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We study the photon shot noise dephasing of a superconductinsmon qubit in the strong-dispersive limit,
due to the coupling of the qubit to its readout cavity. As eeamdom arrival or departure of a photon is
expected to completely dephase the qubit, we can contralatigeat which the qubit experiences dephasing
events by varyingn situ the cavity mode population and decay rate. This allows ugtifyva pure dephasing
mechanism that matches theoretical predictions, and inefgaains the increased dephasing seen in recent
transmon experiments as a function of cryostat temperatesobserve large increases in coherence times as
the cavity is decoupled from the environment, and after @mgnting filtering find that the intrinsic coherence of
small Josephson junctions when corrected with a single ldaha is greater than several hundred microseconds.
Similar filtering and thermalization may be important fohet qubit designs in order to prevent photon shot
noise from becoming the dominant source of dephasing.

PACS numbers: 03.67.Lx, 42.50.Pq, 85.25

Rapid progress® is being made in engineering superconducting qubits amd@fely isolating them from the surrounding
electromagnetic environment, often through the use ofr@scavities. When coupled dispersively, for example wissd for
a quantum bus or memory, changes in oscillator occupatiosioiét the qubit energy, leading to an unintended measuneafe
the qubit and a loss of coherence.

Recently superconducting qubits have been created inside a thneeadional (3D) resonator, leading to more than an order
of magnitude increase in coherence time. Interestinglyethiergy relaxation tim&; has increased even more than the phase
coherence timd, pointing to a new or newly important mechanism for dephgisimhese devices have a single Josephson
junction, eliminating the sensitivity to flux noi&eand surprisingly show only a weak temperature-dependspttasing, incon-
sistent with some predictions based on extrapolationsmtjan critical current noise®. In these devices, the qubit state is
detected by observing the dispersive frequency shift osamant cavity. However, it is knownt! that in the strong-dispersive
regime the qubit becomes very sensitive to stray cavityqigtwhich cause dephasing due to their random ac-Statk?sHif
requires increasing care to prevent this extrinsic meamafiiom becoming the dominant source of dephasing as qfeiitlies
increase. Experiments elsewhtrand in our lab have shown that pure dephasing times can be maayeds of microseconds
after careful thermalization and more extensive filtering.

In this Letter, we quantitatively test the dephasing of aitydibe to photon shot noise in the strong-dispersive coggimit
with a cavity. In this novel regime where the ac-Stark shéft photon is many times greater than the qubit linewidénd the
cavity decay rate4, the passage of any photon through the cavity performs a ledenand unintended measurement of the
qubit state. This limit also allows a precise determinatibthe photon number in the cavity using Rabi experimentshen t
photon number-split qubit spectrdfn With a simulated thermal bath injecting photons into theityaand in situ mechanical
adjustment of the cavitx, we find a pure dephasing of the qubit that quantitativelyomes theor}. Furthermore, we verify
that the qubit is strongly coupled to photons in severaltganodes and find that the dephasing from these modes acdounts
the reduced coherence times as a function of cryostat temyper Our measurements at 10 mK demonstrate that deggeasin
K leads to longer qubit coherence times, suggesting thairgidephasing in superconducting qubits is due to uniredrzchd
preventable measurement by excess photons in higher fiegugodes.

The experiments were performed (see Fig. 1a) with a trangpabit coupled in the strong-dispersive limit to a 3D cavatyd
well approximated by the Hamiltoni&h

Hefr/f = wxa’a+ (ay — xa'a) bTo— %bTbTbb, L

where the operata’ creates a cavity photon and the operdtbcreates a qubit excitation. Thea is the cavity frequency,
wy anda are the qubit frequency (fixed and far detuned from the caeityl anharmonicity, ang/2m= 7 MHz is the light
shift per photon which can be 1000 times larger than the dingtvidth of y/2m=5— 12 kHz, and the cavity linewidth
K/2m=6—120 kHz. The large dispersive shift leads to the well-resdlpeaks in the qubit spectrum (see Fig. 1b-c), allowing
us to conditionally manipulate the qubit depending on thatgghoton numbeN!®. Measuring the height of a given photon
number-split qubit peak (or the amplitude of a Rabi osddlatat frequencywy — Nx) allows a direct determination of the
probability P(N) for the cavity to have a particular photon number.

