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Microwave-to-optical transducers are integral to the future of superconducting quantum computing,
as they would enable scaling and long-distance communication of superconducting quantum processors
through optical-fiber links. However, optically induced microwave noise poses a significant challenge
in achieving quantum transduction between microwave and optical frequencies. In this work, we study
light-induced microwave noise in an integrated electro-optical transducer harnessing the Pockels effect of
thin-film lithium niobate. We reveal three sources of added noise with distinctive time constants ranging
from sub-100 ns to milliseconds. Our results provide insights into the mechanisms and corresponding
mitigation strategies for light-induced microwave noise in superconducting microwave-optical transducers
and pave the way toward realizing the ultimate goal of quantum transduction.
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I. INTRODUCTION

The microwave-to-optical (MO) transducer will play an
essential role in future quantum networks [1—4], where the
quantum information will be processed by superconduct-
ing qubits [5,6] at microwave frequencies and transmitted
using optical photons [7]. The added noise is a critical per-
formance parameter for MO transducers, as any excessive
noise would deteriorate the fidelity of the signal trans-
duction. Typically, for a gigahertz electro-optical (EO)
transducer [8,9] operating at low input powers, simple
refrigeration of the device to temperatures in the tens of
millikelvins range is sufficient to suppress thermal excita-
tions in the microwave resonators. However, maintaining
the microwave resonator at the ground state while retaining
high transduction efficiency in the presence of a high-
intensity optical drive is particularly challenging. Various
schemes have been implemented to realize transduction
at microwave ground state, including cavity EO [10,11],
rare-earth-ion [12], and piezo-optomechanics [13,14] sys-
tems. However, the conversion efficiencies demonstrated
thus far still fall significantly below unity. This fact hin-
ders the realization of quantum state transduction, where
an intense optical drive is critically required to achieve
high conversion efficiency [15].

Recently, the pulsed optical drive has emerged
as a promising approach to achieve higher conver-
sion efficiency in various MO transduction schemes
[10,13,14,16,17]. This technique allows for high-power
optical drive and reduces overall heat dissipation at the

*hong.tang@yale.edu
TThese authors contributed equally to this work.

2331-7019/24/21(1)/014022(10)

014022-1

same time. Near-unity cooperativity has been achieved
in a bulk lithium niobate EO platform, utilizing watt-
scale pulses [16]. However, at millikelvin temperatures,
where the cooling power is relatively weak, a strong
optical drive applied to integrated transducers results in
significant heating up of the device. This heat introduces
additional microwave noise through photon absorption by
dielectrics [18] and superconductors [19—22]. Therefore,
there is a pressing need to gain a fundamental understand-
ing of the mechanism underlying light-induced microwave
noise in superconducting MO transducers. Such an under-
standing is crucial to explore potential strategies for noise
suppression.

In this work, we study the microwave noise induced by
a pulsed optical drive in an integrated superconducting-EO
transducer. The transducer is implemented on a thin-film
lithium niobate— (TFLN) niobium nitride (NbN) hybrid
material platform as introduced in Ref. [23] and displayed
in Fig. 1(a). Instead of investigating the microwave noise
as a whole, which has been done in our previous work [10],
three sources of noise have been identified here, includ-
ing heating of the external thermal bath nyg, fast-time-scale
heating and cooling of an intrinsic thermal bath during the
pulse rise-and-fall time 7; f,s, and slow-time-scale heating
and cooling of the intrinsic thermal bath during the pulse-
on and -off time 7; g1ow. Moreover, the corresponding time
constants for each noise source are measured and analyzed.
ny has a relaxation time much longer than 5 ms, while that
of n; fae 1s much shorter than 100 ns. The time constant of
;slow 1S more complicated, containing components rang-
ing from 33 s to 6 ms. We also explore the dependence of
light-induced microwave noise on the pulse peak power,
the pulse width, and the pulse period. Both npg and 7; 50w
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(a) A false-colored microscopic image of the EO transducer. Two strongly coupled optical racetrack resonators are integrated

with a superconducting microwave resonator. The microwave resonator is linked to a coplanar waveguide (CPW, not shown) for both
rf coupling and dc biasing. The electrical field direction of the designed microwave mode is marked in the coupling regime. The figure
is taken from Ref. [23]. (b) The temporal evolution of ndlff obtained at a pulse peak power of 6 dBm, a pulse width of 5 s, and a pulse
period of 1 ms. The optical drive is turned on and off at approximately 6.6 s and 11.8 ps. The solid purple line is the extrapolation of
ndi (c) The heat map shows the time evolution of the noise spectrum, with a pulse peak power of 5 dBm, a pulse width of 5 s, and
a pulse period of 1 ms. (d)(i) and (d)(ii) show snapshots of the power spectral density when the pulsed optical drive is on and off. The

data in (d)(i) and (d)(ii) are cross sections of (c), marked in correspondingly colored dashed lines.

