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Robustness of longitudinal transmon readout to ionization
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Multiphoton processes deteriorate the quantum nondemolition (QND) character of the dispersive read-
out in circuit QED, causing the readout to lag behind single- and two-qubit gates in both speed and fidelity.
Alternative methods such as longitudinal readout have been proposed; however, it is unknown to what
extent multiphoton processes hinder this approach. Here, we investigate the QND character of the longi-
tudinal readout of the transmon qubit. We show that the deleterious effects that arise due to multiphoton
transitions can be heavily suppressed with detuning because the longitudinal interaction strength is inde-
pendent of the transmon-resonator detuning. We consider the effect of circuit disorder, the selection rules
that act on the transmon, and the description of longitudinal readout in the classical limit of the transmon to
qualitatively demonstrate that longitudinal readout is robust. We show that fast, high-fidelity QND readout
of transmon qubits is possible with longitudinal coupling.
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I. INTRODUCTION

Fast and high-fidelity quantum nondemolition (QND)
qubit readout is essential for fault-tolerant quantum com-
puters [1]. The standard method for qubit measurement
in circuit quantum electrodynamics (cQED) is the disper-
sive readout, in which a resonator coupled to the qubit
undergoes a qubit-state-dependent frequency shift [2]. By
probing this frequency shift with a measurement pulse,
the qubit state can be inferred. Optimization of the dis-
persive readout has resulted in readout fidelity exceeding
99.9% in an integration time of less than 60 ns [3—6].
Despite this tremendous progress, readout lags behind in
performance compared to other qubit operations such as
single- and two-qubit gates [7—10]. An important difficulty
in improving the dispersive readout is that, at short times,
the response of the resonator depends only weakly on
the qubit state, making it difficult to shorten the measure-
ment time. Even more problematic is the breakdown of the
QND character of this readout observed at small to mod-
erate measurement photon numbers filling the resonator
[5,11-15].
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Roughly speaking, this can be traced back to the trans-
verse nature of the qubit-resonator coupling 4, = g, (@' +
a)6, at the origin of this readout. In the dispersive regime,
where the qubit-resonator frequency detuning A is large
compared to the coupling gy, the transverse interaction can
be perturbatively reduced to I:IX = xca'aé., where x, =
g2/A is the dispersive coupling. While the approximate
dispersive Hamiltonian supports a QND measurement, its
parent Hamiltonian A, does not, leading to qubit-state tran-
sitions [11,12,14,16—-19]. More precisely, the root cause
of the above issue is multiphoton resonances resulting in
measurement-induced transitions to highly excited trans-
mon states [11], something that has also been referred to
as transmon ionization [16,17,20]. Moreover, when com-
bined with the probe tone, the dispersive interaction A. P
leads to qubit-state-conditional trajectories of the resonator
in phase space that are initially nearly parallel. This results
in little information gain at short times and thus a need
for long integration times. In addition, to maximize the
resonator pointer-state separation in the steady state, and
therefore the information gain at long times, the disper-
sive shift must be set to 2, = k, where « is the resonator
decay rate [21]. Although this can be easily done in prac-
tice, it is yet another constraint that needs to be satisfied in
experiments.

Longitudinal readout is an alternative qubit-
measurement scheme introduced to alleviate these issues
[22,23]. In contrast to dispersive readout, it exploits a
longitudinal qubit-resonator coupling, H = g.(@" + a)é.
[24-28]. Because the interaction H. is proportional to &,
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measurements of the qubit state are ideally QND. In addi-
tion, A, generates the optimal displacements of the two
qubit-state-dependent resonator states that are 180° out of
phase, allowing for short measurement times [29]. The
absence of dressing between the qubit and resonator state
under the longitudinal interaction has the added advantage
of avoiding Purcell decay [25,26]. Furthermore, the longi-
tudinal interaction relaxes the matching condition 2y, = k
of the dispersive readout. One approach to obtaining an
effective longitudinal interaction is to strongly drive a res-
onator dispersively coupled to a qubit, the strong drive
displacing the cavity field a — a + « [2,30]. For large
amplitudes of the cavity field «, this leads to a dom-
inantly longitudinal interaction with g, = ax; however,
if the dispersive interaction originates from a transversal
interaction, this approach is not free from the limitations
mentioned above.

The advantages of longitudinal readout over dispersive
readout were derived under the assumption of an ideal
two-level system [22]. In this work, we revisit the longi-
tudinal readout of the transmon qubit without using this
significant approximation, instead accounting for the full
cosine potential of the Josephson junction. This is par-
ticularly important in light of the advances made in the
understanding of the phenomenology responsible for the
non-QNDness of the dispersive readout [11,12,14,16—18].
In those works, it was recognized that the loss of the QND
character of the transmon is due to photon-number-specific
resonances of the coupled qubit-resonator system [11], and
that the impact of these resonances can only be correctly
captured by considering the cosine potential of the trans-
mon. These resonances allow for population transfer to
noncomputational states, and they are present due to the
weakly anharmonic and multilevel nature of the transmon.
Given that these two basic ingredients are also present
in the longitudinal readout circuit of Ref. [22], a natural
question arises: could ionization limit the effectiveness of
longitudinal readout?

In this work, we demonstrate that this is not the case.
Although these deleterious multiphoton transitions are also
present in the longitudinal readout, we show that they are
not as prevalent as they are in dispersive readout. Cru-
cially, they can also be mitigated by simple design choices.
While previous work has focused on the transmon in the
two-level approximation [22], our analysis and simulations
keep the full cosine potential of the transmon [31], which
was shown to be crucially important in studying ioniza-
tion [17]. As discussed in more detail below, simulations
accounting for the full cosine potential suggest that longi-
tudinal readout can achieve a readout fidelity of 99.99% in
less than 50 ns with realistic circuit parameters.

The rest of this manuscript is organized as follows. We
first review the Hamiltonian of the circuit proposed in
Ref. [22] to realize longitudinal readout, and we outline
the general principles of the longitudinal transmon readout.

We then use the tools discussed in Refs. [16,17,20] to
analyze the ionization properties with branch analysis and
through the Schrieffer-Wolff transformation. Subsequently,
we discuss the effects of the selection rules of the longitu-
dinal readout circuit, as well as the effect of disorder in the
circuit. Taking into consideration the limitations posed by
ionization, we then study the performance of longitudinal
readout with realistic parameters. Furthermore, we com-
pare dispersive and longitudinal readout by treating both
the transmon and the resonator classically, making remarks
on the chaotic behavior of their classical descriptions [20].
Finally, we make concluding remarks.

II. LONGITUDINAL READOUT IN CQED

The circuit realizing the longitudinal interaction is com-
posed of a flux-tunable transmon inductively coupled to a
readout resonator (see Fig. 1) [22]. Intuitively, the longi-
tudinal interaction stems from the same mechanism that
allows the control of the qubit frequency of a standard
flux-tunable transmon [31]. In the circuit of Fig. 1, the dif-
ferential mode ¢, = (¢1 — @) /2 is the resonator degree of
freedom, which plays a similar role as the classical flux
threading the loop of the tunable transmon. Conversely,
the common mode ¢; = (¢; + ¢,)/2 is the qubit degree
of freedom. Expressed in terms of these degrees of free-
dom, the Hamiltonian of this circuit takes the form (see
Appendix A for details)

H=wda+ 4Ec-(n; — ng)2 — Ej cos ¢, cos ¢;
— dE, sin ¢, sin ¢, — ie(¢) cos (wat) (@ — a"), (1)

where we have set i =1 and the external flux to zero,
@ext = 0. In this expression, E¢ is the transmon charging
energy, n, is the offset charge, and E; = E;| + Ej; is the
total Josephson energy, with d = (E;, — E;1)/2 being the

- —]

FIG. 1. Circuit diagram for longitudinal readout of a transmon
qubit. A flux-tunable transmon (green) is inductively coupled to
a resonator (blue). The symmetric ¢, = (¢1 + ¢,)/2 and anti-
symmetric ¢, = (¢1 — ¢)/2 modes of the circuit correspond to
the transmon mode and the resonator mode, respectively. The
transmon and resonator modes can be driven by symmetric (in-
phase) and antisymmetric (out-of-phase) combinations of the two
drives. In the text, we assume C; = C,. See Appendix A for
details.
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junction asymmetry. The resonator mode has frequency w;,
annihilation and creation operators & and &', and flux oper-
ator ¢ = Qrpr(a + a"), with Propt = 2/ Po)+/Z,/2 being
the resonator’s zero-point phase fluctuations. Finally, w, is
the drive frequency and €(?) is the time-dependent drive
amplitude.

To better highlight the transmon-resonator interaction,
we use a simple trigonometric identity to write Eq. (1) as

H = w,a'a + H, — ie(t) cos (wat) (@ — ah)

+ 2E; sin? (¢,/2) cos @, — dE; sin @, sin@,.  (2)

The first line of this expression corresponds to the sum
of the uncoupled, driven cavity Hamiltonian and the bare
transmon Hamiltonian, H, = 4Ec(h, — ng)* — Ej cos ¢.
The second line corresponds to two types of transmon-
resonator interactions. To gain an intuitive understanding
of these interactions, it is useful to note that for the com-
putational states of the transmon, cos ¢, is diagonal while
sin ¢, is off diagonal.

As a result, when projecting in the qubit subspace, the
first term of the second line gives rise to a dispersive-like
interaction, whereas the second term gives rise to a trans-
verse interaction proportional to the junction asymmetry d
(see Appendix A). The impact of finite junction asymme-
try will be discussed in Sec. 11l C, where we will show that
its effects can be easily alleviated. We thus set d = 0 for
the moment.

