
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. XX, NO. XX, MONTH 202X 1

Addressing Individual Persistent Current Switches with a

Cryogenic Optical Scanner
Avirup Roy, Jonathan W. Dean, Nathan J. Ortiz, Paul Szypryt, Daniel S. Swetz, Joel C. Weber, Galen

C. O’Neil

Abstract—We demonstrate a robust and minimalist im-
plementation of individually addressable optically actuated
persistent current switches. We use a focused laser beam
directed by a cryogenic laser scanner to drive a selected
segment of a superconducting loop normal with a pulse of
light. We address six distinct switches with a single electri-
cal bias, and use SQUID readout to show that persistent
current is trapped successfully. Based on the cryogenic
scanner’s performance, we argue that this method can
address over 60,000 switches, with the full array being set
in about one second. Persistent current switches are widely
used in quantum circuits, and we expect the ability to set
tens of thousands of persistent currents with a single bias
line will be useful in many applications.

Index Terms—persistent current, laser scanner

I. INTRODUCTION

SUPERCONDUCTING circuits can make use of
persistent currents—circulating currents that remain

with no external bias. Any flux or current bias that is
stable and non-dissipative may, in principle, be set with
a persistent current switch. For example, flux biases are
used to define the operating point of SQUIDs [1], the
frequency and coupling of qubits [2], [3], the coupling
coefficients in quantum annealers [4], synaptic weights
in neuromorphic computers [5], and the gain in metallic
magnetic calorimeters [6] or λ-SQUIDs [7]. Similarly,
current biases are used in the operation of quantum-
limited Josephson and kinetic inductance traveling wave
parametric amplifiers [8]–[11] and for setting the re-
sponsivity and resonant frequency of kinetic inductance
current sensors [12]. In many of these cases, it is
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desirable to operate systems consisting of hundreds or
more devices, and it may be necessary to set one or more
biases individually for each device. Here we demonstrate
a method capable of setting more than 60,000 persistent
current or flux biases with a single current bias line.
The capability to easily set a large number of persistent
current or flux biases will be useful in many large-scale
superconducting and quantum systems.

Conventional implementations of persistent current
switches rely on integrated resistive heaters or the use of
multiple superconducting materials with different critical
temperatures (Tc). In the case of the resistive heater [13],
[14], passing a current through the heater raises the tem-
perature of a nearby superconductor above Tc, thereby
introducing a temporary resistive section. This enables
flux to enter or exit the loop before the system is cooled
back into the superconducting state. In the case of a
material with different Tc sections, the temperature of a
stage in a cryostat is first reduced below the transition
temperature of the majority of the circuit. A current
bias is applied, and then the temperature is reduced
further to cause more of the circuit to superconduct and
trap persistent current. Recently, four distinct persistent
currents have been trapped with a single current bias [15]
by generating multiple transition temperatures using the
thickness dependence of the Tc of aluminum. Those
four persistent current switches were used to precisely
control the resonant frequency of four superconduct-
ing resonators to create perfect frequency spacing for
multiplexed current readout. This shows one example
of the power of having many individually addressable
persistent current switches.

The use of a focused laser beam to deliver energy
directly to the superconducting switch element pro-
vides a galvanically isolated, non-contact mechanism
for inducing resistive transitions. First demonstrated in
the 1970s [16], this concept was later developed for
high-speed switches and inductance modulators [17],
[18]. This approach significantly reduces the number of
electrical interconnects entering the cryostat, minimiz-
ing parasitic heat loads, simplifying the overall system
architecture, and requiring minimal space in a supercon-
ducting integrated circuit. Moreover, optical addressing
offers high spatial resolution (< 50 µm) and the potential
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for fast modulation, making it ideally suited for dense
arrays [19]–[21].

Building on earlier demonstrations of capacitive
micro-electro-mechanical system (MEMS) mirror–based
laser scanning [22], we employ a cryogenic optical
scanner to scan a laser spot across a superconduct-
ing integrated circuit and selectively drive portions of
the circuit normal. We show the trapping of persistent
current actuated by optical pulses generated at room
temperature, and we show that we can address one of
many persistent current loops arbitrarily based on the
coordinates of the scanner. Here, the superconducting
element is a membrane-suspended device with Tc ≈
50mK that requires ≲ 5 pW to drive normal [23].
This device was originally designed as a transition-edge
sensor (TES) microcalorimeter [24], [25]; we used an
alternate bias circuit to enable the trapping of persis-
tent current. While here we use a device with very
low activation power, we predict that with a modest
amount of optical power, one can drive many thin-film
superconducting traces normal without modification. We
demonstrate the operation of these individually address-
able optically actuated switches, describe the principles
of operation, and estimate that this laser scanner and
optical system could individually address over 60,000
switches in 1 second and that with some materials a
switch could be modulated at speeds of at least 3MHz.