Dephasing of the qubit can be caused by a random change iy péngiton number, which shifts the qubit energyfiyy per
photon and leads to a large rate of phase accumulationvestiaty. Then the pure dephasing ratg obtained in a Ramsey



experiment for the qubit, depends on the stability offhphoton cavity state. When the cavity is connected to a thidoath,
the probabilityP(N) follows a system of equatiohSfor the rate of change into and out of thephoton statedP(N)/dt =
K(n+1)(N+1)P(N+ 1)+ knNP(N — 1) — 'outP(N), where the cavity decay rate= 1/1 is the inverse of its decay time n
is the average number of photons, and

Mout= K [(N+1)N+n(N+1)] 2

combines the spontaneous emission of photons with the Istietlemission due to thermal photons. Then, in the strong-
dispersive regime (and neglecting other sources of depfatiie dephasing rate becomgs= oy, and the success of an
experiment that relies on phase predictability of the grdgjtiires a constant photon number in the cavity throughatt eycle.

To verify this prediction fory, quantitatively, we first calibrate our thermal bath and thbtaink with experiments on the
photon peaks of the qubit. We can determine the cavity demi@krby exciting the cavity with a short coherent pulse while
measuring the repopulation of the ground staté) (i.e. the amplitude of the zero-photon Rabi oscillationggratimescale
1. Alternatively, exciting the cavity with a wideband noiseusce that covers the cavity. transition frequency but not the
qubit wy transition frequency, creates an average photon numbeARze (T)Q/Qc, as shown in the Suppleméhsee, also,

reference$!®24therein) . HereA is the linear power loss from additional cold attenuatiesg, = 1/(€'“/KT — 1) is the Bose-
Einstein population of the 50 load of the noise source at effective temperafiréocated outside the cavity. The total cavity
quality factorQ = w.T has an inverse which is the sum of the inverses of the cougliadity factorQ. of the noise source port,
all other port couplings, and the internal quality fac@:. In steady state and for uncorrelated noise, the probaBi(iN) of
finding the qubit in an environment witk photons is a thermal distributid®N) = AN /(n+ 1)(N+1) | as verified by the data in
Fig. 1d. With these measurements we obtain the scalimgasfa function of applied noise power for each different vailie,
allowing a comparison with Eq. 2 using no adjustable paranset

To observe the influence of photon dephasing on our qubitesieHq. 2 over a wide range of values for bathndk as
shown in Fig. 2. The photon number is varied by adjusting thenaation following our noise source, whikeis controlled
by retracting the resonator output coupler using a Kevlamgitonnected to the top of the fridge, exponentially imsiag the
Q¢ as it is withdrawn. For large, photons enter and leave quickly, so long periods uninpeediby a transit are rare even if
the average occupation is low, and the phase coherencedismit. In the Ramsey data shown in Fig. 2 the dephasingsate i
universally proportional to injected andk, with an offset due to spontaneous decayif- 0), and residual photons or other
intrinsic dephasing. These experiments confirm our undedstg of the qubit dephasing rate in the strong-dispefisiig and
point to the importance of excess photons or an effectivpézature of a mode for qubit coherence.

Importantly, we use slow Gaussian pulses to control thetguloirder to exploit the photon-dependence of our Hamiloni
With a width of g = 100 ns, the narrow frequency span of the pulses means thatd¥aewperiments add signal contrast only
when the chosen photon numb¢has remained in the cavity throughout the experiment, ad§pest-selection evident in the
different scalings of Fig. 2b-d. Once conditioned, photansitions during the experiment lead to an incoherentmespin our
qubit readout, when at a random point in titgean initially prepared superposition chang@g(to)) = 1/v/2(|g,0 + |e,0) —
lw(t)) = 1/v2(|g,D) +exgix(t —to)]|e,D) for timet > to. Our qubit readodP traces over all photon states, while a photon
number change entangles the qubit with a degree of freeddomighdiscarded or produces a superposition with unknovat fin
phase, leading to a decay in the Ramsey fringes as the exgrarmecords the qubit excitation despite any cavity traomsit
Additionally, a characteristic bump and slope are visibl¢hie data and must be removed before fitting the Ramsey sigtal
the usual decaying sine function. These features can bestndd as the re-equilibration of the cavity photon numbara
the first qubit manipulation conditionally prepares a dergdoton number, and are well fit (see Fig. 3 of the Supplejpigna
simple master equation which includes the incoherentygavite as well as qubit and cavity decay.

