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Non-Markovian transient spectroscopy in cavity QED
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We theoretically analyze measurements of the transient field leaving a cavity as a tool for studying non-
Markovian dynamics in cavity quantum electrodynamics (QED). Combined with a dynamical decoupling
pulse sequence, transient spectroscopy can be used to recover spectral features that may be obscured in the
stationary cavity transmission spectrum due to inhomogeneous broadening. The formalism introduced here can
be leveraged to perform in situ noise spectroscopy, revealing a robust signature of quantum noise arising from
noncommuting observables, a purely quantum effect.
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Introduction. Significant effort has recently gone towards
reaching the strong-coupling regime of cavity quantum elec-
trodynamics (QED) for individual long-lived spin and charge
qubits, with the goals of achieving long-range coupling [1],
performing fundamental studies of many-body phenomena
[2], and realizing other exotic effects arising from hybrid
systems [3]. Strong coupling has been observed between mi-
crowave photons and charge qubits in GaAs [4], spin qubits
in silicon [5–7], resonant-exchange qubits in GaAs triple
quantum dots [8], and spin qubits in carbon nanotube double
quantum dots [9,10] (DQDs). Two-qubit, photon-mediated
interactions have been observed between charge qubits in
GaAs DQDs [11] and between spin qubits in silicon DQDs
[12,13]. As these devices reach a progressively higher level
of sophistication and quality, it is increasingly important to
characterize the qubits and their local environments in situ,
together with the components that define the cavity.

In-situ characterization of a two-level emitter (qubit) cou-
pled to a cavity is often done by measuring a transmission
or reflection spectrum [4,5,7,14–16] in a setup similar to
that shown in Fig. 1. In this setup, an input tone rin,1(t ) =
(2π )−1

∫
dωe−iωt rin,1(ω) is introduced, and after a time long

compared to the cavity decay time κ−1, the output field
rout,2(t ) reaches a steady state. The stationary transmission
AT(ω) = rout,2(ω)/rin,1(ω) then carries information about the
qubit accounting for its interaction with the environment and
resulting decay processes. To interpret the transmission, it is
common to make the simplifying assumption that the qubit
dynamics are generated by a Markovian master equation, with
parameters characterizing dephasing and relaxation rates. The
standard tools of input-output theory [16–19] can then be
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applied. The Markovian assumption is often an excellent
approximation for single-atom emitters [14,15] and for the
superconducting transmon qubits commonly used in circuit
QED [16]. With some exceptions [20,21], these systems typ-
ically have coherence times T2 limited by the exponential
energy relaxation time T1: T2 � 2T1. In stark contrast, spin
and charge qubits defined using semiconductor nanostructures
almost universally undergo nonexponential (non-Markovian)
pure dephasing on a time scale T ∗

2 � T1 arising from inho-
mogeneous broadening due to low-frequency charge noise
or slow nuclear-spin environments. A different approach is
required for these and many other non-Markovian systems.

A dynamical decoupling pulse sequence can help miti-
gate the effects of strong inhomogeneous broadening, but the
result is a train of manifestly non-Markovian collapses and
revivals (echoes) in qubit coherence. Although these revivals
(of duration ∼T ∗

2 ) can be mapped to the transient output field
rout,2(t ) (see Fig. 1), their effect on the stationary transmission
spectrum is negligible since they are, by definition, transient.
Similar revivals have already been exploited for measurement
in spin-echo experiments on ensembles [22,23]. For a low-Q
resonator, the relationship between spin coherence and the
output field is relatively simple and time local [22]. By con-
trast, it is a nontrivial problem to relate the complex pattern of
revivals arising from, e.g., a dynamical decoupling sequence,
to real-time non-Markovian coherence dynamics for a high-Q
cavity. We perform this analysis here. Although our focus
is on individual spin and charge qubits under a widely used
dynamical decoupling sequence, the ideas presented here are
generally applicable to ensembles and to a wide range of
non-Markovian systems in cavity QED, a topic of significant
recent interest [24–28].