II. EXPERIMENT

To demonstrate an optically-actuated switch, we cre-
ated a parallel inductor circuit where one branch could
be made resistive with a laser. For this proof-of-concept,
we conveniently implemented this by modifying the
bias circuits of six Mo / Au bilayer detectors within a
4 × 6 array that we originally designed for soft X-ray
microcalorimetry [23]. In their standard configuration,
these devices are voltage-biased through a shunt resistor
to stabilize them within their superconducting transition.
To create each switch, we bypassed this resistor with
a ∼ 3mm long, 25 µm diameter aluminum wire bond,
which forms the shunting inductor, L1 ≈ 3.6 nH. The
current in the switch is measured by a SQUID amplifier
that is flux-coupled to a 75 nH gradiometric inductor
(L2) in series with the superconducting switch element.
The SQUID signals are read out with microwave SQUID
multiplexing [26].

The device array is housed in a detector box mounted
to the end of a 30 cm long, magnetically shielded, gold-
plated copper “scepter” that is bolted to the mixing
chamber stage of a dilution refrigerator (DR). The
temperature at the end of the scepter is regulated at
24mK. At this temperature, well below the critical
temperatures of the switch, the entire circuit becomes a

Fig. 1. Schematic of the optically actuated switch element. The Mo/Au
bilayer serves as the thermally switchable element, heated by a focused
515 nm laser beam (shown in green). The jagged outermost boundary
represents the outline of back etch which defines the Si membrane. The
suspended membrane structure provides thermal isolation, enabling
switching with only 5 pW optical power. Current through the switch
is monitored via flux coupling to a gradiometric pickup inductor read
out by a SQUID amplifier.

superconducting loop, allowing it to support a persistent
current.

Optical control of the switches is achieved using a
focused green laser (515 nm) with a spot size of approx-
imately 40 µm (see Fig. 1). The power was delivered
through a fiber optic chain composed of multi-mode
fiber (200 µm core diameter) running to the mixing
chamber plate of the DR, followed by a final segment of
single-mode fiber (mode-filled diameter ≈ 2.5 µm) to the
device stage. Significant coupling loss (∼ −32 dB) was
measured at the connection between the two fiber types
due to this large mode-field mismatch, but the incident
beam power at the device was about 60 nW, which
is over four orders of magnitude above the ∼ 5 pW
required to drive the switch normal.

The beam is steered by a 5mm-diameter aluminum-
coated silicon disc bonded to a two-axis MEMS. This
MEMS mirror can scan the beam across a 4 cm2 area,
which is sufficient to address all switches in the array
optically. The MEMS is electrostatically actuated and
dissipates less than 300 nW when operating at 24mK.
The DR has a cooling power of ∼ 2.5 µW at this
temperature, so we have mounted the MEMS mirror
directly to the detector box, which permits simple optics
and a light-tight environment. A detailed description
of the custom cryogenic laser scanning apparatus is
provided in Dean et al. [27].
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Fig. 2. The six-stage operational principle of the optical switch. (a) A
bias current (IB) is applied, dividing between the two superconducting
branches. (b) A laser pulse makes the switch resistive (R2), shunting
the full bias current into the L1 branch. (c) The laser turns off and the
switch cools, ”freezing” the magnetic flux while the current distribution
remains the same. (d) The external bias is removed (IB = 0), inducing
a persistent current (Ip) to conserve the trapped flux. (e) A final laser
pulse opens the switch, erasing the current. (f) The cycle ends with
zero current in the loop.

III. RESULTS

The operation of the persistent current switch is de-
scribed by the six steps in Fig. 2. First, an external
bias current, IB, is applied while the switch is super-
conducting. This current divides between the parallel
branches, with the current in the switch branch given
by I2 = IBL1/(L1 + L2). Next, a 1 µs-wide laser
pulse heats the switch above its critical temperature,
turning it into a resistor, R2. This shunts the entire
bias current into the other branch, setting I1 = IB and
forcing the switch current I2 to zero. As the switch
cools and becomes superconducting again, the magnetic
flux from the shunted current, Φ = L1IB, is frozen in
the superconducting loop. Finally, the external bias is
removed. To conserve the trapped flux, the loop induces
a persistent circulating current, Ip. As derived from flux
conservation, the final value of this persistent current is
Ip = −IBL1/(L1+L2), which is equal and opposite to
the initial switch current, I2. A final reset step can be
performed by firing the laser with no bias to erase the
stored current.