While the fundamental Tf; mode of our 3D resonator serves both as the qubit readounehand as a mechanism for
dephasing, the rectangular cavity in fact supports a setff;Tmodeg® whose influence we must consider. Then a more
comprehensive Hamiltonian than Eq. 1 must incorporate ndiffgrent cavity frequencies, each with a coupling strértat
depends on antenna length and the positioning of the qulthieircavity'®. This couplinggy is large for odda TE;o, modes
where the electric field has an antinode at the qubit, whiteetienn modes have greatly diminished coupling to the qubit due
to a node along the qubit antenna. For our parameters, tieufiaental Tko; modew, /2= 8.01 GHz,wy,/21m= 6.65 GHz,
andg; /2= 127 MHz, the qubit anharmonicity = 340 MHz leads to an ac-Stark shift gf /2m= 7 MHz. Similarly, the
first odd harmonics T3 with w; = 128 GHz has a larggs/2m= 1 MHz. In fact, with this mode we can perform high
fidelity readout, measure the photon mode population (ukinger o = 800 ns width pulses), and observe its influence on
decoherence by injecting noise neay. In general, we should considall cavity modes that have a non-zero coupling to the
qubit as sources of significant decoherence. For exam@@dtin TE;on modes at frequenay, and detuning\, = wh — @,
have a coupling, O /&, and an ac-Stark shiftn = g2a /An(An + a) which decrease only slowly agi. Consequently, there
may be many modes with significant dispersive shifts thatardras sources of extrinisic qubit decoherence. Moreoiwrares
the coupling quality factors of these modes typically dasess with frequency, even very small photon occupanciegivare
usually ignored, not measured or as carefully filtered) rhastuppressed to obtain maximum coherence.

The photon shot noise from multiple cavity modes providesrpke explanation for the anomalous qubit dephasing previ-
ously observetias a function of cryostat temperature. In this case, eadtyeavde should be populated with the Bose-Einstein
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probability Bsg and these thermal photons can make an unintended measutttenqubit, disrupting phase-sensitive exper-
iments. The predicted occupancies for the;diFand THp3z modes are shown (green lines) in the inset of Fig. 3, alon wit
their predicted dephasing (blue lines). Having confirmexdldaphasing rates for all modes individually we can now combi
the effect of all modes that strongly couple to the quiggt= 3y nik;. This total thermal decoherence rate is shown as the red
dashed line in the inset of Fig. 3, for typical parameterac&ithese modes hahex, >> kgT, the predicted dephasing time is in
excess of 100 microseconds below 80 mK due to the exponlgrdigipressed number of blackbody photons. However, since
any particular mode coupling to the qubit in the strong-disjve limit may have a relatively fast decay timesven very small

(~ 1072 — 10?) non-thermal populations could easily satisfyix >> 1/2T;, limiting the coherence through pure dephasing
alone toT; ~ 1/y, = 7/n. The measured coherence times as a function of temperaeuweed fit (see Fig. 3) by the combined
dephasing of thermal occupancy of thejgEand TR g3 modes, plus a parameter adjusted to represent the resigjufzdsing in
each experiment. This excess could be due to another msohantrinsic to the qubit, or simply due to insufficient fiiteg or
thermalization of the apparatus, leading to a small nonataéphoton population.

Further evidence that the intrinsic coherence limits of3Bdransmons at millikelvin temperatures have not yet bdeseo/ed
is provided by the data shown in Fig. 4, where the qubit relareime (T1), Ramsey timeT,), and Hahn echo timeTgg) at
10 mK are shown as a function of the Jgi cavity decay time. The relaxation time is relatively unafésl by cavity lifetime,
since this qubit is sufficiently detuned from the cavity tonimize the Purcell effeét However, we observe a general trend
whereT,; and Toe increase as the cavity lifetime increases, consistent aitlecoherence due to residual photons with ever
slower dynamics, butot expected due to e.g. junction critical current noise, wisichuld be independent of cavity properties.
With the addition of absorpti?é2” and reflectivé* low-pass filters which cover the Tk and higher frequencies, a similar
device (see the Supplement) experienced a drop of cavitylatipn from 3% to less than.B%. Our devices are sometimes
affected by an unexplained low-frequency noise (perhapstducharge dispersion), so we find it informative to include a
single Hahn echo in our Ramsey experiments. The measured wélthis dephasing time with echo increased in the filtered
configuration from 75us to 800us (with T; going from 28us to 48us andT,e from 32 us to 87us), suggesting that proper
heat-sinking and filtering components can effectively alaite photon dephasing.

