-resonator deturinghe widtho,,

ing their populations. Then for the qubit initial stai®, and the centet, of the qubit front ramp. We see that for 9

the qubit-resonator wavefunction evolves approximataly aphotons in the resonator the error ti—* can be achieved

[Wo(t)) =~ e Pnl*/257 (An/\/nl)e=i90.n (0[5 1), where —with 30 ns measurement duration, excluding time to release

ing the above definition ok.g and assuming\;,|? > 1 we
mderive an approximate formula

at'| . (3)
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FIG. 4: (color online). Optimized error vs measurement ttmor 1071}
[Xin|* =9 and quantum efficiencies = 1 orn = 1/2 (e.g. for a F o A/2x
phase-preserving amplifier), taking into account the glaviel |2) 5 1073} _ Toomuz
(with anharmonicity.A/2m = 200 MHz) or assuming a two-level [E L— 150MHz
qubit. 1050 200MHz
— 250MHz
10_7: (b) | | NTlmeric | ‘
and measure the field. The optimum parameters in this case 0 1 2 3 4 5 6
are: A/21 = 60 MHz, o, = 4.20 ns, and, = 3.25 ns [this oAl

is a strongly nonlinear regime\ix|?/(A?/4¢%) = 9]. As _ _ _
expected from the above discussion, increasing the mean phb!C: 5: (color online). (a) Time-evolution of the quadrasqueez-
ton number to 12 and 15 shortens the measurement time ona'? (the qubit is initially in stat¢0)). (b) Measurement error Y8

. . tained numerically (solid lines) and using Eq. (2) (dastee);
slightly (by 1 ns and 2 ns, keepmg the same error). ;I'he dotte e evolution stops at 98 ns. Hegg2r — 30 MHz, [An|® = O,
blue curve in Fig4 shows the optimized error fdAin|* =9 ;. — 4ns, and;, = 3.25 ns.
and imperfect quantum efficieney = 1/2. As we see, the

measurement time for the error level df# increases to 40
ns, while the error of 0~ is achieved at; = 32 ns. in Fig. 3 the non-QNDness (probability that the initial states

So far, we considered the two-level model for the qubit.|00) andm are changed after the procedure, including the
However, real superconducting qubits are only slightlyaanh release stage) is crudely about 5%, which is mainly due to
monic oscillators, so the effect of the next excited le\l  non-adiabaticity of the rear ramp of the qubit pulse. It ispo
is often important. It is straightforward to include thedév sible to decrease the non-QNDness significantly by using a
|2) into the Hamiltonian 1) by replacing its first term with larger rear ramp widthr,. and correspondingly increasing
wq|1) (1] + (2wq — A)|2)(2|, whereA is the anharmonicity. the overall duration by several nanoseconds. However, the
The dispersion can then be understood as due to repulsiaron-QNDness cannot be reduced below the level of few times
of three eigenstates{0,n), [1,n — 1), and|2,n —2). As  (g/Ao)?, essentially because of the Purcell effect during the
the result,\.g o rotates on the phase plane faster than in theelease stage.
two-level approximation, while\.s ; rotates slower (some-  Squeezing:The JC nonlinearity causes the quadrature
times even in the opposite direction). The Supplemental Masqueezing of the microwave field. To quantify the squeez-

terial [28] illustrates evolution of the resonator Wignané-  ing, we calculate the varianagz?, = (22) — (x,,)?, which

tion corresponding to initial qubit state®) and|1). The de-  can be put in the forrmzi =1/4+ (ata)/2 — |(a)|2/2 +
tailed description of the effect of levél) is beyond the scope Re|((a2) — (a)2)e~2]/2. For a coherent field\a2 = 1/4,

of this paper. Here we only show the optimized error foryhys the state is squeezed [26] whehz2 < 1. Notice that
A/2m = 200 MHz (a typical value for transmon and phase the degree of squeezing depends on the choige blowever,
qubits),[Aiw|* = 9 andn = 1 orn = 1/2 as the red lines in  in order to see the effect of squeezing on measurement error,
Fig. 4. For the error of0~* the measurementtinteis 31 NS we compute the squeezing along the measurement direction,
and 39 ns, respectively. ¢ = arg Nefr1 — Aeft0)-

The presented results are for the couptiigr = 30 MHz. Figure 5(a) shows evolution of the squeezing parameter
While the dispersion rate scales@ the strongly nonlinear  4Az2 when the initial qubit state i$0) (a similar result is
regime [see Eq4)], the scaling of the overall duration of the optained for the initial statél); we again use the two-level
measurement process is slower thgart because of signifi-  approximation and; = 1). Notice that at first the field
cant time needed at the initial and final stages [see Fig].1(b) stays coherent, which is due to the linearity of the qubit-

In this work we are not interested in how close our read+esonator interaction at large detuning. Later on, howeker
out is to the quantum non-demolition (QND) measuremeninteraction becomes nonlinear due to decreased detunihg an
[29]. Notice that in the proposed implementation of the surdeads to quadrature squeezing reaching the level5§f% for
face code [15] the measured qubits are reset, so the QNDA /27 < 100 MHz (see [28] for the Wigner function evo-
ness is not expected to be important. For the results pegentlution). Figure5(b) shows the measurement error as a func-
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