A. Individual Switch Addressing

A bias current IB = 153 µA is generated from a
300mV source across a 1952Ω bias resistor and applied
to the parallel inductors L1 = 3.6 nH and L2 = 75nH
generating I2 ≈ 6 µA. We expect significant variation
from switch to switch due to the use of wire bonds of
different lengths to set L1. We have measured the normal
resistance of the switch R2 ∼ 7mΩ, so the relevant
switching time is (L1 + L2)/R2 ≈ 11 µs. Fig. 3 shows
data from six switches on the detector chip. The bias
current is set by a square wave with 50% duty cycle and
100 ms period, while the laser pulses are generated at
50 ms period. In the first panel, the laser scanner is set to
the position to activate the first switch, and only the first
switch has trapped current. In each other panel the laser
scanner is moved to activate a different switch, and only
that switch shows trapped current. This demonstrates the
ability to independently set the value of current in each
switch.

For a perfect switch, the trapped current after remov-
ing the bias would be exactly equal and opposite to the
current before the first laser pulse in Fig. 3. Taking the
root-mean-square (RMS) value of the set and the trapped
currents for each switch, we find the mean difference
across the six devices tested here is (0.23 ± 0.15)%,
with a median difference of 0.19%.

IV. SCALABILITY AND ADDRESSING SPEED

One key advantage of this optical control architecture
is its immense scalability. The number of persistent
current switches that can be addressed is limited only
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Fig. 3. Demonstration of selective optical addressing of six persistent
current switches. Each panel shows the result of a write-erase cycle on
a single targeted channel (e.g., Switch 1 in the top panel). At t = 0, a
1 µs-wide laser pulse resets all switches to zero current. A positive bias
current is applied to all channels from 25ms to 75ms. At t = 50ms
a laser pulse makes the targeted switch resistive, shunting its current
to zero. When the bias is turned off at 75ms, a negative persistent
current is stored in the targeted channel, equal and opposite to the
current read out during positive bias.

by the scan area of the MEMS mirror and the optical
spot size. Our current setup uses a 20mm × 20mm
scan area. To ensure independent operation, switches
must be separated by some distance. Two FWHMs of
the laser spot would give a 4× ratio in the power
delivered to two nearby switches, which is likely to
be sufficient selectivity. In this case the switch spac-
ing would be approximately 80 µm and there would
be (20, 000/80)2 = 62, 500 addressable locations. The
speed at which these switches can be set is determined
by the scan speed of the MEMS mirror. The time for
each line in the scan is governed by the mirror’s resonant

frequency (≈ 1.4 kHz), allowing for a conservative line
scan time of 3.6ms to traverse the 20mm width. For a
serpentine scan pattern, stepping between adjacent rows
can be accomplished in about 0.5ms. For an array of
62,500 switches arranged in a 250 × 250 grid, the total
time to address every switch is: Ttotal = 250 lines ×
(3.6ms/line+0.5ms/step) ≈ 1.03 s. This demonstrates
that the entire high-density array can be addressed in
approximately one second.

A. Application to Standard Superconducting Traces

To evaluate the potential of this optical method for
a wider variety of materials, we conducted a detailed
thermal analysis of a standard 10 µm-wide, 50 nm-thick
superconducting trace on a silicon substrate. We estimate
the deposited power per unit area required to drive
the electrons in the trace normal. This is found by
numerically solving the 1D steady-state heat equation,
which balances lateral heat conduction along the trace,
vertical cooling from the trace to the substrate, and the
absorbed laser power. The thermal model is adapted from
previous work on hotspot formation in superconducting
microbridges [28] for the case of optical excitation. The
governing equation solved is:

−t
d

dx

(
κe(Te)

dTe

dx

)
+ geff(Te)(Te − Ts) = Iabs(x),

(1)
where Te(x) is the electron temperature profile, Ts =
20mK is the substrate (bath) temperature, t is the
film thickness, Iabs(x) is the absorbed laser in-
tensity profile (FWHM ≈ 40 µm), and κe(Te) =
L0Te/(ρ300 K/RRR) is the electronic thermal conduc-
tivity from the Wiedemann-Franz law, for a material-
specific residual-resistance ratio (RRR). For this model,
the effective vertical cooling power density can be writ-
ten as

geff(Te) =
σK(Tp(Te)

4 − T 4
s )