Focusing on the first term of the second line of
Eq. (2), we find that sin’ ($,/2) has off-diagonal matrix
elements, which can result in transitions between Fock
states. Crucially, it also has diagonal matrix elements in
the Fock basis, which gives rise to a dispersive interac-
tion. Expressing the Hamiltonian in terms of its diagonal
and off-diagonal components—something that can be done
exactly—and projecting the transmon onto its two lowest
energy levels yields (see Appendix D for details)

A , A
H=[w,+ x:@'a)é.1a"a + 7%2 + V(@*,a")6.

— ie(f) cos (wgh)(a — ab), 3)

where ) is the dressed resonator frequency and w, ~
wp, — Ec is the qubit frequency, in which w, = /8E,Ec
is the transmon’s plasma frequency. To second order in
Gt Xz(070) ~ w, (przzpf/4, and the first term of A takes the
form of the usual dispersive coupling. On the other hand,
V(a%,a'?) is not diagonal in the Fock basis but can only
cause transitions between Fock states of the same parity.
Crucially, in contrast to the dispersive readout, here, the
dispersive interaction is not derived perturbatively from
a parent transverse interaction. The full nonperturbative
forms of x.(aTa) and ¥(a2,a'"?) are indeed simply related
to the matrix elements of the displacement operator in the

Fock basis [32], and their exact expressions can be found
in Appendix D. Because this is not a perturbative result,
the dispersive interaction strength does not scale with the
inverse of the qubit-resonator detuning, as it does when it
originates from a transverse interaction.

In Ref. [22], the longitudinal interaction H, is obtained
using the circuit of Fig. 1 by modulating the external flux
threading the qubit loop at the resonator frequency. Here,
we use an alternative approach that, as discussed above,
instead relies on driving the resonator [23]. This is made
clear by moving to a displaced frame a — a + a(f) to
eliminate the drive from the Hamiltonian, where «(f) is
determined by €(#) via the linear-response properties of the
resonator. Momentarily ignoring the off-diagonal contribu-
tion (a2, a™?) as well as the nonlinearity of the x. shift, in
this new frame, the transformed Hamiltonian H' takes the
form [30]

5. + x:(0)a(1)(@'+a)6..
4

[:\[/ = [wr + XZ(O)&z]aT& +

| &

The last term of A’ has the desired longitudinal interaction
of amplitude g,(?) = x.(0)x(¢) proportional to the magni-
tude of the resonator displacement. At large displacement
amplitudes, the longitudinal interaction overwhelms the
dispersive-like interaction of amplitude y.(0) also present
in A'. To turn on the longitudinal interaction, below, we
use a measurement drive amplitude € (¢) which rapidly fills
the cavity with photons (see Appendix B for details on our
choice of pulse shape).

This approach to obtaining a longitudinal interaction
using a microwave drive rather than a flux modulation is
reminiscent of the experiments reported in Refs. [33,34].
There, a longitudinal interaction is produced by driving
a transversally coupled qubit with a frequency matching
that of the resonator, reminiscent of the mechanism lead-
ing to the cross-resonance gate [35]. A crucial difference
is that because it is based on a transverse qubit-resonator
coupling, this approach is susceptible to the same non-
QNDness as the dispersive readout. Moreover, for the
same reason, the dispersive shift x,, and thus the effec-
tive longitudinal coupling g, o x., scales inversely with
the qubit-resonator detuning.

In addition to those mentioned in Sec. I, another advan-
tage of the longitudinal readout is the lack of Jaynes-
Cummings critical photon number .. = (A /2g)* present
in the standard dispersive readout, where A = w, — ,
[2]. This quantity is associated with the breakdown of the
dispersive approximation. As the Hamiltonian in Eq. (4)
is not derived using the dispersive approximation, there
are no directly analogous quantities here. Indeed, although
Eq. (4) was obtained from Eq. (2) under two approxima-
tions—projecting the Hamiltonian onto the computational
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subspace and ignoring 7(a?,a'?)—these seem well justi-
fied. Within perturbation theory, any transitions we ignored
are highly suppressed: the detuning between any such tran-
sitions is large, and any 2nr-photon transition amplitude
will be multiplied by a factor (¢r,/ 2)?" « 1.1t thus seems
as though Eq. (4) remains valid even in the presence of
strong drives. We explore this question in more detail in
the next section.

II1. IONIZATION IN THE LONGITUDINAL
READOUT

Transmon ionization, or measurement-induced state
transitions, in the dispersive readout is a consequence
of photon-number-specific accidental degeneracies in
the coupled qubit-resonator system [11,12,16,17,19,20].
Despite the QND character of the simplified model of Eq.
(3), such degeneracies are possible in the full Hamiltonian
[Eq. (2)] of the circuit of Fig. 1. In this section, we use
perturbative arguments and the tools developed in Refs.
[16,17] to investigate transmon ionization in longitudinal
readout with the circuit of Fig. 1. More specifically, we use
branch analysis to identify ionizing critical photon num-
bers n.y and demonstrate that qubit-resonator resonances
are not as detrimental as they are in dispersive readout.
Moreover, we show that the critical photon numbers can be
made larger simply by increasing the transmon-resonator
detuning. Crucially, because of the nonperturbative nature
of the cross-Kerr interaction in this circuit, this increase
in detuning can be done without affecting the disper-
sive shift and thus the longitudinal coupling g,. We then
show that nonidealities in the longitudinal circuits, such as
gate charge and junction asymmetry, do not significantly
degrade its robustness to ionization.

A. Physical origin of ionization and simple mitigation
strategies

To gain an intuitive understanding of the physical mech-
anism leading to ionization in the longitudinal readout, we
begin by approximately diagonalizing the full undriven cir-
cuit Hamiltonian, Eq. (2). We first express the Hamiltonian
as H = Hy + V, separating it into its diagonal component
Hy and off-diagonal component . Without approxima-
tions, the diagonal part can be written as

Hy =Y "[op+ x5, @ a)j) il a'a
Jt
+ Y (5, + Ag) i) Gl ()
Jt
where w;, are the bare transmon energies and |j;) are the
bare transmon states. The exact expressions for the Lamb

shifts A;, and the nonlinear and nonperturbative dispersive
shifts x.;(aa) can be found in Appendix D.

The perturbation ¥ is then, by definition, the off-
diagonal part of the interaction 2E; sin®($,/2) cos ¢;.
Although the corresponding matrix elements can be com-
puted exactly, to simplify the discussion, we make two
approximations. We stress that these approximation are
not made in the numerical results presented below. First,
we treat the transmon as a Kerr nonlinear oscillator with
n = znzpf,(b bT) and ¢, = (pzpft(b + bt ), where 7,
and ¢t are the zero-point fluctuations of the charge and
phase, respectively [2]. Second, we only keep terms to the
lowest nontrivial order in ¢p,r and @y, leading to [23]

. (0)

off-diag

where diagonal terms such as atab’h have already been
taken into account in Hy. To this order in perturbation
theory, J/ can create or destroy pairs of excitations via
terms such as CAZTCAI(EZ + IAJ“). These processes are, however,
highly off resonant, and can safely be eliminated using the
standard rotating-wave approximation. The interaction /
also allows the transmon and resonator to exchange pairs
of excitations via terms such as a'2b? + b1242. Because
the qubit and resonator are taken to be detuned from each
other, these processes are off resonant in the absence of
a drive. The nonlinear dispersive shift x.; (@'a) ) (jlata
present in Eq. (5) can make such transitions resonant in the
presence of resonator photons, and we thus expect such
transitions to be the dominant factor leading to ionization.
Crucially, however, these two-excitation exchange terms
can be mitigated by simply increasing the qubit-cavity
detuning. As a result, more photons are needed to make
these unwanted processes resonant, and the onset of ion-
ization is pushed to higher photon numbers. As explained
above, this increase in the detuning can be made with-
out sacrificing the dispersive interaction. This is in stark
contrast to the dispersive readout, where the amplitude
of the dispersive shift x, is inversely proportional to the
detuning [2].

Another subtle advantage of this coupling scheme is
the presence of a discrete symmetry. Indeed, formally,
the full undriven Hamiltonian has a Z, x Z, symmetry,
as it is invariant under either parity transformation ¢, —
—@, or ¢, = —¢@,. While to the lowest order in perturba-
tion theory, 7 only involves pairs of excitations on either
the transmon or resonator, the presence of this symme-
try ensures that this conclusion is valid to all orders. This
is unlike a standard transverse coupling, which only pre-
serves the total excitation parity. This additional symmetry
results in fewer pathways for the qubit and resonator to
hybridize [23,36], and we thus expect our circuit to be
more robust to ionization than the standard dispersive read-
out. Although this symmetry is broken for a finite junction
asymmetry d # 0, such a term would be made negligible
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by increasing the qubit-resonator detuning for the same
reason as mentioned above (see Sec. 111 C).

From this perturbative analysis, we can thus expect that
(1) the enhanced parity symmetry will prevent unwanted
mixing between the transmon and resonator states, (ii)
the dressed states will closely resemble the bare counter-
parts, at least until ionization sets in, and (iii) ionization
can be pushed to higher photon numbers by increasing the
resonator-transmon detuning.