are related to the average power, while #; g, can only be
affected by the pulse peak power. These results suggest dif-
ferent noise-generation mechanisms in the system. Lastly,
we discuss potential strategies to mitigate light-induced
microwave noise and provide insights for the design of
future integrated EO transducers, with the aim of further
suppressing these detrimental noise effects.

II. METHOD

To investigate the dynamics of the thermal-bath
temperatures during a pulsed optical drive, we employ

a calibration schedule as described in Appendix A to
determine the input-line attenuation by using a variable
temperature stage (VTS). We subsequently record the time
evolution of the noise-power spectrum using an ultrahigh-
frequency lock-in amplifier. This process involves two
steps. First, we select a specific frequency and measure the
noise power within a time window relative to the optical
drive. We repeat this process numerous times and average
the results to obtain a time trace. Second, we sweep the
frequency and repeat the previous step for each frequency
of interest. We alternate the measurement with the optical
drive turning on and off. The difference between the data
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of on-off experiments yields the excessive noise spectrum
Sdev heat map [Fig. 1(c)] from the EO transducer.

The dynamic noise-measurement protocol outlined
above requires precise knowledge of the state of the res-
onance, including the coupling rates and the resonant
frequency, which can vary with time. We achieve this by
probing the resonator with a weak coherent tone to moni-
tor the time evolution of the resonance. This measurement
is similar to acquiring a heat map of the noise power but
instead of recording the noise power, we record the com-
plex reflection of the resonator. By analyzing the reflection
spectrum obtained at different time points, we can fit it to
a Lorentzian function to extract the coupling rates and the
resonant frequency accurately.

In measuring the time evolution of the noise spectrum,
there is an important trade-off between the time resolution
and the frequency resolution. On the one hand, studying
the transition of optically induced microwave noise on the
scale that is sub-100 ns is a challenging task. This is mainly
due to two limiting factors: (a) the low-pass filter settling
time of the lock-in amplifier; and (b) the rise-and-fall time
of the pulsed drive (the acousto-optic modulator), which
is on the scale of 35 ns. While factor (b) is fixed by our
physical setup, we maximize the bandwidth for the low-
pass filter in the lock-in amplifier, with a time constant
of £. = 30 ns, to record the noise spectrum with the best
resolution, limited by our electronics as shown in Fig. 2(c).

On the other hand, while resolving the frequency enve-
lope of the noise spectrum, we use 7. = 1 s, which limits
the temporal resolution to the microsecond scale. Fig-
ures 1(c) and 1(d) present an example. As shown in
Figs. 1(c) and 1(d), a consistent background noise of 0.55
quanta is observed over the frequency range of interest. In
the pulse-off period [Fig. 1(d)(i)], there is a resonant peak
at 6.587 GHz associated with finite thermal excitation.
When the pulse is on [Fig. 1(d)(ii)], this resonance down
shifts by 1.5 MHz and the resonant line-width broadens.
At the new resonant frequency, there is stronger thermal
excitation. The thermal-bath occupancy can be extracted
by applying the model described in Appendix B, where
npg and ndif are the only free parameters. In Sec. III, the

dynamics of both will be investigated.

III. RESULTS

A. Dynamics of np,

We first examine nyg, which combines the thermal exci-
tation due to the external thermal bath of the supercon-
ducting resonator and the added noise from the output
readout line. By analyzing the heat map shown in Fig. 1(c),
which captures the evolution of the noise-power spec-
trum over time, it becomes evident that npg remains con-
stant over time on the scale of microseconds and exhibits
no discernible frequency dependence within the 10-MHz
span.