Model. We start from a typical cavity-QED setup (see
Fig. 1), with dynamics governed by the quantum master equa-
tion (taking h̄ = 1):

ρ̇ = −i[H (t ), ρ] + γφ

2
D[σz]ρ + κextD[a]ρ. (1)

Here, ρ = ρ(t ) is the joint state of the qubit, cavity, quantum
environment, and transmission lines. The qubit (with Pauli
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FIG. 1. A typical cavity-QED setup. The transmission spectrum
is obtained from the linear response of the output signal rout,2(t )
to a monochromatic input tone, rin,1(t ). In contrast, the transient
spectrum is found, for rin,1(t ) = 0, by generating a sequence of
control pulses via a qubit drive Hdrive(t ). These pulses induce non-
Markovian coherence revivals with envelope C̃(t ) for a qubit coupled
to its environment through some interaction hσz/2. A phase-sensitive
measurement of rout,2(t ) can then be used to determine C̃(t ). The
decay rates at the input and output ports of the cavity are denoted κ1

and κ2, respectively, while extrinsic decay is denoted κext .

operator σz = |e〉 〈e| − |g〉 〈g|) undergoes Markovian pure de-
phasing at a rate γφ , while photons in the cavity mode
(annihilated by a) decay at an extrinsic rate κext. The damping
superoperator acts like D[O]ρ = OρO† − {O†O, ρ}/2 for
any operator O; in addition to damping processes, the density
operator ρ evolves under the Hamiltonian

H (t ) = 1

2
[	 + 
(t )]σz + 1

2
h(t ) + ωca†a + gσx(a + a†)

+ Hdrive(t ) +
∑
i=1,2

∑
k

(λk,ie
iωkt r†

k,ia + H.c.), (2)

where 	 is the qubit resonance frequency, ωc is the cav-
ity frequency, and g is the qubit-cavity coupling. The term
Hdrive(t ) describes a drive acting on the qubit, while noise
is generated by 
(t ) = η(t ) + h(t ), where η(t ) is a classi-
cal noise parameter and h(t ) = ei(HE−h/2)t he−i(HE−h/2)t acts on
the environment alone. The time dependence of h(t ) arises
from a laboratory-frame Hamiltonian HE + hσz/2 together
with the assumption that the environment is prepared in a
steady state while coupled to the qubit held in |g〉 (see below
and Ref. [29]). We take η(t ) to be generated by a stationary
Gaussian process with zero mean (〈〈η(t )〉〉 = 0) and spectral
density

Sη(ω) =
∫

dte−iωt 〈〈η(t )η(0)〉〉, (3)

where here, the double angle brackets 〈〈〉〉 represent an av-
erage over noise realizations. The terms ∝ λk,i in Eq. (2)
describe coupling of the cavity mode to the input (out-
put) [for i = 1(2)] transmission-line mode annihilated by rk,i

and having frequency ωk . For modes propagating in one
dimension, rin,i(t ) = [c/L]1/2 ∑

k e−iωkt 〈rk,i〉0 and rout,i(t ) =
[c/L]1/2 ∑

k 〈rk,i〉t , where L is the length of the transmission
line and c is the speed of light. The notation 〈O〉t indicates

an average with respect to the state ρ(t ), together with an
average over realizations of the classical noise η(t ): 〈O〉t =
〈〈Tr{Oρ(t )}〉〉.

Transient spectroscopy. In order to accurately monitor
qubit dynamics through the transient output field rout,2(t ),
we consider the following protocol: (i) An undriven single-
sided (κ1 = 0) cavity is prepared in a vacuum state |0〉 far
detuned from (or decoupled from) the qubit. (ii) The qubit
is prepared in its ground state |g〉, and the environment is
allowed to reach a steady state ρ̄E in contact with the qubit:
[HE − h/2, ρ̄E] = 0. (iii) At t = 0, the qubit and cavity are
tuned close to resonance (or the coupling g is turned on), and
a finite drive Hdrive(t � 0) generates qubit coherence 〈σx〉t .
This coherence is related to the cavity field 〈ã〉t = ei	t 〈a〉t
via direct integration of Eq. (1):

〈ã〉t = −ig
∫ ∞

−∞
dt ′ χc(t − t ′)ei	t ′ 〈σx〉t ′ , (4)

where χc(t ) = e−iδt−κt/2�(t ) for a cavity-qubit detuning δ =
ωc − 	 and total cavity decay rate κ = κext + κ2. Neglecting
retardation effects, the measured output field is then given
by the input-output relation rout,2(t ) = √

κ2 〈a〉t [17]. For a
single cavity-coupled qubit, the protocol [(i)-(iii)] is limited
to gathering � 1 bit of information per cycle, similar to many
early cavity-QED schemes [14]. These steps must therefore be
repeated many times to estimate the expectation value 〈σx〉t .