B. Branch analysis

Having obtained an intuitive understanding of ioniza-
tion in the longitudinal readout, we now turn to exact
numerical calculations to confirm our predictions. To do
so, we diagonalize the full undriven Hamiltonian Eq. (2)
and use branch analysis to label the eigenstates of the com-
posite undriven qubit-resonator system to obtain photon-
number-dependent transmon branches [16,17,37]. Each of
these branches contains information about the transmon’s
energy levels as they vary with the number of photons in
the resonator. This information can subsequently be used
to understand the sudden population transfer, or ioniza-
tion, of the transmon in the presence of a drive. Before
doing this, we first outline the basic principle and construc-
tion of the branch analysis (see Refs. [16,17] for further
details). The first step in the construction of the branches
is to numerically diagonalize the full undriven Hamilto-
nian [Eq. (2)] in the eigenbasis |j;, n,) of the uncoupled
transmon-resonator system, resulting in the set of eigen-
vectors {|A)}. For each j;, we then find the state |A) that
maximizes the overlap |{j;,0,|1)|? and label it |j,,0,). We
then use these states |j;, 0,) to recursively assign a label to
all remaining states: |j,, n, + 1) is defined as the unassigned
eigenstate |A) that maximizes the overlap |(Alaf|j, n.)]?.
Repeating this for each transmon index j, results in a
set of dressed states Bj, = {|j;, n,)}, which we refer to as
branches.

In Fig. 2(a), we show a parametric plot of the
transmon population NGy, n,) = Y . kil (ki my |, m,)|?
of each branch as a function of the average photon number
NG, n,) = {j;,ny|a*alj,, n,). We see that at certain pho-
ton numbers, different branches “exchange” their transmon
population, a process referred to as branch swapping [17].
Branch swapping at a given N, results from the transmon-
resonator coupling in Eq. (2) and has a simple dynami-
cal consequence: population transfer to the corresponding
transmon state can occur when this number of photons is
placed in the resonator. These swappings thus lead to a
transition out of the computational subspace and limit the
QND nature of the readout [16,17].

These branch swappings arise due to resonant multi-
photon transitions between two dressed transmon states
[16,17]. To illustrate this, in Fig. 2(b), we show the
eigenenergies of the first 15 branches modulo the resonator

frequency w,. Energetic collisions between two states in
this figure mean that they are resonant via some m-photon
transition [11]. For each branch swapping in Fig. 2(a)
there is an accompanying avoided crossing in the modular
energy spectrum of Fig. 2(b). In some cases, branches cross
without an avoided crossing and therefore without branch
swapping. This is due to the magnitude of the transmon-
resonator coupling matrix element, which scales with /x,..
At low photon numbers, these matrix elements can be too
small to connect widely separated transmon states. For
example, the crossing of By, and By, at N, ~ 8 photons in
Fig. 2(b) does not lead to a branch swapping in Fig. 2(a). At
a larger photon number, N, ~ 50, the same two branches
collide again but show an anticrossing and a corresponding
branch swap.

The branch analysis—which is by construction non-
perturbative—confirms the validity of the intuition built
using perturbation theory. For instance, unlike the stan-
dard dispersive coupling, we note that there is never any
swapping between branches of different parity, a conse-
quence of the Z, x Z, symmetry. Consequently, there
are several crossings (as opposed to avoided crossings)
between branches of different parity in the modular energy
spectrum. This is in stark contrast to dispersive readout,
which emerges from a charge-charge coupling and there-
fore connects the two parity sectors of the transmon. In
addition, before ionization, we see that the characters of
the qubit’s computational branches are largely unaffected
by the presence of photons. Indeed, as we see in Fig. 2(a),
the transmon populations of either branch N,(0,,7n,) = 0
or Ny(1,,n,) =~ 1 are approximately independent of pho-
ton number, indicating that these dressed states closely
resemble their bare counterparts. Once again, this is to be
contrasted with the standard dispersive readout, in which
the transmon populations increase linearly with photon
number, N;(0,, n,) « n, and N;(1,,n,) x n,, a consequence
of the weak transmon-resonator hybridization.

In Figs. 2(a) and 2(c), we compare the results of the
branch analysis for two different qubit-resonator detunings
of A/2m = —2.64 and —4.34 GHz, respectively, at a con-
stant dispersive shift y./27 = —12.8 MHz. As expected
from the above discussions, the critical photon number can
be made larger by increasing the qubit-resonator detuning,
without affecting the value of x, and thus of the longitudi-
nal coupling g,. As discussed in more detail in Sec. IV,
we stress that for a wide range of parameters, the crit-
ical photon numbers associated with ionization are well
above the number of photons required to conduct fast read-
out. Increasing the qubit-resonator detuning is thus a valid
strategy to increase the ionization threshold for a wide
range of transmon parameters.

To illustrate that this conclusion applies beyond the
parameters of Fig. 2, in Fig. 3(a), we plot the critical
photon numbers as a function of the E;/Ec ratio and
qubit-resonator detuning A = w, — w,. Here, the critical
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A2n= —2.64 GHz, x,/2n= —12.8 MHz (c) A2n= —4.34 GHz, x,/2n= —12.8 MHz
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FIG. 2. (a) Transmon population as a function of the average resonator population. The ground- and excited-state branches, as well
as the branches with which they swap, are highlighted. The transmon parameters are E¢/2w = 0.215 GHz, E; /Ec = 110, with junction
asymmetry d = 0 and gate charge n, = 0. The resonator frequency is w,/2m = 8.8 GHz. We keep 16 states in the transmon and 100
states in the resonator. The qubit-resonator detuning is defined as A = w, — ,. (b) The energy modulo w, spectrum as a function of
the average resonator population. Parameters are the same as in (a). The wrapping of the energies is due to the spectrum being a modulo
of the resonator frequency, indicating that when two lines cross, the two states are energetically separated by an integer number of
resonator photons. Avoided crossings align with branch swappings occurring in (a). (c) Transmon population as a function of average
resonator population with all parameters the same as in (a) but with w,/2wr = 10.5 GHz. The branch swappings seen in (a) are now
removed due to the higher detuning between the resonator and the transmon. (d) Energy modulo w, spectrum for the parameters of

panel (c). Importantly, the dispersive shift y. is the same in (a),(c) because it is independent of detuning.

photon numbers are defined as the minimum of the crit-
ical photon numbers for the branches By, and B, i.e.,
Aerit = MiN{Agic o, Nerit,1,}. We observe a diagonal region
of low critical photon numbers beginning at A /2w ~
—2 GHz for E; /Ec = 50, which persists across all E;/E¢
values, corresponding to a strong two-photon resonance
between the first and fifth excited states of the transmon
(see white dashed line). Indeed, this region of low critical
photon number occurs due to the constant dispersive shift
of the interaction, and it is dependent of how far the trans-
mon needs to be ac-Stark shifted to cause an accidental
degeneracy with a higher state. By increasing the detuning,
degeneracies with the computational states can be avoided
as the energy difference between the different transmon
states modulo the resonator frequency increases, thus push-
ing the multiphoton transition further away. Indeed, the
critical photon numbers increase dramatically once the
detuning is increased a little past the low-critical-photon-
number region. The above phenomenon also persists when
the junction asymmetry and gate charge are varied [see
Figs. 3(b) and 3(c)]. Once again, the low-critical-photon-
number region is due to the same frequency collisions
between the first and fifth excited states of the transmon
at low photon numbers.

Finally, Fig. 3(a) illustrates that for any value of £, /E¢,
there are regions where the critical photon numbers are
well above the number of photons required for a fast read-
out. As is expected from Fig. 2(a), if we further increase
the detuning between the transmon and the resonator, the
critical photon numbers increase for all values of E;/E¢.

C. Asymmetries in the Josephson junctions and the
effect of gate charge

In the above discussion, we have taken the two Joseph-
son junctions to be identical. Realistic devices will have
some amount of junction asymmetry (d # 0) and, in that
case, the last term of Eq. (2) in the two-level projec-
tion results in a transverse interaction term between the
transmon and the resonator of the form g, (a" + &)6,. This
interaction lifts the selection rules suppressing ionization,
allowing for more transitions to occur. While junction
asymmetry should therefore be minimized in the circuit
of Fig. 1, the adverse effects of this interaction can be
mitigated by increasing the detuning between the trans-
mon and the resonator. Following the discussion in the
previous section, this is a second reason to work at large
transmon-resonator detuning.
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FIG. 3. (a)Critical photon numbers as a function of £, /E¢ and
transmon-resonator detunings A = w,; — w,. The diagonal white
line indicates a strong resonance between the first and the fifth
excited states of the transmon that spans across all values of
E;/Ec. The blue line indicates £, /Ec = 100, corresponding to
the fixed E; /E¢ ratio used in panels (b),(c). (b) Ionization critical
photon numbers for various detunings A /27 and Josephson-
junction asymmetries d. (c) Ionization critical photon numbers
as a function of detuning A /27 and gate charge ng. For finite
asymmetry and nonzero gate charge, the Z, x Z, symmetry is
broken. Despite this, we observe that the critical photon num-
bers, especially at high detunings, remain large. In panels (b),(c),
E;/Ec = 100.

Figure 3(b) shows the critical photon numbers for vary-
ing junction asymmetry up to 15%. For most detunings A,
we observe that the critical photon numbers do not vary
substantially within a few percent of asymmetry. In par-
ticular, at the higher detuning, where the critical photon
numbers are high, we see a sudden drop off in the criti-
cal photon numbers; however, it is important to point out
that the critical photon numbers are still high and well
above the number required for a fast readout. The sensitiv-
ity to asymmetry is most apparent where the critical photon
numbers are low to begin with, suggesting that the branch
swappings that occur in those regions move around due to
the energy shift caused by the junction asymmetry. How
tolerant the parameter regime is to asymmetry will vary
for the choice of E;/E¢ and the resonator frequency. It is
then paramount to not only choose parameters that grant a
high critical photon number in ideal conditions, but to also
to choose parameters that are tolerant against some degree
of imperfection.