Figure 2(a) illustrates the dynamics of npg. The data
points are collected while the optical drive is on and off
and the different traces correspond to different optical-drive
peak powers. It is evident that in all these traces, ny,, does
not change with regard to the status of the optical drive
being on or off. Due to the finite time constant (1 jus) of the
filter in our measurement electronics, the noise spectrum is
artificially distorted right after the rise-and-fall edges of the
optical drive. These small artificial bumps can be observed
in the orange trace.

To investigate np, on a longer time scale, we char-
acterize its relaxation between optical-drive pulses with
a period of 5 ms, as shown in Fig. 2(a) inset. In com-
parison to the dashed horizontal lines provided as visual
guides, we find that n,, does not change significantly
within the millisecond time scale, indicating that ny, likely
has a relaxation time much longer than 5 ms. These obser-
vations rule out the possibility of n,, being caused by
leaked infrared light impacting superconducting compo-
nents, such as Josephson traveling-wave parametric ampli-
fiers JTWPAS), in the cryogenic microwave circuits. Oth-
erwise, we would observe more changes in ny,, while the
optical drive is turned on and off. Instead, the results sug-
gest that the heating of the dilution refrigerator might be
the cause of the excessive ny,.

To gain further understanding of the source of ny,,, we
characterize the dependence of n,, on the average drive
power (Pqyg = Ppeak % duty cycle) in Fig. 3(a). This plot
aggregates three sets of measurement results where we
sweep the pulsed drive peak power, the pulse width, or the
pulse period. By fitting all data to an exponential growth
function (dashed red line), we find that nyg ~ Py The
fact that all data points from three different measurement
configurations coalesce very well also indicates that 7, is
only affected by the average optical-drive power. These
results confirm that 7y, is a result of the heating of the
dilution refrigerator.

diff
i

B. Dynamics of n
1. “Fast”- and “slow”-responding noise components

In marked contrast to npg, which seems to have a very
long relaxation time and does not respond to different
illumination conditions, the dynamics of ndif exhibits a
significantly richer behavior across various time scales. In
order to further understand the mechanisms of these noise

components, we separate ndil into three components:

n?ﬂ = N fast + M slow,off T Wi slow,on- (1)
This division is also illustrated in Fig. 1(b), where an
example time trace of nd is presented. To account for
the slow transition slope masked by the low-pass filter, we
extrapolate the data (solid purple line) based on the linear
fit of steady measurement results.
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FIG. 2. (a) The dynamics of npg over 30 s, where the optical drive is turned on and off at approximately 6.6 s and 11.8 ps as

marked. The pulsed drive is configured with different peak powers and the same duty cycle of 0.5%. The inset shows the dynamics
of nyg over a time span of 5 ms after the optical drive is turned off. The pulsed drive is configured with a peak power of 0 dBm and
a pulse width of 10 ps. The black dashed lines are all horizontal lines as guide to the eye. (b) Time traces of #;gow,orr While the peak
power is 0 dBm, the pulse width is 10 s, and the pulse period is 10 ms. The cyan trace is the experimental data, while the red trace
is the fit. (c) The output-noise-power time dynamics with #. = 30 ns. Insets (i) and (ii) are enlarged views of the rise-and-fall edges of

(c), where fits to exponential functions are shown in the red curves.

As shown in Fig. 1(b), we define n; gy as the “fast-
responding” part of ndif. Tt is obtained from the time-
evolution traces of n?iff as njfast = n?ifflafterlaser — R glow,off-
Here, n?ifflaﬁerlaser is defined as n?iff at the moment imme-
diately after the optical drive is turned on. By assuming
a linear change in n when the optical drive is on, we
extrapolate n?ifflaﬁer laser from the steady-state measurement
results. The time when the optical drive is turned on

and off are determined by the moment when the resonant

frequency shifts in the coherent measurement with 7, =
30 ns.

The other two noise components are the “slow-
responding” part of n?iff: Rj slow,off 15 defined as the nfiff right
before the optical drive is on, while #;gow.on 15 the build-
up of ndi during the pulse-on period. Given the narrow
optical-drive pulse width, it is reasonable to assume that
the increase of ndiT is linear after the optical drive is turned

on and that this is the basis for the linear extrapolation
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FIG. 3. (a) npg and n;gowofr as a function of the average power of the optical drive and #; fs as a function of the pulse peak power