Dynamical decoupling. For concreteness, we consider
an N-pulse Carr-Purcell-Meiboom-Gill (CPMG) sequence,
where coherence preparation at t = 0 [such that 〈σ−〉0 =
1
2 〈σx〉0 �= 0] is followed by πx-pulses at times t =
τ/2, 3τ/2, ..., (N − 1/2)τ , leading to coherence revivals at
times t = nτ , n = 1, 2, . . . , N (see the Supplemental Ma-
terial [29] for the general formalism, valid for other pulse
sequences). We further specialize to the regime g < κ �
τ−1, where cavity backaction effects can be treated as a
small correction. In this regime, the coherence factor C(t ) =
〈σ−〉t / 〈σ−〉0 can be written in terms of a comb of revivals
(echoes) with peaks ∼Gn(t − nτ ) centered at t = nτ and an
echo envelope C̃(t ):

C(t ) =
∑

n

e−i	(t−nτ )Gn(t − nτ )KnC̃(nτ ). (5)

Here, Kz = z∗ for all z ∈ C. If T ∗
2 � τ [where 2/(T ∗

2 )2 =
(2π )−1

∫
dω Sη(ω)], and if C̃(nτ ) is slowly varying on the

timescale T ∗
2 , then we find

Gn(t ) = e
√

γPnτ 〈〈e−�P (η)nτ/2e−iηt 〉〉, (6)

where η = η(0) is the low-frequency contribution to η(t ),
�P(η) = g2κ/[(η − δ)2 + (κ/2)2] is the Purcell decay rate at
fixed η, and γP = (gT ∗

2 )2κ/2. The echo envelope is

C̃(nτ ) = e−√
γPnτ−γφnτ 〈〈Tr{U †

−(nτ )U+(nτ )ρ̄E }〉〉, (7)

where U±(nτ ) = T exp{− i
2

∫ nτ

0 [h(t ′) ± s(t ′)
(t ′)]} are evo-
lution operators acting on the environment, conditioned on the
σz-eigenvalue (±) of the qubit. Here, T is the time-ordering
operator and s(t ) = (−1)n(t ) for n(t ) π -pulses having taken
place up to time t . For n < 1/(γPτ ), backaction due to Purcell
decay is negligible and the revivals are well approximated by
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Gn(t ) � G0(t ) = e−(t/T ∗
2 )2

. The effects of backaction will be
further discussed below.

Taking the Fourier transform of Eq. (4) gives 〈ã〉ω =
−igχc(ω) 〈σx〉ω+	; the cavity susceptibility acts as a fil-
ter, χc(ω) = [i(δ − ω) + κ/2]−1. In the high-Q limit (Q =
ωc/κ � 1), χc(ω) suppresses the counter-rotating component
〈σ+〉t , allowing us to replace 〈σx〉t � 〈σ−〉t = C(t ) 〈σ−〉0 in
Eq. (4) for |δ| � |	|. Under the assumptions laid out above,
we find a general expression relating 〈ã〉ω to the echo envelope
C̃(nτ ) [29]. For a narrow cavity resonance, κT ∗

2 � 1, 〈ã〉ω
will be sharply peaked around ω = δ, leading to

〈ã〉ω=δ � −i 〈σx〉0

√
πgT ∗

2

κ

[
C̃N,τ (δ) − 1

2
C(0)

]
, (8)

where we neglect corrections smaller by O(g/κ ), O(κ/	).
Here,

C̃N,τ (ω) =
N∑

n=0

ein(ω+	)τ ḠnKnC̃(nτ ), (9)

where Ḡn = (
√

πT ∗
2 )−1

∫ ∞
−∞ dtGn(t ). The echo envelope C̃(t )

can thus be reconstructed by measuring rout,2(ω) to infer
〈ã〉ω=δ over some detuning interval O(2π/τ ) and then in-
verting the discrete Fourier transform C̃N,τ (ω). The revival
amplitudes KnC̃(nτ ) depend alternately on C̃(nτ ) (for n even)
and C̃∗(nτ ) (for n odd); this even/odd alternation is a direct
result of the high-Q limit, which (as we now show) can be
exploited to identify a purely quantum effect.