In addition to being robust to junction disorder d, the
critical photon number of the longitudinal readout depends
only weakly on the transmon’s gate charge n,. This is to be
contrasted with the dispersive readout, where changes in
the gate charge result in large variations in the critical pho-
ton number [12,17,20]. This robustness is illustrated in Fig.
3(c), which shows the critical photon number as a function
of qubit-resonator detuning and gate charge in the interval
ng € [0,0.5] for E;/Ec = 100. The overall features that
are observed in Fig. 3(b) are similar to what we observe in
Fig. 3(a), where the critical photon numbers remain high at
large detunings. In short, both nonidealities & and n, have
a small effect on the critical photon number.

IV. FAST AND HIGH-FIDELITY LONGITUDINAL
READOUT

As discussed in Sec. I, under the longitudinal interac-
tion g.(a' 4 )6, the qubit-state-dependent displacement
of the resonator moves at the optimal 180° out of phase
from one another. Therefore, especially at shorter integra-
tion times, the signal-to-noise ratio increases more rapidly
than for the dispersive readout as the pointer states sep-
arate in the optimal manner [22]. To quickly activate the
longitudinal interaction and obtain a fast and high-fidelity
readout, we begin by quickly displacing the resonator field
to a target coherent state |ay ), leading to a longitudinal
interaction of amplitude g. = ay x. [see Appendix B for
the pulse shape £(#)]. As an illustration, Fig. 4 shows the
assignment error for different o, with £;/Ec = 50 and
w,/2m = 9.3 GHz, obtained from stochastic Schrodinger-
equation simulations of the readout dynamics with het-
erodyne detection. Note that here we use E;/Ec = 50 as
opposed to E;/Ec =100, as in Fig. 2, as this gives a
larger ¢ypr and consequently a larger dispersive shift x.;
however, a large E;/E¢ ratio does not limit the readout
performance.

Even for a moderate driving amplitude corresponding
to |ozf|2 ~ 16 photons (light-blue line), the assignment
error reaches 107 in less than 30 ns for a measurement
efficiency of n =1 and in less than 50 ns for a more
realistic measurement efficiency of n = 0.5 (dashed light-
blue line). These results are obtained for photon numbers
that are well below the critical photon number, which
is approximately 170 photons for the chosen parame-
ters. See Appendix E for further details on the stochastic
simulations.

Ideally, we want the fidelity and QNDness of the read-
out to be maximized. The two processes affecting these
metrics are ionization and the resonator’s self-Kerr nonlin-
earity. At high photon numbers, the resonator’s self-Kerr
nonlinearity—which, just like the dispersive shift x., is
nonperturbative and not controlled by the qubit-resonator
detuning——can lead to “bananization” of the resonator
field [38,39]. This can reduce the signal-to-noise ratio and
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FIG. 4. Readout assignment error as a function of integration
time 7 for drive strengths corresponding to oy = 2, 3, and 4. The
parameters are £;/Ec = 50,d =0, n, =0, w,./2mr = 9.3 GHz,
and k /2w = 17 MHz, and qubit relaxation is ignored. The dis-
persive shift is x./2m ~ —8.66 MHz, and the qubit frequency
w, /2w ~ 4.07 GHz, corresponding to A /2w = —5.3 GHz. The
solid lines are results obtained from heterodyne readout simula-
tions with the measurement efficiency set to n = 1. The dashed
lines are computed using the analytical expression for the signal-
to-noise ratio with the efficiency set to n = 0.5. See Appendices
B and E for further details on the readout simulations.

thereby reduce the readout fidelity. Furthermore, a large
self-Kerr nonlinearity can limit the maximum number of
photons that can be placed into the resonator. Despite these
possible limitations, Fig. 4, which includes these imperfec-
tions, shows that fast and high-fidelity longitudinal readout
is possible.

V. EMERGENCE OF CHAOS IN THE
LONGITUDINAL READOUT

In the previous sections, we have shown that the critical
photon number of the longitudinal readout can be made
larger than in a comparable dispersive readout, and we
have argued that this robustness is linked to the symmetry
of the qubit-resonator coupling in the circuit of Fig. 1. In
this section, we provide another qualitative argument for
the robustness of the longitudinal readout and its advan-
tage over the dispersive readout based on the emergence
of chaos in the classical model of those two readouts [20].
To do this, we follow the approach of Ref. [17], in which it
was shown that the presence of classical chaos in a driven
classical transmon can be linked to transmon ionization in
the dispersive readout.

First, in the case of the usual dispersive readout, the clas-
sical model of the transmon is obtained from the quantum
transmon-resonator Hamiltonian by neglecting the quan-
tum fluctuations of the resonator and effectively treating
the driven resonator as a classical drive on the transmon.
The resulting Hamiltonian is that of a classical pendu-
lum driven by a monochromatic drive on the pendulum’s
conjugate momentum [17,20,40] with the Hamiltonian

- 1 -
H= Eﬁf — CoS @; + & cos(wyt)n. 7

Here, H = H/E;, ¢: = ¢y, iy = zny, and z = /8E¢/E; 1s
the transmon’s impedance. The phase-space coordinates
satisfy the modified Poisson bracket {¢;,n,} = z. More-
over, time is rescaled to 7 = wpt, where w, = /8E;Ec is
the plasma frequency. As a result, the renormalized drive
frequency is @y = wy/w,. Following the same approach
for the longitudinal readout, we obtain the replacement
@r — 2¢, cos (wgt) in Eq. (2), with &, = @uprar. In this
expression, we have assumed the field to have reached its
desired final amplitude oy . With this replacement, neglect-
ing quantum fluctuations of the resonator and taking d = 0,
Eq. (2) is transformed to

i _ {1 — 2sin’[e, cos(@ah)]} cos @,  (8)

corresponding to a parametrically driven pendulum
[41,42].

In Figs. 5(a) and 5(c)-5(h), we present Poincaré sections
obtained by plotting the phase-space coordinates at integer
multiples of the drive period T = 27 /@, as obtained from
solving Hamilton’s equations for the dynamics governed
by Eq. (8). Figure 5(a) is obtained in the absence of the
parametric drive, &, = 0. In this case, all trajectories on the
Poincaré section describe regular motion of the pendulum.
For energy H < 1, the trajectories correspond to oscilla-
tory motion around the minimum of energy. For a deep
enough transmon—i.e., small impedance z—these are in
direct correspondence with the transmon bound states [17].
Conversely, for energy H > 1, the trajectories correspond
to full swings of the pendulum around its pivot point, cor-
responding to phase slips in the quantum model [20]. At
the energy H = 1, a single trajectory—the separatrix, con-
necting the points (¢y, ;) = (£, 0)—defines a boundary
between these two distinct types of motion [see the green
line in Fig. 5(a)].

Figures 5(c), 5(e), and 5(g) show Poincaré sections for
increasing drive amplitudes corresponding to |ozf|2 ~ 1,
9, and 49 photons, respectively. At these nonzero drive
amplitudes, the aforementioned structure of the Poincaré
surface is altered, and two new types of motion can
emerge: (i) chaos and (ii) subharmonic resonances (see
Refs. [17,20] for further details in the context of the driven
transmon). The first phenomenon results from the fragility
of the separatrix against integrability-breaking perturba-
tions. In short, the branches of outgoing and ingoing
motion meet at a single point (¢,n) = (7,0), and any
arbitrarily weak integrability-breaking perturbation splits
this arrangement, which marks the onset of an emergent
chaotic region—also known as separatrix chaos (see Chap-
ter 6 of Ref. [43]). In addition to chaotic regions, the
other type of motion that emerges in the presence of the
drive is subharmonic resonances, which are characterized
by the appearance of islands of regular motion within the

034026-8



ROBUSTNESS OF LONGITUDINAL TRANSMON...

PHYS. REV. APPLIED 24, 034026 (2025)

. \\&( g

Longitudinal

1750f e Dispersive
= 1500
=)
%3 1250
TS 1000
5
>8 750
e
<5 500
250
% 20 40 60 80 > 7 R 77 -3 “n2 0 m2 -3 7 R T
Ny (43 43 (43
FIG. 5. (a) Poincaré section for a transmon with no drive. The green line indicates the separatrix. (b) Average trajectory deviation

with increased drive amplitude. The average trajectory deviation is calculated by averaging over many trajectory deviations calculated
from Eq. (9). (c),(e),(g) Poincaré sections for a transmon coupled via the longitudinal interaction with drive strengths corresponding
to 1, 9, and 49 photons, respectively. The blue and red orbits indicate the Bohr-Sommerfeld orbits for the ground and first excited
states of the transmon, respectively. (d),(f),(h) Poincaré sections for a transmon coupled dispersively to a resonator, again with 1, 9,
and 49 photons, respectively. The blue and red orbits indicate the Bohr-Sommerfeld orbits for the ground and first excited state of the
transmon, respectively. In panel (h), the regular region is too small to support a Bohr-Sommerfeld orbit. For both the longitudinal and
dispersive readout cases, E; /E¢ of the transmon was set to 110. For longitudinal readout, the asymmetry was set to d = 0.

chaotic region. These are known as (n : m) nonlinear res-
onances and are characterized by the ratio » : m between
the drive-amplitude-dependent frequency of the pendulum
and the drive frequency, with n and m integers [43]. With
increasing drive amplitude, the chaotic region grows and
the relative importance of (n : m) resonances increases,
resulting in the central regular region shrinking. As can be
seen in Figs. 5(d), 5(f), and 5(h), the same phenomenology
is observed for the dispersive readout (see Refs. [17,20] for
detailed discussions). Crucially, however, for that readout,
the chaotic region rapidly engulfs much of the phase space,
dramatically impacting the regular region at its center. This
is a direct consequence of the different form of the drive in
the two readouts.