of the optical drive. The orange data points correspond to optical drives with a 0-dBm peak power and a 1-ms pulse period, while the
pulse width is swept from 5 s to 80 ws. The blue data points correspond to optical drives with a 0-dBm peak power and a 10-ps
pulse width, while the pulse period is swept from 0.2 ms to 10 ms. The green data points correspond to optical drives with a 5-pus pulse
width and a 1-ms pulse period, while the pulse peak power is swept from -14 dBm to 11 dBm. The dashed red line is an exponential
fii to all the data. The fits show npg ~ P2 and 7; siow,oft & Payy and nj gt & Pg‘ezﬂs(. (b) The dependence of n; g on the duty cycle of
the optical drives. The orange and blue data points correspond to the same pulse configurations as in (a). The red dashed line is the
average value of the data. (c) 7;sow.on as a function of the average power of the optical drive. The solid lines are used as visual guides.

(d) The dependence of n;ﬁﬁ and its different components on the repetition rate of the optical drives. The pulse peak power is fixed at 0

dBm, the pulse width is 10 ps, and the repetition rate is swept from 100 Hz to 5000 Hz.

to obtain n?iff during the pulse-on period. We use n}m at
the middle point of the optical-drive pulse to indicate the
average intrinsic thermal-bath temperature. Therefore, we

diff diff
define njslow,on = ”il |midpulse - nil |after laser-

2. “Fast”-light-induced microwave noise generation

In Fig. 2(c), we show the dynamics of ndif from a
high-time-resolution measurement. Because of the small
time constant, the noise-power-measurement bandwidth
is much larger than the resonance line width, making it
difficult to accurately extract the occupancy of the differ-
ent thermal baths. Therefore, we present the output noise
power as an indication of the changes of ndif. The fits to
the rise-and-fall edges as shown in Figs. 2(c)(i) and 2(c)(ii)
consistently show a relaxation time of 120ns =+ 30ns,
which is mainly limited by the pulse rise-and-fall time. The
actual transition should be much faster than 120 ns.

To determine the dependence of ;g on the optical-
drive power, we first sweep the pulse peak power while
fixing the pulse width and the pulse period at 5 ps and

1 ms. The results are shown in Fig. 3(a), where we find
that n; g increases as Pg;;f(. In order to maintain 7; s
below 0.1, Ppek needs to be set below 0.3 mW, while the
threshold for #; a5t = 1 1S Ppeak = 10 mW. Then, we inves-
tigate the dependence of n; 5 on the pulse width and the
pulse period, respectively. The results in Fig. 3(b) show
that n; ¢ does not change significantly with different pulse
configurations as long as the pulse peak power is constant.
Deviations from the average value as shown by the dashed
red line could be a result of different device temperatures,
as a higher duty cycle leads to more average power dis-
sipation and a higher local temperature of the device and
vice versa.

This fast-light-induced microwave noise could be
attributed to light absorption by the superconductor [19—
22]. It can be understood as the same mechanism as
for superconducting single-photon detectors. When opti-
cal photons are directly absorbed by the superconductor,
quasiparticles are generated in an energy down-conversion
process. In materials such as NbN, this process could be
much faster than 1 ns. The other possible mechanism is
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the local heating due to optical photons being absorbed
by the optical waveguide and the surrounding substrate
materials next to the superconducting resonator [18].
These two mechanisms cannot be distinguished in our
experiment.

3. “Slow”-light-induced microwave noise generation

In Fig. 2(b), we show the time evolution of 7; gow,off Up tO
9 ms. We fit the decay curve to a triple-exponential decay
model: 7;gjowoff = 117 + nae "™ 4 pze=UT) 4 py,
The data and the fit are shown in cyan and red traces,
respectively. Three different time constants, 7, = 33 &+
6 s, 7o = 0.6 = 0.1 ms, and 73 = 6 & 1 ms, are extracted.
Additionally, the fit shows a constant background of ny =
0.36, indicating that there is still a significant portion of
7; slow,off that decays at a time scale that is much longer than
9 ms. For a typical pulsed measurement with repetition on
the order of the kilohertz range, this results in a build-up of
thermal fluctuation in the EO transducer that accumulates
through the pulse sequences.