Quantum noise. For the secular coupling hσz/2 considered
here, we find a generic expression for the echo envelope
C̃(nτ ): Without loss of generality, we take 〈h〉t = 0, in which
case a Magnus expansion to second order in h(t ) followed
by a Gaussian approximation (valid for a large uncorrelated
environment [30]—see Ref. [31] for the non-Gaussian gener-
alization) gives

C̃(nτ ) � e−√
γPnτ−γφnτ exp{−i�q(nτ ) − χ (nτ )}, (10)

where

�q(nτ ) =
∫

dω

2π

Fq(ω, nτ )

ω2
Sq(ω), (11)

χ (nτ ) =
∫

dω

2π

Fc(ω, nτ )

ω2
Sc(ω). (12)

Here, Fc(ω, nτ ) = (ω2/2)| ∫ nτ

0 dt eiωt s(t )|2 is the usual
filter function for classical noise [32], Fq(ω, nτ ) =
ω

∫ nτ

0 dt sin(ωt )s(t ) is a new quantum-noise filter function,
and

S(ω) = Sc(ω) + iSq(ω)

= lim
ε→0+

∫ ∞

−∞
dt e−iωt−ε|t | 〈
(|t |)
〉 (13)

is the spectral density [29]. The magnitude of C̃(nτ ) is then
determined by the classical part of the noise spectrum Sc(ω) =
Re[S(ω)] = Sη(ω) + Sh(ω), where Sh(ω) depends only on the
symmetrized correlation function 〈{h(|t |), h}〉. For a quan-
tum environment, the envelope C̃(nτ ) generally has a phase
�q(nτ ) [Eq. (11)] determined by the quantum noise Sq(ω) =
Im[S(ω)], due to the antisymmetrized correlation function

〈[h(|t |), h]〉 [29]. This phase will manifest itself in the alter-
nation between C̃ and C̃∗ in the discrete Fourier transform
in Eq. (8) for n even/odd. The importance of quantum noise
due to noncommuting observables has long been recognized
in the mesoscopic-physics community [33]. In addition, it has
been measured in CPMG experiments performed on nitrogen-
vacancy center spin qubits in diamond, leading to a phase shift
�q(nτ ) ∼ π [34].

Despite this recognition of quantum noise in other com-
munities, a common simplification in noise spectroscopy is to
assume a frequency-symmetric, real-valued spectrum, S(ω) =
S(−ω) = S∗(ω), as would arise from a classical fluctuating
field [35–40] (although quantum noise has been incorporated
into some recent theory works [41,42]). By leveraging the
sensitivity of the cavity field to the phase of qubit coher-
ence revivals in the high-Q regime [Eq. (8)], we identify a
robust even-odd modulation of revivals arising from Sq(ω) =
Im S(ω), unique to quantum environments. Notably, this even-
odd effect would not appear for coupling of the form hσz/2
when ρ̄E is stationary with respect to HE alone ([HE, ρ̄E] =
0) [41,42], as may occur for an environment prepared in
the absence of the qubit. The quantum-noise phase �q(nτ )
[Eq. (11)] thus appears as a direct consequence of the initial
condition, [HE − h/2, ρ̄E] = 0 [29].

Characterizing a single nuclear spin. As a concrete appli-
cation, we consider an electron spin qubit in a silicon double
quantum dot (DQD) [5–7], exposed to a spatially varying
magnetic field. The magnetic field is assumed to have an x
component Bx(r) that averages to zero over the DQD and a
uniform z component Bz [30], a setup that is commonly used
to generate spin-photon coupling [44]. This leads to a secular
coupling and “environment” Hamiltonian given by

1
2 hσz = 1

2 AIzσz, HE = γ (BxIx + BzIz ). (14)

Here, Bx = Bx(r0) for a 29Si nuclear spin located at position
r0, I is a spin-I operator (I = 1/2 for 29Si), A is the hyperfine
coupling, and γ = −5.319 × 107 rad T−1 s−1 is the gyromag-
netic ratio. The same model also applies to a spin qubit in a
uniform B-field, provided the spin has an anisotropic g tensor,
leading to noncollinear quantization axes for the qubit and
nuclear spin. Alternatively, this model can describe a qubit
having a finite charge dipole interacting with the electric field
produced by a two-level charge fluctuator, where γ Bz and
γ Bx are replaced by the fluctuator bias and tunnel splitting,
respectively [20,45,46].