To understand how this phenomenology affects the
qubit states, we follow Refs. [17,20] and apply the Bohr-
Sommerfeld quantization rule to identify the set of initial
conditions (i.e., energies) corresponding to the ground and
first excited states of the transmon. This rule identifies
quantized orbits for oscillatory motion as the classical
orbits that enclose an area given by 4;, = 27 hie(j; + 1/2)
[44], where j, = 0,1,2,... denotes the Bohr-Sommerfeld
quantum number for the transmon state and Aer = z is the
effective Planck constant [20]. The total number of Bohr-
Sommerfeld states within a given area 4 can be calculated

as |A/2m hesr|. The orbits corresponding to the transmon’s
ground and first excited states are depicted in Figs. 5(a)
and 5(c)-5(h) by blue and red lines, respectively. These are
regular orbits, enclosing areas 49 = 7 hes for the ground
state and 4; = 37w hey for the first excited state. In Fig.
5(h), corresponding to a drive of 49 photons under disper-
sive readout, the size of the chaotic layer is such that the
regular region is too small to support the regular orbits cor-
responding to the logical transmon states. In Refs. [17,20],
this was identified as a signature of transmon ionization
and linked to a critical photon number. The observation
that the qubit orbits are no longer present in Fig. 5(h) for
the dispersive readout is in stark contrast to the longitu-
dinal readout where, for the same photon number, those
orbits remain; compare Figs. 5(g) and 5(h).

To compare more precisely the interplay of chaos with
the computational subspace in the two readout schemes,
we quantify the deformation of trajectories in phase space
in the presence of a drive by computing, for an initial
condition (¢(0), #(0)), the deviation

lmax

dy =Yoo — 9O + [0 = n, 0P, ©)

t=0
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where the subscripts 0 and « indicate the classical trajecto-
ries of the undriven and driven cases with amplitude o,
respectively, and f#y,x is the total evolution time. Figure
5(b) presents this quantity as a function of photon number
for both dispersive (purple) and longitudinal (blue) read-
outs. Here, the deviation is averaged over initial conditions
randomly sampled from the phase-space region spanning
[ Pesr, 477 hegr]. This region corresponds to the area of phase
space that contains the Bohr-Sommerfeld orbits of the
transmon logical subspace. As is made clear by Fig. 5 and
can be intuitively understood from the Pointcaré sections
of Figs. 5(c)}-5(g) and 5(d)-5(h), the dispersive readout is
affected to a much larger extent and at much lower pho-
ton number than the longitudinal readout. In fact, a sudden
jump in the average distance is observed for the dispersive
readout at approximately ten photons, while the longitudi-
nal readout remains stable up to approximately 60 photons,
and even then, only a small average distance is observed.
In short, a parametrically driven transmon, correspond-
ing to the longitudinal readout, is more robust against the
emergence of chaos than a charge-driven transmon, cor-
responding to the dispersive readout. Interestingly, this
conclusion applies to many scenarios involving parametric
drives beyond longitudinal readout.

VI. CONCLUSION

We have studied the impact of multiphoton transitions in
transmon longitudinal readout [22,23]. We find the thresh-
old for ionization to be higher than for dispersive readout.
Notably, this threshold can be further increased by increas-
ing the detuning between the qubit and the resonator, and
that this can be achieved without sacrificing the amplitude
of the dispersive shift. We have also found the longitudinal
readout to be robust against disorder in the circuit. These
conclusions, obtained from a combination of numerical
simulations, branch analysis, and Schrieffer-Wolff trans-
formation, are supported by a qualitative analysis of the
classical model of the transmon-resonator system. This
analysis also shows that longitudinal readout, which maps
to a parametrically driven nonlinear oscillator, is more
robust against the onset of chaos than dispersive readout.
We hope that these conclusions will motivate experimental
exploration of longitudinal readout as an alternative to dis-
persive readout. Finally, the same tools can be used to fur-
ther explore other alternative approaches to qubit readout,
such as cross-Kerr readout [45], quarton-coupler-based
cross-Kerr readout [46,47], and flux-qubit readout [48].
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APPENDIX A: CIRCUIT QUANTIZATION

In this section, we quantize the circuit of Fig. 1 follow-
ing the standard approach of Ref. [49]. See Ref. [45] and
the supplementary information of Ref. [36] for a similar
analysis of the circuit. Using this approach, we find the
kinetic energy of the circuit

c ., C., C . .
K=Z+56+5@i-d% (D

and its potential energy

1

oL (P1 — ¢2 + Dex)?.

(A2)

U=Ej cos¢;+ Ejpcosgp, —

Following the discussion in the main text, it is useful to
define the two modes

:¢1+¢2+<Dext ¢:¢l_¢2+cpext

Substituting the above into Egs. (A1) and (A2), we obtain
the Lagrangian

C . . . G . \
L= 71 (¢t + ¢ — q)ext)z + 72 (¢t - ¢r)2

G

+ 7 (2¢r - (Dext) + EJl COos (¢t + ¢r - <I)ext)
2

+ Ep2 cos (b — &) — 797 (A4)

The conjugate variables ¢, and ¢, of the above two-mode
flux are

oL . . . .
4 = — = Ci(¢+ &) + C2(¢y — ),

= — (A5)
A
oL . . . . .
qr = 8¢ = Cl (¢t + ¢r) - C2(¢t - ¢r) + 4CV¢F7 (A6)
corresponding to the capacitance matrix
_(C+ G C— G
€= (01 —G GtG+ 4@) - B9
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Assuming C; = C; = C, the inverted capacitance matrix

18
1
_ e 0
c1=<200 1).
2C+4Cy

In terms of the above quantities, the Hamiltonian of the
system takes the general form # = ;q"C~'q — U, where
q= (qta qr)a resulting in

(A8)

— q_f2 q—f 4 £¢2
4C  4C+8C. L.
- EJl Ccos (¢t + ¢r - q)ext) - EJ2 Cos (d’t - (pr)
(A9)

Promoting the two pairs of conjugate variables to oper-
ators, and introducing the charge-number operator 7, =
q:r/2e, the Hamiltonian can be rewritten as

4e*h? 4e*n? 2.
+ _¢r
4C 4C+8C, L

— Ej1 08 (¢ + ¢ — Pext) — Eya cos (¢ — ).
(A10)

=

Defining the transmon’s charging energy Ec, = e?/4C,
the resonator’s charging energy Ec, = e*/(4C + 8C,),
and the resonator’s inductive energy E;, = dD% /m?L,, the
Hamiltonian takes the form

N R - Ep
H = 4Ec > + 4Ec, 7 + 7L<p,2
— Ej1¢08 (@ + @ — Yext) — Eja cos (@1 — §r)

(All)

= w,a'a + 4Ec1* — Ejy cos (& + @ — Pext)

— Ejycos (@ — ¢r), (A12)

where in the second line, we have introduced the res-
onator’s creation (annihilation) operators a' (@), and w, =
V8Ec,Er, is the resonator frequency. We have also

introduced the operators ¢, = (27/ <I>0)<;A5,,, and eyt =

27/ Do) Pexi-
Using trigonometric identities, the last two terms of Eq.

(A12) can be expressed

Qext) + Ejz cos (@r — ¢r)

= (EJ1 €08 @ext + Ej2) COS @; COS @

Ejicos (¢; + ¢ —

+ (Ej2 — E1 cOS @ext) Sin @, sin @,

+ Ej1 Sin @ext COS @y (sin @ — cos (Z),) . (A13)

Taking the external flux to be pexy = 0, the above expres-
sion can be reduced to

E; cos ¢; cos ¢, + dE sin ¢; sin ¢, (A14)
where EJ = EJ1 +EJ2 and d = (EJ2 —Ejl)/EJ is the
asymmetry between the Josephson-junction energies.

Using these results, the Hamiltonian in Eq. (A12) can be
written as

H=wda+ 4Eci? — E; cos §; cos §,

— d sin ¢, sin @, (A15)
=wd'a+ 4chzt2 — Ej cos ¢;
+ 2E; cos g, sin’ (¢,/2) — dsin@;sin @y,  (A16)

where in the second line, we have again used a trigono-
metric identity to separate the bare transmon Hamilto-
nian 4, = 4ch1,2 — Ej cos ¢, from the transmon-resonator
interaction, which can be read in the last line.

When including the gate charge n,, we obtain the Hamil-
tonian of Eq. (2) of the main text, where we have also set
Ec; = Ecto simplify the notation. We note that to drive the
transmon (resonator) mode of this multimode circuit, the
nodes labeled 1 and 2 in Fig. 1 need to be driven symmet-
rically (antisymmetrically); however, if there is sufficient
detuning between the two modes (A = w, — w, is large),
it may be possible to drive only one mode of the cir-
cuit to control both the transmon and resonator modes
independently with minimal crosstalk. Once again, a large
detuning is beneficial for this circuit.