If we take a look at the optical power dependence
of n;gowor @as shown in Fig. 3(a), all the data show a
similar trend, which is represented by the dashed line
as 7 slow,off X Pgé. This trend could be explained by the
increased material heat conductivity with higher tempera-
ture at cryogenic temperatures. Specifically, we know that
at the low-temperature limit, the thermal conductivity of
lithium niobate (LN) and sapphire increases as the cube of
the temperature and that of copper increases proportionally
to the temperature. We consider a simple model comprised
of a point heater (an optical waveguide) thermalized to
a large thermal reservoir (a dilution refrigerator) through
a solid media. Assuming that the thermal conductivity
of the solid media is dominated by phonons and follows
a cubic law with regard to the temperature, the equilib-
rium temperature of the heater would be proportional to
the temperature to the power of 1/4. In our experiment,
the power-law relation between the temperature and the
average optical power dissipation has a factor of 0.3, sug-
gesting that the source of #;gowor could be attributed
to the heating-up of the device and the copper package,
while LN and sapphire might play a more dominant role
in thermalizing the intrinsic thermal bath associated with
i slow,off-

We also investigate the optical power dependence of
Rjslow,on- 1N contrast to the behavior of #; gjow,ofr, the data in
Fig. 3(c) exhibit distinctive trends. As the peak power and
pulse width of the optical drive are varied to increase the
average power, 1, gowoff Shows an upward trend. This dif-
ference in optical power dependence could be attributed to
the local heating of the device chip and the package under
different pulse configurations. Interestingly, #; sjow off €Xpe-
riences a decline as the average power of the optical drive
increases when the optical-drive pulse period is varied.

This could be explained by the reduced thermal conductiv-
ity in materials at lower cryogenic temperatures, leading to
a more rapid temperature increase.

How effective is decreasing the repetition rate in sup-
pressing n8iT? The answer can be found in Fig. 3(d). Here,
we fix the pulsed peak power at 0 dBm and the pulse width
at 10 ws, while sweeping the pulse repetition rate from
5000 Hz to 100 Hz. The data show that as the repetition
rate decreases, 7;gowoff decreases with the average heat
dissipation while 7; gow,0n increases with lower repetition,
despite the same power and duration of each optical-drive
pulse. On the other hand, n; g does not change signif-
icantly with the repetition. Therefore, although reducing
the repetition rate of optical-drive pulses could suppress
light-induced microwave noise, its effectiveness is limited
by the fast-responding noise #; f and the build-up of ther-
mal noise while the optical drive is on 7; gjow.on- AS a result,
the power-handling capability of on-chip EO transducers
should be boosted by improving the design of the chip and
the packaging.

IV. DISCUSSION AND CONCLUSIONS

This study reveals that the light-induced microwave
noise is dominated by the dissipation of optical power in
the EO transducer system and scattered photons shining
on the superconductor. We argue that efficient fiber-chip
interfaces, efficient light shielding, and superfluid helium
immersion could be the key to mitigating these sources of
microwave noise.

First, an efficient fiber-chip interface could reduce the
amount of optical power dissipating in the device pack-
age. Considering the efficiency of photons passing from
the input fiber to the on-chip waveguide as ny, and that of
photons passing from the waveguide to the output fiber as
Nout, the transmission amplitude of the optical cavity is 7.
Assuming that the optical power in the waveguide before
the optical cavity is P;, then the power sent to the input
fiber is Py, = P;/nin. For simplicity, we do not consider
the optical power dissipating in the straight waveguide, as
the loss is usually much smaller (0.03 dB/cm for TFLN
waveguides) than the extinction of optical resonances. We
can then derive the total amount of power dissipated in the
system as

Pheat:Pt |:i'_1+|T|2(l_nout):|' (2)
m

This equation highlights the important role that n;, and
Nout Play in heat dissipation. Improving the fiber-to-chip
efficiency from 50% to 80% can reduce the heat dissipa-
tion from the optical drive by 75% at most. Additionally,
designing the optical resonances in the over-coupled or
under-coupled regimes can lead to a larger 7, resulting in
more optical photons dissipating in the system through the
external decay of the optical cavity.
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Second, to address scattered light shining on the super-
conducting resonator, several design strategies can be
employed. One approach is to use metal shields to block
the direct propagation of photons in the substrate and the
vacuum toward the superconducting resonator. For grat-
ing couplers, coating the backside of the grating coupler
with metal can redirect light away from the superconduct-
ing resonator. In flip-chip-bonded EO devices, coating the
photonic chip with metal can shield stray light in the pho-
tonic chip substrate from shining on the inductor of the
superconducting resonator. Additionally, using metal such
as gold as light shields can also enhance the thermal con-
ductivity between the device chip and the copper device
packaging, helping to dissipate heat.