In conclusion, we have performed experiments involvingisee thermal photon populations to quantitatively induabig
dephasing in good agreement with simple theory. We find thatgns in the fundamental and at least one harmonic mode of
the cavity strongly couple to a transmon qubit and note th#te@nominal base temperature of our cryostat they produce a
negligible amount of dephasing. However, the sensitivitthe qubit to photons at many frequencies requires that theei
keep all modes of the cavity in their ground state, or elseimie the influence of non-thermal populations by reducing
their measurement r&fe Inclusion of the cavity harmonics in dephasing calculaiteads to an understanding of the earlier,
anomalous, temperature-dependent decoherence in owedevFinally, we find evidence that interactions with the residu
photons in our 3D cavity likely mask the intrinsic coheretticge of the Josephson junction, a concern that is relevant fo
superconducting qubit desigis, quantum dot¥, and more generally any Quantum Information system coupladosonic
mode?. As qubit linewidths shrink in the future, other effects suas quasiparticle parfy=° or interactions with nuclear
spins'® may further split the qubit spectrum, enabling probes oif ttate dynamics using these procedures.
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CAPTIONS

FIG. 1: (a) Experimental setup (see also the SupplementjseNaf varying amplitude at the cavity transition frequengy
sent into the input port of a 3D resonator. The output porhefresonator has a movable coupler which varies the outpet si
coupling quality factoQ from 1.0 x 10° to 2.5 x 10°. (b) Energy level diagram. The qubit has a transition freqyehat is
ac-Stark shifted by-x for each photon in the cavity. (c) Photon number-splittiighe qubit spectrum. We inject noise and
create a mean numbeof photons in the fundamental mode. The peaks correspaNdi®,1,2 photons from right to left, with
the cavityQ = 1 x 10°, and (*) even without applied noise we measure a photon @tzupin the TEq; mode of the cavity to be
n~ 0.02. (d) Cavity population. Rabi experiments (shown in thp@ement) performed on each photon p&bfor increasing
noise power with cavityQ = 2.5 x 10°. The signal amplitude gives the probability of findiNgphotons in the cavity. Two
linear scaling factors, fit globally, provide conversioarfr homodyne readout voltagto probability (vertical axis), and from
attowatts within the cavity bandwidth to(horizontal axis). Error bars represemt fluctuations in theée) state readout voltage.
The solid lines are a thermal distribution using the fit s@afparameters.

FIG. 2: Qubit dephasing due to photon noise. (a) Qubit cofwrd¢ime, determined from Ramsey experiments ori\the 0

or N =1 (A) photon peaks, as a function of both cav@andn. The dashed lines are theory, with an offset due to residual
dephasing. Each has a slope proportionai for 3k for N = 1 experiments), according to Eq. 2. The ére coherence times vs.
population in TEoz mode, which also dephases the qubit. (b) Ramsey with no mjaeted, fundamental mod@ = 1 x 1P,
andT; = 26 us. The solid line is a fit with an exponentially decaying sirfe) A Ramsey with moderate noise. Contrast
andT; are reduced. Fundamental moQe= 2.5 x 10°, n= 0.25, T = 7.7 us. (d) Ramsey with high noise. Fundamental
modeQ = 1x 10°, n=3.1, T; = 5.2 us. Our selectiveN = 0) pulses produce a loss of contrast and a non-oscillatgrpsi
addition (orange) as photon population returns to a thedisalibution. The dashed black line is a numerical simalaisee

the Supplemental Materials).

FIG. 3: (a) Decoherence due to thermal photons. The coherémes extracted from Ramse¥,() and Hahn echoTgg)
experiments measured as a function of cryostat temperaforenodel dephasing (dashed lines), we predict populatiche
TEj01 and Tho3 modes of the cavity. Then, we sum the total dephasing rateyiise measured quality factors for each mode
(High Q: 1101 = 20 us, T103= 4 us; Low Q: 1101 = 2 US, T103 = 400 ns). For highQ, the use of a Hahn echo pulse leads to a
large T, because either the photon state has much longer corretatieror the remaining dephasing similarly occurs at low
frequencies. Although the decline Ta (not shown§” contributes to the trend, population in both {fEand TE g3 are needed
for a good fit. (b) Bose-Einstein population of the first twaedTE; o, modes at 8 and 12.8 GHz (green, A and B respectively)
and the coherence limits they impose individually (blued aallectively (dashed red) for the lo@ values measured above.

FIG. 4: Coherence times versus jpEmode decayr. The THgp3 cavity, which naturally decays more strongly through the
couplers, increases @ as the entire resonator is decoupled from our coaxial liMdsle T; is nearly constant due to the large
qubit detuning from the cavity, itf; andT,e increase as the coupling pin is withdrawn from the 3D resamahis is consistent
with diminishing dephasing from cavity modes with< x, where a photon transit strongly measdteke qubit state.
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