To obtain a more intuitive understanding of the above
Hamiltonian, Eq. (A16) can be reduced to its two-level-
approximation form, which we use in the main text to
relate to the dispersive-readout Hamiltonian. To obtain this
reduced Hamiltonian, we first approximate the transmon
Hamiltonian ﬁl, as (wy/2)6., and we assume d = 0 for sim-
plicity. Then, using the fact that the zero-point fluctuation
of the transmon and resonator is small, the interaction term
2E; cos ¢, sin® (¢,/2) can be expanded to

2E; cos ¢ sin® (§,/2)

(ptzzpf B ~\2 (Drzzpf ~ AT\ 2

Using the rotating-wave approximation and ignoring all
terms that are proportional to 575 and ata (which only cor-
respond to frequency shifts of the transmon and resonator,
respectively), we are left with

2 2
. <p VS
Pl ~ =2 115 (A18)
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Using b'h = (1/2)(1 + 6.) and @ypr = QEc/E)"/*, and
setting x. = —v/2EcE;¢;,¢/2, we can write the two-level-
approximated Hamiltonian as

i ~ 25, 4+ wita+ p6.4t Al19
two-level ™~ 2 o, +wra'a+ Xz0za a, ( )

where we have lumped the frequency shift of the trans-
mon (resonator) resulting from the interaction into w, (w;).
Note that the above dispersive shift . is not obtained with
a perturbative transformation, and it depends only on the
static circuit parameters such as the transmon charging and
Josephson energy, as well as the phase zero-point fluctua-
tion of the resonator (provided that g = 0). Given that
the phase zero-point fluctuation of the resonator can be
kept constant while changing the resonator frequency, the
dispersive shift . is truly independent of the detuning A
between the qubit and the readout resonator. The benefits
of breaking this trade-off between the magnitude of the dis-
persive shift and the detuning are highlighted in the main
text, as well as below.

APPENDIX B: PULSE SHAPE

To achieve a fast turn on of the longitudinal interaction,
we use a pulse shape €(¢) designed to rapidly fill the cavity
with photons. Under the usual master equation accounting
for damping of the resonator at the rate «, the equation of
motion for (a) is

(&) = —ieo, (@) — §<&> +e() cos (wgh). (B

Defining (a) = a(¢), we can factor the solution of the
above equation to slow- and fast-oscillating terms such
that «(f) = a,()e” ™', Substituting this into the above
equation, and applying the rotating-wave approximation,
we get

. K €(0)
a, () = _Eaf(t) + —.

> (B2)

Using this expression, we choose a desired «, (¥) and obtain
the corresponding form of €(f). Here, we take «,(f) =
ay (1 —exp (—(t/ 7)%)), where ay is the amplitude of the
target coherent state. From Eq. (B2), we can then express
the pulse as

+ ko (1 — e W), (B3)

€() = %e*w”z
The above pulse is designed to quickly displace the res-
onator to a coherent state with an amplitude oy and main-
tain it by accounting for dissipation. The speed at which
the displacement is made is controlled by adjusting t. The
pulse shapes used in Fig. 4 are shown in Fig. 6. For oy = 4,

500
N —_— =2
I
Z 400 — ar=3
= ar=4
o
< 300
()
he)
=}
£ 200
Q.
€
©
o 100
2
a
0
0 5 10 15 20 25

Time (ns)

FIG. 6. Pulses used for the readout simulations in Fig. 4,
shown up to # = 25 ns. Here, r = 5 and « /2w = 17 MHz.

the maximum drive amplitude is &, /27 &~ 465 MHz, and
this is reached in approximately 5 ns.

It is important to point out that the phase of the drive
must be constant to activate the longitudinal interac-
tion most effectively. Aside from experimental limitations,
there are no restrictions on the pulse shape, and it could be
interesting to consider whether more sophisticated pulses
could further improve performance, just like in dispersive
readout [5,50].

APPENDIX C: IDENTIFICATION OF CRITICAL
PHOTON NUMBER

We identify the critical photon number for ionization of
the ground (excited) state of the transmon from the branch
analysis as the number of photons in the resonator that
is required for the transmon population to exceed N, = 2
(N; = 3) for at least three consecutive photons (see Ref.
[17] for details). The last condition is to avoid identify-
ing small resonances that can bring the population over
the threshold at a single resonator photon number. See,
for example, the small population jump due to a small
resonance between states 1, and 5; in Fig. 2(c).

APPENDIX D: SCHRIEFFER-WOLFF
TRANSFORMATION

In this section, we derive the Schrieffer-Wolff transfor-
mation for the longitudinal-readout Hamiltonian, Eq. (2),
assuming d = 0 and in the absence of a drive. We express
this Hamiltonian as

H=H0+7V, (D1)
with
Hy=wa'a+ Y o, i) il (D2)
Jt
and
V' = 2E; cos ¢, sin® (¢,/2), (D3)

where |j;) are the transmon eigenstates and wj, are the cor-
responding energies. Note that }J” has diagonal components
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The matrix elements of the displacement operator in the

in the basis in which we have expressed fAI(; We separate
Fock basis are well known and take the form [32]

out this diagonal contribution, from which we define I:IO in
the main text. The off-diagonal parts are then, by definition,
V. Using the trigonometric identity 2 sin® 0 /2=1—cosé, mel —la2)2 7=y gy 12
we can express V' as a sum of displacement operators (| D) my) = 7“ € Ly " (), (D)
D(x):

i where n, > m, and L? is the generalized Laguerre polyno-
(é“’rzpf(&wh + e—[werf(a+f")> mial (in which a is a nonnegative integer and b is a real

number), we can write the interaction term as

COS @ =

[D(i(przpf) + D(_i(przpf)] . (D4)
J

N — N —

V= E; Y il cos @ilji) lin) (il

ity
. , (D6)
J —¢? . Al mg. . T T R—I ne—m 1 .
— e N N " ] €08 Gulin) | — ()" L () [T (=1 Ly 1) Gty
2 ivjt ey i
The total Hamiltonian can then be written as in the main text,
H=H+V =H+7, (D7)
with
A AT A . A ) 1 s —¢2 )2 . A . .
Hy=w,a'a+Y " (ay, + Er(jil cos@li)) i) Gl — Ese” " 3> "4l 08 @ljn) Lun, (@) s 117} (i 111
Jt Jt o my (DS)
=Y [+ x5 @@ i) Gil]@Ta+ > (s, + A) Uid Gil
Jt Jt
where
At A AT A —p2 /2 . Ays
itay.;,(@'a) = —Epe™ o Ly (o) > 4l cos ¢ilji) (D9)
Jt
is the transmon-dependent shift to the resonator frequency and
Aj, = E;{jil cos ylji) (D10)

is a resonator-independent shift of the transmon’s frequency. Moreover, the off-diagonal part of the interaction term can
then be written as

V=E; ) (il cos @il i) (il
i #jt

EJf2 2 . Al mr!. T H— ne—m 1 .
= et T (il e0s @i | S i) L () [+ (<1 i) G
t

@rnp)#(rmyr)

(D11)

Having separated out the diagonal and off-diagonal contributions, we now perform a Schrieffer-Wolff transformation
on Eq. (D7) to eliminate the off-diagonal contribution to second order to obtain the effective Hamiltonian

SHe S~ Hy + H® 1., (D12)
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where S is the Schrieffer-Wolff transformation generator and

-y Y

itft.ke np lr

771, ke gl 77k,,], 1y-,my- (
Wiy jy +

with @, 5, = wq,

1
) linn)oml,  (DI3)
o,

+
-,  wjx+ m—1

— wp,, where w,, and wp, are the ac-Stark-shifted transmon frequencies, w/. is the resonator frequency

shifted by ., Jt(?ﬂ&), and the matrix elements 7, , ., 4, are given by

Navprerd, = Ey{a:| cos @i|b)8e, a,

EJ _02 n dr' . . _ .
— e il cos ilbi) | (i) LG (ol [T+ (D]
X

It is worth noting that the selection rules for both the
transmon and the resonator are now apparent. As men-
tioned in the main text, the cosine function is even and,
therefore, only states with the same parity can be con-
nected with matrix elements (i;| cos ¢|j;). We observe
similar selection rules for the resonator. This can be seen
in Eq. (D6), where the term [1 4 (—1)"7~""] only connects
resonator states if n, — m, is even. These selection rules are
beneficial for the readout as they prevent unwanted tran-
sitions between the computational states and reduce the
number of pathways through which transitions to higher
states can occur.

Furthermore, the diagonal Hamiltonian of Eq. (DS)
includes the Lamb shift, as well as the cross-Kerr coupling
that is used for the readout. As mentioned in the main text,
an important point is that the cross-Kerr coupling does not
depend on the transmon-resonator detuning. Moreover, the
off-diagonal terms that lead to ionization are in Eq. (D13).
Crucially, unlike the cross-Kerr coupling, however, these
terms do depend on the detuning between the transmon
and the resonator. Therefore, increasing the detuning can
then suppress the terms that lead to ionization.

APPENDIX E: READOUT SIMULATIONS

To model the readout and obtain an accurate estimation
of the assignment error, we numerically model a single-
shot readout measurement with heterodyne detection using
QUTIP’s stochastic Schrodinger-equation solver [51,52].
The stochastic Schrodinger equation we are solving is

dy (o) = —ifly (dt — (53" - 716 +itp)la
+ [+ (5)1) ¥ ()
)yf(z) dw,

- 5(1’& 7) v (1) dW,. (E1)

(D14)

(

Here, H is the Hamiltonian from Eq. (1), « is the resonator
decay rate, and ¥ = a + a' and p = i(a" — &) are the mea-
sured quadratures. Both measured quadratures have inde-
pendent Wiener increments dW; that satisfy E[dW;] =0
and E[dW;dW;] = 6, dt, where i,j € {x,p}. For each tra-
jectory, we demodulate the signal with ¢/®’ and integrate
the signal from both the x and p quadratures using the
real and imaginary parts of the optimal weighting function
(ac(t)) — {(aq(1), respectively [53].