Finally, immersing the device in superfluid helium can
greatly increase the heat dissipation rate for the device
[24,25], due to the exceptional heat-transport properties of
superfluid helium. This approach can effectively suppress
microwave noise induced by local heating [26—28]. How-
ever, it does have two limitations. First, the total amount of
heat dissipation is still limited by the cooling power of the
dilution refrigerator. For example, an average optical-drive
power of —6 dBm (250 wW) will inevitably heat up the
mixing chamber to 100 mK, resulting in additional thermal
noise. Second, for any microwave noise generated through
superconductor absorption of photons, superfluid helium
is unlikely to be effective. Nonetheless, superfluid helium
immersion would provide valuable high-capacity cooling
to allow the device to operate at ground state with higher
drive powers and would provide additional insights into
the sources of light-induced microwave noises.

In conclusion, we present a study of added noise in an
on-chip integrated EO transducer. We examine different
sources of microwave noise, including both external and
intrinsic baths. We discover that the external-bath tem-
perature increase is largely determined by the average
optical-drive power dissipation, while the intrinsic bath is
composed of various components with distinct relaxation
times, ranging from submicroseconds to beyond millisec-
onds. We analyze the dependencies of each noise source
and provide an understanding of potential noise-generation
mechanisms. Finally, we discuss various noise-mitigation
strategies for different noise sources. These insights can
guide the design of future EO transducers for increasing
power-handling capability, making quantum transduction
feasible.
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APPENDIX A: OUTPUT-LINE CALIBRATION
PROTOCOL

Calibration of the gain and added noise of the output line
is crucial for accurate determination of the absolute value
of the light-induced noise in the device under test (DUT).
The output-line calibration is performed by sourcing the
DUT with a VTS in the mixing chamber of the dilution
refrigerator, the thermal occupation of which follows a
Bose-Einstein distribution: nyrs = 1/ (exp(hf /kgTyts) —
1). The noise-power spectral density is then measured at
the output of the dilution refrigerator using a spectrum
analyzer or lock-in amplifier, after the amplification chain
featuring a JTWPA.

The noise-power spectrum P is thus linked to the VTS
output through

P=BW x Gsys (nvTs.s haoy + nVTS,ihwi + nqhws + nsyshws)-
(A1)

In this equation, BW represents the measurement resolution
bandwidth, while nyrs s and nyts; are the thermal photon
numbers of the VTS output at the signal frequency w, and
idler frequency w; of the amplifier, respectively. Gy and
ngys are the gain and the added noise of the output line
referred to the VTS, separately. n, = 1/2 represents the
quantum fluctuations. Note that here we assume that the
gain of the parametric amplifier is very large. Otherwise,
the gain coefficients for nyrs s and nyts; will be different.

To determine Gy and ng, we first detune the
microwave resonance from the frequencies of interest, so
that the device does not contribute to the calibration of
Gys. After that, we sweep the temperature of VTS to
obtain Ggys and ngy as a function of frequency and then
fit the data to Eq. (A1). Given the calibrated gain results,
we can also determine the attenuation of the input line to
the VTS output plane by subtracting the output-line gain
from the total transmission of the setup characterized with
a vector-network analyzer.

Due to the small attenuation between VTS and the
device, the characterized device noise presented in this
work should always be slightly overestimated compared
to the actual device noise.

014022-7



XU, LI, XU, and TANG

PHYS. REV. APPLIED 21, 014022 (2024)

APPENDIX B: MICROWAVE THERMAL-BATH
TEMPERATURE EXTRACTION

To understand the microwave noise generated by optical
drives in electronic optical transducers, we need to ana-
lyze the sources of noise in these devices. To accomplish
this, we measure the temperature of the thermal bath that
is connected to the microwave resonator through intrinsic
and extrinsic channels, as illustrated in Fig. 4(a). These
thermal-bath temperatures represent a universal value that
can be applied to other integrated EO devices with simi-
lar physical characteristics, as they are not influenced by
the extraction ratio or electro-optical coupling. By study-
ing the thermal-bath temperature, we can gain a quanti-
tative understanding of the optically induced microwave
noise that can be referenced by different EO transducers,
despite differences in their extraction ratio or conversion
efficiency.