For an electron-spin qubit in isotopically enriched silicon,
coherence times may be limited by a small number of 29Si
nuclear spins [47]. Extracting parameters for individual nu-
clear spins could facilitate decoherence suppression through
a notch-filter dynamical decoupling sequence [48], or allow
for a transfer of information from the electron spin to the
nuclear spin for a long-lived quantum memory. The prob-
lem of characterizing the spin state of a single 31P donor
nuclear spin (with hyperfine coupling A/2π ≈ 25 MHz) was
recently considered theoretically in Ref. [49] in the context
of transmission spectroscopy (described by input-output the-
ory). For a 29Si nuclear spin coupled to a quantum-dot-bound
electron spin, however, the hyperfine coupling is orders of
magnitude weaker (A/2π ≈ −0.25 MHz has been measured,
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FIG. 2. (a) Inhomogeneously broadened cavity transmission at
δ = 0 for three values of T ∗

2 (T ∗
2 = 0.1 μs, 1 μs, and 10 μs).

We take A/2π = −0.250 MHz [43], γ Bz = γ Bx = A/2, γ −1
φ =

100 μs, κ/2π = 1 MHz, and g/κ = 0.2. For Bz = 15 mT, ωc/2π =
g∗μBBz/2π = 0.4 GHz, where g∗ = 2. We assume an infinite-
temperature initial state for the nuclear spin. (b) Revivals in the
cavity field, modulated by the echo envelope, assuming the same
parameters as in (a) with T ∗

2 = 1 μs. Once the echo envelope has
been mapped out (e.g., by varying τ ), it can be Fourier transformed
[inset] to recover the frequencies ω± obscured in (a).

for instance [43]). Spectral information in the transmission
AT(ω) = 〈〈AT(ω, η)〉〉 might be entirely obscured due to inho-
mogeneous broadening as a result [Fig. 2(a)]. Here, we have
averaged the transmission AT(ω, η) for a time-independent
but random value of η [29]. Even when spectral information
about the nuclear spin is completely obscured in a more con-
ventional measurement of the transmission spectrum, it can
still be recovered in the transient spectrum resulting from a
spin-echo sequence.

A finite value Bx �= 0 leads to echo envelope modula-
tions following a Hahn-echo sequence (CPMG with N =
1). For κT ∗

2 > 1 but Q = ωc/κ � 1, the cavity-field re-
vival is modulated by the echo envelope according to
〈a〉τ � −i 2g

κ
C̃(τ ) 〈σ−〉0 [see Fig. 2(b)]. [In the opposite

regime, κT ∗
2 < 1, it is instead modulated according to 〈a〉τ �

−i
√

πgT ∗
2 C̃(τ ) 〈σ−〉0.] In the case of a single environmen-

tal spin, the Gaussian approximation cannot be justified, but
this model can be solved exactly: For a fully randomized
(infinite-temperature) initial condition for the nuclear spin, the
Hahn-echo amplitude at t = τ is given by C̃(τ ) = e−γφτ [1 −

δC̃(τ )], where

δC̃(τ ) = 2 sin2(	φ) sin2

(
ω+τ

4

)
sin2

(
ω−τ

4

)
. (15)

Here, ω± = [(γ Bx )2 + (γ Bz ± A/2)2]1/2/2 and 	φ = φ+ −
φ−, where φ± = arctan[2γ Bx/(2γ Bz ± A)]. For the infinite-
temperature environmental initial condition considered here,
C̃(τ ) is real and there is no quantum-noise contribution. A
polarized initial condition would, however, lead to a complex-
valued C̃(τ ), a signature of a quantum environment and of
quantum noise [50]. In this illustrative case of coupling to
a single spin, the frequencies ω± and angular difference
	φ can be extracted independently from the peak positions
and peak heights in a Fourier transform of Eq. (15) [Fig.