By simulating multiple trajectories, with the qubit ini-
tialized in the ground or excited state, we obtain two
clusters of points in the /Q plane as a function of time.
At each time step ¢, we find the optimal threshold line that
separates the two clusters of points, which results in the
minimal assignment error &(f), computed as

_ P(elg)(1) + P(gle) (1)
e(t) = 3 »

(E2)

where P(x|y)(¢) is the conditional probability of assign-
ing the readout outcome as x when starting in the yth
state. In our simulations, we use a step size of 7/wy,
with nsubsteps set to 6000 for a target coherent-state
amplitude of oy = 2, and to 10000 for oy = 3 and 4. We
simulated 81920, 26 624, and 27 648 trajectories for the
target coherent-state amplitudes oy = 2, 3, and 4, respec-
tively. For the stochastic readout simulations, we do not
average over gate charges; however, as indicated in Fig. 7,
we find that the critical photon number does not dip below
Nmax = 16, the maximum number of photons we put in the
resonator in our simulations.

Computing the assignment fidelity in the above way
accounts for any non-Gaussian effects in the phase space
that may be overlooked when using analytical expressions
that assume the resonator fields as coherent states; how-
ever, given the relatively low self-Kerr nonlinearity on the
resonator (approximately 340 kHz), we find that the non-
Gaussian effects on the resonator fields are minimal at the
photon numbers used in our readout simulations. We can
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FIG. 7. Critical photon number for the parameters used in the
stochastic readout simulations for Fig. 4 as a function of varying
gate charge n,. The red line indicates the maximum number of
photons .y that we put in the resonator for the readout simu-
lations. For all gate charges scanned, the critical photon number
remains above Ay,y.

then approximate the resonator states to be coherent states
and compute the optimal signal-to-noise ratio with

QRMJZJMW/MWAﬂ—%MPW, (E3)
0

where 7 is the measurement efficiency, ¢, is the integration
time, and o, (1) (e (?)) is the resonator mean field when the
qubit is prepared in the ground (excited) state. We compute
the resonator mean field using QUTIP’s Monte Carlo solver
with 500 trajectories. The assignment fidelity can then be
computed with

e(ty) = %erfc (%\g’")) s (E4)

where erfc is the complementary error function. The esti-
mated assignment errors with the measurement efficiency
set to n = 0.5 are shown in Fig. 4.

[1] B. M. Terhal, Quantum error correction for quantum mem-
ories, Rev. Mod. Phys. 87, 307 (2015).

[2] A.Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff, Cir-
cuit quantum electrodynamics, Rev. Mod. Phys. 93, 025005
(2021).

[3] P. A. Spring, L. Milanovic, Y. Sunada, S. Wang, A. F.
van Loo, S. Tamate, and Y. Nakamura, Fast multiplexed
superconducting-qubit readout with intrinsic Purcell filter-
ing using a multiconductor transmission line, PRX Quan-
tum 6, 020345 (2025).

[4] F. Swiadek, R. Shillito, P. Magnard, A. Remm, C. Hellings,
N. Lacroix, Q. Ficheux, D. C. Zanuz, G. J. Norris, A. Blais,
S. Krinner, and A. Wallraff, Enhancing dispersive readout
of superconducting qubits through dynamic control of the
dispersive shift: Experiment and theory, PRX Quantum 5,
040326 (2024).

[5] T. Walter, P. Kurpiers, S. Gasparinetti, P. Magnard, A.
Potocnik, Y. Salathé, M. Pechal, M. Mondal, M. Oppliger,
C. Eichler, and A. Wallraff, Rapid high-fidelity single-shot
dispersive readout of superconducting qubits, Phys. Rev.
Appl. 7, 054020 (2017).

[6] Y. Sunada, S. Kono, J. Ilves, S. Tamate, T. Sugiyama,
Y. Tabuchi, and Y. Nakamura, Fast readout and reset of
a superconducting qubit coupled to a resonator with an
intrinsic Purcell filter, Phys. Rev. Appl. 17, 044016 (2022).

[7]1 Z.Li, P. Liu, P. Zhao, Z. Mi, H. Xu, X. Liang, T. Su, W. Sun,
G. Xue, J.-N. Zhang, W. Liu, Y. Jin, and H. Yu, Error per
single-qubit gate below 10~* in a superconducting qubit,
npj Quantum Inf. 9, 111 (2023).

[8] R. Li, K. Kubo, Y. Ho, Z. Yan, Y. Nakamura, and H.
Goto, Realization of high-fidelity CZ gate based on a
double-transmon coupler, Phys. Rev. X 14, 041050 (2024).

[9] Y. Sung, L. Ding, J. Braumiiller, A. Vepsildinen, B. Kan-
nan, M. Kjaergaard, A. Greene, G. O. Samach, C. McNally,
D. Kim, A. Melville, B. M. Niedzielski, M. E. Schwartz,
J. L. Yoder, T. P. Orlando, S. Gustavsson, and W. D.
Oliver, Realization of high-fidelity CZ and ZZ-free iSWAP
gates with a tunable coupler, Phys. Rev. X 11, 021058
(2021).

[10] A. Somoroff, Q. Ficheux, R. A. Mencia, H. Xiong, R.
Kuzmin, and V. E. Manucharyan, Millisecond coherence
in a superconducting qubit, Phys. Rev. Lett. 130, 267001
(2023).

[11] D. Sank et al., Measurement-induced state transitions in a
superconducting qubit: Beyond the rotating wave approxi-
mation, Phys. Rev. Lett. 117, 190503 (2016).

[12] M. Khezri, A. Opremcak, Z. Chen, K. C. Miao, M.
McEwen, A. Bengtsson, T. White, O. Naaman, D. Sank, A.
N. Korotkov, Y. Chen, and V. Smelyanskiy, Measurement-
induced state transitions in a superconducting qubit: Within
the rotating-wave approximation, Phys. Rev. Appl. 20,
054008 (2023).

[13] Z. K. Minev, S. O. Mundhada, S. Shankar, P. Reinhold, R.
Gutiérrez-Jauregui, R. J. Schoelkopf, M. Mirrahimi, H. J.
Carmichael, and M. H. Devoret, To catch and reverse a
quantum jump mid-flight, Nature 570, 200 (2019).

[14] R. Lescanne, L. Verney, Q. Ficheux, M. H. Devoret, B.
Huard, M. Mirrahimi, and Z. Leghtas, Escape of a driven
quantum Josephson circuit into unconfined states, Phys.
Rev. Appl. 11, 014030 (2019).

[15] T. Thorbeck, Z. Xiao, A. Kamal, and L. C. G. Govia,
Readout-induced suppression and enhancement of super-
conducting qubit lifetimes, Phys. Rev. Lett. 132, 090602
(2024).

[16] R. Shillito, A. Petrescu, J. Cohen, J. Beall, M. Hauru, M.
Ganahl, A. G. Lewis, G. Vidal, and A. Blais, Dynamics of
transmon ionization, Phys. Rev. Appl. 18, 034031 (2022).

[17] M. F. Dumas, B. Groleau-Par¢, A. McDonald, M. H. Muiioz
Arias, C. Lledo, B. D’Anjou, and A. Blais, Measurement-
induced transmon ionization, Phys. Rev. X 14, 041023
(2024).

[18] L. Verney, R. Lescanne, M. H. Devoret, Z. Leghtas, and M.
Mirrahimi, Structural instability of driven Josephson cir-
cuits prevented by an inductive shunt, Phys. Rev. Appl. 11,
024003 (2019).

[19] X. Xiao, J. Venkatraman, R. G. Cortinas, S. Chowdhury,
and M. H. Devoret, A diagrammatic method to compute

034026-15


https://doi.org/10.1103/RevModPhys.87.307
https://doi.org/10.1103/RevModPhys.93.025005
https://doi.org/10.1103/PRXQuantum.6.020345
https://doi.org/10.1103/PRXQuantum.5.040326
https://doi.org/10.1103/PhysRevApplied.7.054020
https://doi.org/10.1103/PhysRevApplied.17.044016
https://doi.org/10.1038/s41534-023-00781-x
https://doi.org/10.1103/PhysRevX.14.041050
https://doi.org/10.1103/PhysRevX.11.021058
https://doi.org/10.1103/PhysRevLett.130.267001
https://doi.org/10.1103/PhysRevLett.117.190503
https://doi.org/10.1103/PhysRevApplied.20.054008
https://doi.org/10.1038/s41586-019-1287-z
https://doi.org/10.1103/PhysRevApplied.11.014030
https://doi.org/10.1103/PhysRevLett.132.090602
https://doi.org/10.1103/PhysRevApplied.18.034031
https://doi.org/10.1103/PhysRevX.14.041023
https://doi.org/10.1103/PhysRevApplied.11.024003

ALEX A. CHAPPLE et al.

PHYS. REV. APPLIED 24, 034026 (2025)

the effective Hamiltonian of driven nonlinear oscillators,
arXiv:2304.13656 [quant-ph].

[20] J. Cohen, A. Petrescu, R. Shillito, and A. Blais, Rem-
iniscence of classical chaos in driven transmons, PRX
Quantum 4, 020312 (2023).

[21] J. Gambetta, A. Blais, M. Boissonneault, A. A. Houck,
D. I. Schuster, and S. M. Girvin, Quantum trajectory
approach to circuit QED: Quantum jumps and the Zeno
effect, Phys. Rev. A 77, 012112 (2008).

[22] N. Didier, J. Bourassa, and A. Blais, Fast quantum nonde-
molition readout by parametric modulation of longitudinal
qubit-oscillator interaction, Phys. Rev. Lett. 115, 203601
(2015).