To measure the excessive microwave output noise, we
perform an on-off characterization. First, we make sure that
the external magnetic field is turned off, which allows the
microwave resonator to stay at its original frequency. Then,
we apply the optical drive, to induce excessive noise that is
coupled to the microwave transmission line and the super-
conducting resonator. Therefore, the output-noise-power
spectrum becomes

P = BW x Geyshws(ng + neys + Angys)

+ BW x GyevhwgSout. (B1)

Here, Ggev = LGgys and L is the attenuation between the
VTS and the EO transducer. Note that Eq. (B1) and the

following analysis are only valid when the cooperativity is
much smaller than 1. Otherwise, we would need to take the

(a) ne ni
AN\
Ke 1

(b) laser drive

5 -5
‘IC\"I p=

Signal in Signal out

FIG. 4. (a) A diagram of the superconducting mode being ther-
malized through the intrinsic and external coupling channels.
(b) The possible locations where the light-induced excessive
noise couples to the system.

loss through the electro-optical effect into account. Accord-
ing to our previous experiment with a similar configuration
[10], the attenuation L = 91% =+ 4%. Thus Gyrs can be
used as a good estimate of Ggey to an accuracy of 10%. It
is worth noting that because of this systematic error, the
characterized device noise presented in the work should be
slightly overestimated compared to the actual device noise.
By means of the approximation L = 1, we can simplify the
equation to

P =BW x Gsyshws(nq + Nsys + Ansys + Sout)' (BZ)

The term Angy represents the potential increase in the
output-chain added noise after the EO transducer when the
optical drive is on, which is referred back to the input of the
EO transducer [see Fig. 4(b)], and 5o, represents the power
spectral density at the output of the EO transducer as
Sout = azutaout = R(w)n, + T (w)n;, (B3)
where 7 (w) = kike/((k/2)* + (@ — w)?) and R(w) =
1 — T (w). wy, ke, and «; are the angular resonant fre-
quency, the external coupling rate, and the intrinsic cou-
pling rate of the superconducting resonator, respectively. #;
and n, each denote the power spectral density of the fields
that are coupled to the resonator through the intrinsic and
external coupling channels, separately.
Combining Egs. (B2) and (B3), we arrive at

P = BW x Ggyshwg[ng + nsys + Angys + ne

+ 7T (@) (n; — no)]- (B4)

Since in this part of the experiment, we maintain VTS at
the base temperature, usually 60 mK, its contribution to the
input field of the superconducting resonator is negligible.
Therefore, when the optical drive is off, we can assume
that n, = 0. Additionally, when the optical drive is off, it
can be assumed that the device is thermalized to the dilu-
tion refrigerator base temperature, which is usually set to
50mkK for a better cooling power. In this case, we can also
assume that n; = 0. Therefore, when the optical drive is
off, the output noise spectrum can be expressed as

Poit = BW x Ggyshwg(ng + ngys). (BS)

In order to extract the light-induced microwave noise,
we measure the P,, spectrum when the optical drive is
on, followed by a measurement of Pyy. It is important to
maintain the same gain of the output chain during the on-
off measurement. Then, we can extract the excess noise
spectrum through

Sdev = (Pon — Pofr) /(BW X Gsyshws)
= A”sys +n. + 7 (0)(n; — ne),

(B6)
(B7)

with knowledge of the intrinsic and external coupling rates
and therefore of 7 (w). Note that here we do not have the
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FIG. 5. The experimental data of sq4e, and its fit.

ability to separate the optically induced noise coupled to
the microwave transmission lines before and after the sys-
tem, which is n, and Angy, respectively. Therefore, we
cannot determine the absolute value of n, and »;. Instead,
we shall focus on the two parameters that can be extracted
experimentally:

(B8)
(B9)

Npg = A”lsys + ne,

n?lﬁ —

n; — Ne.
These experimental variables will set the limits for the
thermal-bath occupancy as

0 <n, < npg, (B10)

n;ﬁff <n; < n?iff + npg. (B11)
In Fig. 5, we show an example of the s4e, curve and its
fit. The model that we use to fit the data is

Sdev = Mg + T ()n™. (B12)

In this model, the only free parameters are n,, and pndift
while the resonance frequency and coupling rates on which
7T (w) is dependent are extracted from coherent reflec-
tion characterization of the microwave resonator. Since
the cooperativity in these devices that we study is much
smaller than 1, we can ignore the broadening of the line
width of the microwave resonator when the optical drive
is on.
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