2(b), inset], allowing for recovery of both components of
the local magnetic field Bx, Bz, and of the local hyperfine
coupling A. For the value of A used in Fig. 2, the visibil-
ity sin2(	φ) of the echo-envelope oscillations [cf Eq. (15)]
is maximized for Bz = Bx = 15 mT. While this combination
of values is possible, it would be fortuitous and would re-
quire a relatively low cavity frequency, ωc/2π � 0.4 GHz.
Away from these values, sin2(	φ) � [Aγ Bx/(γ Bz )2]2 for
A, γ Bx < γ Bz. When [Aγ Bx/(γ Bz )2]2 � 1, the amplitude
of the modulations can be enhanced through a large-N
CPMG sequence: As is well known, a multi-pulse CPMG
sequence can be used to amplify specific Fourier compo-
nents of the noise [34,38,51]. A noise contribution S(ω) ∼
|β0|2δ(ω − ω0), for instance, leads for n = N to an amplitude
C̃(Nπ/ω0) � e−(N/N0 )2

, where N0 = √
πω0/(2|β0|), giving a

visibility ∝ (N/N0)2 that increases with N for N < N0. As N
increases, however, the ability to extract information about
the qubit coherence may become limited by cavity-induced
backaction.

Backaction. A protocol that requires continuous monitor-
ing of a qubit in a driven cavity may suffer from backaction
induced by qubit dephasing due to cavity-photon shot noise
[52], as well as measurement-induced backaction that ne-
cessitates a continuous update of the quantum state [53]. In
contrast, the protocol presented here involves no direct cavity
driving, and the qubit is reprepared in each measurement cy-
cle. However, coupling to the cavity will still induce unwanted
backaction on the qubit through Purcell decay, beyond the
minimum backaction required to extract information about the
qubit coherence dynamics: For a CPMG sequence, and for
κτ � 1, we find that inhomogeneously broadened Purcell de-
cay leads to a stretched-exponential decay, C̃(nτ ) ∝ e−√

γPnτ .
For n > 1/(γPτ ), it also gives rise to a simultaneous broaden-
ing (in time) and modulation of the echo revivals,

Gn(t ) � e
−

(
t

2T ∗
2

)2

cos

[√
2(γPnτ )1/4 t

T ∗
2

]
, (16)

leading to an additional suppression of large-n cavity revivals
by a factor Ḡn � 2e−2

√
γPnτ [29]. This suppression limits the

number of revivals (echoes) that can be measured before
coherence decays to zero, and hence, the signal that can be
extracted in each cycle from measurements on the transmis-
sion line.
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Coherence is transferred from the qubit to the cavity via
Eq. (4), and from the cavity to the output transmission line via
ṙk,2(t ) = −iωkrk,2(t ) − iλk,2a(t ). After (i) integrating these
equations of motion, (ii) tracing out the cavity, qubit, and
environment, and (iii) averaging over realizations of the noise
η(t ), we obtain the reduced density matrix ρTL of the output
transmission line. Provided there is at most one photon in
the transmission line (this limit can always be reached by
reducing κ2/κ),

ρTL = (1 − S)ρinc + S |ψ〉 〈ψ | , (17)

where ρinc is the incoherent part of the density ma-
trix [Tr(rk,2ρinc) = 0 ∀k] and |ψ〉 = 1√

2
(|0〉 + |1〉). Here,

|1〉 = 2S−1 ∑
k 〈rk,2〉 r†

k,2 |0〉, where S = 2[
∑

k | 〈rk,2〉 |2]1/2.
For S → 1, information about the qubit coherence dynamics
is fully transferred into the pure state |ψ〉 of a two-level sys-
tem, allowing, in principle, up to one bit of information to be
extracted per measurement cycle. Typically, however, S � 1
will be realized, yielding � 1 bit of information per cycle.
For example, we find that a Hahn echo sequence (CPMG with
N = 1) leads to [29]