[23] M. Lachapelle, Mesure optimale des qubits supraconduc-
teurs, Master’s thesis, Université de Sherbrooke, 2018.

[24] S. Richer, N. Maleeva, S. T. Skacel, I. M. Pop, and D.
DiVincenzo, Inductively shunted transmon qubit with tun-
able transverse and longitudinal coupling, Phys. Rev. B 96,
174520 (2017).

[25] A.J. Kerman, Quantum information processing using qua-
siclassical electromagnetic interactions between qubits and
electrical resonators, New J. Phys. 15, 123011 (2013).

[26] P.-M. Billangeon, J. S. Tsai, and Y. Nakamura, Circuit-
QED-based scalable architectures for quantum information
processing with superconducting qubits, Phys. Rev. B 91,
094517 (2015).

[27] C. A. Potts, R. C. Dekker, S. Deve, E. W. Strijbis, and G. A.
Steele, Strong intrinsic longitudinal coupling in circuit
quantum electrodynamics, Phys. Rev. Lett. 134, 153603
(2025).

[28] K. V. Salunkhe, S. Kundu, S. Das, J. Deshmukh, M.
P. Patankar, and R. Vijay, The quantromon: A qubit-
resonator system with orthogonal qubit and readout modes,
arXiv:2501.17439 [quant-ph].

[29] M. H. Muiioz Arias, C. Lledd, and A. Blais, Qubit read-
out enabled by qubit cloaking, Phys. Rev. Appl. 20, 054013
(2023).

[30] A. Blais, J. Gambetta, A. Wallraff, D. I. Schuster, S. M.
Girvin, M. H. Devoret, and R. J. Schoelkopf, Quantum-
information processing with circuit quantum electrodynam-
ics, Phys. Rev. A 75, 032329 (2007).

[31] J. Koch, T.M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).

[32] K. E. Cahill and R. J. Glauber, Ordered expansions in
Boson amplitude operators, Phys. Rev. 177, 1857 (1969).

[33] S. Touzard, A. Kou, N. E. Frattini, V. V. Sivak, S. Puri,
A. Grimm, L. Frunzio, S. Shankar, and M. H. Devoret,
Gated conditional displacement readout of superconducting
qubits, Phys. Rev. Lett. 122, 080502 (2019).

[34] J. Ikonen, J. Goetz, J. Ilves, A. Kerdnen, A. M. Gunyho, M.
Partanen, K. Y. Tan, D. Hazra, L. Gronberg, V. Vesterinen,
S. Simbierowicz, J. Hassel, and M. Mottonen, Qubit mea-
surement by multichannel driving, Phys. Rev. Lett. 122,
080503 (2019).

[35] J. M. Chow, A. D. Corcoles, J. M. Gambetta, C. Rigetti,
B. R. Johnson, J. A. Smolin, J. R. Rozen, G. A. Keefe,
M. B. Rothwell, M. B. Ketchen, and M. Steffen, Simple
all-microwave entangling gate for fixed-frequency super-
conducting qubits, Phys. Rev. Lett. 107, 080502 (2011).

[36] Y. Lu, A. Maiti, J. W. O. Garmon, S. Ganjam, Y.
Zhang, J. Claes, L. Frunzio, S. M. Girvin, and R. J.
Schoelkopf, High-fidelity parametric beamsplitting with a
parity-protected converter, Nat. Commun. 14, 5767 (2023).

[37] M. Boissonneault, J. M. Gambetta, and A. Blais, Improved
superconducting qubit readout by qubit-induced nonlinear-
ities, Phys. Rev. Lett. 105, 100504 (2010).

[38] V. Sivak, N. Frattini, V. Joshi, A. Lingenfelter, S. Shankar,
and M. Devoret, Kerr-free three-wave mixing in super-
conducting quantum circuits, Phys. Rev. Appl. 11, 054060
(2019).

[39] S. Boutin, D. M. Toyli, A. V. Venkatramani, A. W. Eddins,
I. Siddiqi, and A. Blais, Effect of higher-order nonlineari-
ties on amplification and squeezing in Josephson parametric
amplifiers, Phys. Rev. Appl. 8, 054030 (2017).

[40] R. Graham and J. Keymer, Level repulsion in power spec-
tra of chaotic Josephson junctions, Phys. Rev. A 44, 6281
(1991).

[41] J. B. McLaughlin, Period-doubling bifurcations and chaotic
motion for a parametrically forced pendulum, J. Stat. Phys.
24,375 (1981).

[42] S. P. Hastings and J. B. McLeod, Chaotic motion of a pen-
dulum with oscillatory forcing, Am. Math. Mon. 100, 563
(1993).

[43] G. Zaslavsky, Hamiltonian Chaos and Fractional Dynam-
ics (OUP, Oxford, 2005).

[44] A.Messiah, Quantum Mechanics (Dover Publications, Inc.,
Garden City, New York, 2020).

[45] R. Dassonneville, T. Ramos, V. Milchakov, L. Planat, E.
Dumur, F. Foroughi, J. Puertas, S. Leger, K. Bharadwaj,
J. Delaforce, C. Naud, W. Hasch-Guichard, J. J. Garcia-
Ripoll, N. Roch, and O. Buisson, Fast high-fidelity quantum
nondemolition qubit readout via a nonperturbative cross-
Kerr coupling, Phys. Rev. X 10, 011045 (2020).

[46] Y. Ye, J. B. Kline, S. Chen, A. Yen, and K. P. O’Brien,
Ultrafast superconducting qubit readout with the quarton
coupler, Sci. Adv. 10, eado9094 (2024).

[47] Y. Ye, K. Peng, M. Naghiloo, G. Cunningham, and K. P.
O’Brien, Engineering purely nonlinear coupling between
superconducting qubits using a quarton, Phys. Rev. Lett.
127, 050502 (2021).

[48] X. Wang, A. Miranowicz, and F. Nori, Ideal quantum
nondemolition readout of a flux qubit without Purcell limi-
tations, Phys. Rev. Appl. 12, 064037 (2019).

[49] U. Vool and M. Devoret, Introduction to quantum elec-
tromagnetic circuits, Int. J. Circuit Theory Appl. 45, 897
(2017).

[50] R. Gautier, Elie Genois, and A. Blais, Optimal control in
large open quantum systems: The case of transmon readout
and reset, Phys. Rev. Lett. 134, 070802 (2025).

[51] J. Johansson, P. Nation, and F. Nori, QuTiP: An open-
source Python framework for the dynamics of open quan-
tum systems, Comput. Phys. Commun. 183, 1760 (2012).

[52] J. Johansson, P. Nation, and F. Nori, QuTiP 2: A Python
framework for the dynamics of open quantum systems,
Comput. Phys. Commun. 184, 1234 (2013).

[53] C. C. Bultink, B. Tarasinski, N. Haandbzak, S. Poletto, N.
Haider, D. J. Michalak, A. Bruno, and L. DiCarlo, General
method for extracting the quantum efficiency of dispersive
qubit readout in circuit QED, Appl. Phys. Lett. 112, 092601
(2018).

034026-16


https://arxiv.org/abs/2304.13656
https://doi.org/10.1103/PRXQuantum.4.020312
https://doi.org/10.1103/PhysRevA.77.012112
https://doi.org/10.1103/PhysRevLett.115.203601
https://doi.org/10.1103/PhysRevB.96.174520
https://doi.org/10.1088/1367-2630/15/12/123011
https://doi.org/10.1103/PhysRevB.91.094517
https://doi.org/10.1103/PhysRevLett.134.153603
https://arxiv.org/abs/2501.17439
https://doi.org/10.1103/PhysRevApplied.20.054013
https://doi.org/10.1103/PhysRevA.75.032329
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1103/PhysRev.177.1857
https://doi.org/10.1103/PhysRevLett.122.080502
https://doi.org/10.1103/PhysRevLett.122.080503
https://doi.org/10.1103/PhysRevLett.107.080502
https://doi.org/10.1038/s41467-023-41104-0
https://doi.org/10.1103/PhysRevLett.105.100504
https://doi.org/10.1103/PhysRevApplied.11.054060
https://doi.org/10.1103/PhysRevApplied.8.054030
https://doi.org/10.1103/PhysRevA.44.6281
https://doi.org/10.1007/BF01013307
https://doi.org/10.1080/00029890.1993.11990451
https://doi.org/10.1103/PhysRevX.10.011045
https://doi.org/10.1126/sciadv.ado9094
https://doi.org/10.1103/PhysRevLett.127.050502
https://doi.org/10.1103/PhysRevApplied.12.064037
https://doi.org/10.1002/cta.2359
https://doi.org/10.1103/PhysRevLett.134.070802
https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1063/1.5015954

	I. INTRODUCTION
	II. LONGITUDINAL READOUT IN CQED
	III. IONIZATION IN THE LONGITUDINAL READOUT
	A. Physical origin of ionization and simple mitigation strategies
	B. Branch analysis
	C. Asymmetries in the Josephson junctions and the effect of gate charge

	IV. FAST AND HIGH-FIDELITY LONGITUDINAL READOUT
	V. EMERGENCE OF CHAOS IN THE LONGITUDINAL READOUT
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: CIRCUIT QUANTIZATION
	B. APPENDIX B: PULSE SHAPE
	C. APPENDIX C: IDENTIFICATION OF CRITICAL PHOTON NUMBER
	D. APPENDIX D: SCHRIEFFER-WOLFF TRANSFORMATION
	E. APPENDIX E: READOUT SIMULATIONS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