S � SHahn =
√

5π

2
gT ∗

2

(
κ2

κ

)1/2

, (18)

limited by gT ∗
2 � 1. For a large-N CPMG sequence, by con-

trast, we find a significantly larger bound,

S � SCPMG = 2
√

π

3

[(
κ2

κ

)(
1

κτ

)]1/2

, (19)

still limited by the small parameter 1/κτ � 1. The CPMG
signal is limited because Purcell decay is always active, while
coherence is only transferred from the qubit to the transmis-
sion line for a small fraction of the time ∼T ∗

2 /τ � 1. Since
the times t = nτ of the revivals are known, we can improve
on this limit if the coupling g = g(t ) or the detuning δ = δ(t )
is pulsed to eliminate Purcell decay for |t − nτ | � T ∗

2 . In this

case, we find a maximum achievable signal

S � Smax =
(

κ2

κ

)1/2

(20)

that approaches Smax � 1 for κ2 � κ [29]. Transient spec-
troscopy can therefore achieve the same efficiency as a
single-shot readout (one bit per cycle).

A central finding of this Letter is an even/odd modu-
lation of echo revivals under dynamical decoupling. This
modulation (a unique signature of quantum noise) results
from the nonstationary analog of a Lamb shift arising from
quantum fluctuations of an environment, an important indi-
cator of nonclassical and non-Markovian dynamics [54,55].
When the correlation time of the environment is short com-
pared to the typical observation time (Markovian limit), the
quantum-noise phase �q(t ) will advance approximately lin-
early, �q(t ) � 	ωLambt , reflecting a simple frequency shift.
In contrast, for a non-Markovian system, �q(t ) may have a
highly nontrivial time dependence, reflecting a complex quan-
tum dynamics. This phase may be amplified under repeated
fast qubit rotations, which have the effect of stroboscopically
driving the environment away from stationarity. Ignoring this
effect during a quantum computation may then lead to an
accumulation of phase errors that could otherwise be fully
corrected.

Note added. Recently, we became aware of Ref. [56],
which considers the influence of low-frequency qubit dephas-
ing noise on the transient cavity transmission. In addition
to the free-induction decay considered in Ref. [56], we also
consider (i) dynamical decoupling sequences applied to the
qubit, (ii) quantum noise, (iii) strategies for maximizing the
signal, and (iv) cavity-induced backaction (an effect that is
higher-order in g). As shown here, cavity-induced backaction
ultimately sets the limiting timescale (determined by the in-
homogeneously broadened Purcell decay time rather than by
the cavity decay time 1/κ) for monitoring qubit coherence
through the cavity.
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ence of nuclear spin polarization on the spin-echo sig-
nal of an NV-center qubit, Phys. Rev. B 101, 155412
(2020).

[43] B. Hensen, W. W. Huang, C.-H. Yang, K. W. Chan, J. Yoneda,
T. Tanttu, F. E. Hudson, A. Laucht, K. M. Itoh, T. D. Ladd,
A. Morello, and A. S. Dzurak, A silicon quantum-dot-coupled
nuclear spin, Nat. Nanotechnol. 15, 13 (2020).

[44] F. Beaudoin, D. Lachance-Quirion, W. A. Coish, and M. Pioro-
Ladrière, Coupling a single electron spin to a microwave
resonator: controlling transverse and longitudinal couplings,
Nanotechnology 27, 464003 (2016).

[45] A. Shnirman, G. Schön, I. Martin, and Y. Makhlin, Low-
and High-Frequency Noise from Coherent Two-Level Systems,
Phys. Rev. Lett. 94, 127002 (2005).

[46] Y. M. Galperin, B. L. Altshuler, J. Bergli, and D. V. Shantsev,
Non-Gaussian Low-Frequency Noise as a Source of Qubit De-
coherence, Phys. Rev. Lett. 96, 097009 (2006).

[47] R. Zhao, T. Tanttu, K. Y. Tan, B. Hensen, K. W. Chan,
J. C. C. Hwang, R. C. C. Leon, C. H. Yang, W. Gilbert, F. E.
Hudson, K. M. Itoh, A. A. Kiselev, T. D. Ladd, A. Morello,
A. Laucht, and A. S. Dzurak, Single-spin qubits in isotopically
enriched silicon at low magnetic field, Nat. Commun. 10, 5500
(2019).

[48] F. K. Malinowski, F. Martins, P. D. Nissen, E. Barnes, Ł.
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