(Te − Ts)
, (2)

where Tp(Te) is the phonon temperature and σK is
the Kapitza boundary conductance between the trace
and the silicon substrate [29]. The value of geff(Te)
is calculated at each point along the trace by solving
the two-temperature vertical flux balance between the
electrons, phonons, and the substrate given by

Σt(T 5
e − T 5

p ) = σK(T
4
p − T 4

s ), (3)

where Σ is the electron-phonon coupling constant.
Using this model, we solve (1) numerically to find the

incident power required to form a 10 µm-long hotspot.
The hotspot size (L) is chosen to be equal to the wire
width (w) to model a full quench of the device. This
represents an upper limit on the operational power, as in
practice a quench occurs as soon as the hotspot is large
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TABLE I
COMPARISON OF PERFORMANCE FOR OPTICAL SWITCHING FOR 10 µm WIDE, 50nm THICK MO, NB, AND AL TRACES AT 20mK.

Parameter Molybdenum (Mo) Niobium (Nb) Aluminum (Al)

Input Material Properties

Critical Temperature (Tc) [K] 0.91 9.3 1.3 [30]
e-p Coupling (Σ) [nW/µm3/K5] 0.9 [31] 2.4 [32] 0.3 [33]
Kapitza Conductance (σK) [W/m2/K4] 500 [34] 500 [34] 300 [34]
Sommerfeld Constant (γ) [mJ/mol/K2] 2.1 [35] 7.8 [36] 1.4 [37]
Room-temperature resistivity (ρ300 K) [µΩ · cm] 15 [38] 15 [39] 1.5 [30]
Residual-Resistance Ratio (RRR) 2 [38] 6.5 [39] 2.8 [30]
Reflectance at 515 nm (R) 0.58 [40] 0.55 [40] 0.92 [40]

Calculated Metrics

Incident Power (Pinc) [µW] 0.18 12× 103 4.8
Time Constant (τ ) [ns] 340 1.1 220
Repetition Rate (frep ≈ 1/τ ) [MHz] 3.0 880 4.6

enough that the remaining superconducting cross-section
cannot support the critical current density. The required
powers are found to be 0.18 µW, 4.8 µW, and 12mW
for Mo, Al, and Nb, respectively.

The results can be understood by examining the rela-
tive importance of the individual physical contributions,
although the coupled, nonlinear nature of the problem
means these effects are not simply additive. The cooling
power in the system arises from multiple physical chan-
nels that together balance the incident optical heating.
For the vertical cooling channels, electron-phonon (e-p)
coupling accounts for approximately 24% (13%, 75%) of
the total cooling power for Mo (Al, Nb). The acoustic
phonon mismatch at the substrate interface provides a
comparable contribution of 23% (12%, 24%) in Mo
(Al, Nb). In contrast, lateral heat flow, governed by the
thermal healing length η ≡

√
κ(Tc)t/geff , plays a varied

but critical role, with calculated values of 11 µm (30 µm,
0.2 µm) for Mo (Al, Nb). Consequently, for Mo and Al, it
is the dominant cooling mechanism, accounting for 53%
and 75% of the total power dissipation, respectively. For
Nb, however, its short healing length results in a minor
contribution of just 1%.

Beyond these direct cooling mechanisms, optical fac-
tors substantially increase the required incident power.
Reflectance losses at the film surface necessitate a power
increase of 138% for Mo, 122% for Nb, and 1150%
for Al relative to the absorbed power. In future non-
prototype devices, anti-reflection coatings will help mit-
igate this loss. In addition, the mismatch between the
Gaussian beam waist (≈ 34 µm) and the healing length
requires an additional correction, resulting in a factor of
approximately 6.5 (8.7, 5) increase in power for Mo (Al,
Nb). The full numerical solution self-consistently bal-

ances these competing effects to yield the final required
powers.

The device switching speed is characterized by the
thermal time constant, τ , which is defined as the ratio of
the total heat capacity of the hotspot, CHS, to its thermal
conductance to the substrate, GHS. The heat capacity is
calculated from the volumetric electronic specific heat
at the critical temperature, CHS = (γρ/M)Tc(w · L · t),
where γ is the Sommerfeld constant, ρ is the mass
density, and M is the molar mass. The total conductance
represents the cooling efficiency and is the product
of the surface area and the effective vertical thermal
conductance, GHS = geff(Tc)(w · L). The maximum
repetition rate is then the inverse of this time constant,
frep ≈ 1/τ .

The results of our calculations, along with the assumed
material parameters, are summarized in Table I. A clear
trade-off between operational power and device speed
emerges from the analysis. Niobium, with its high Tc,
exhibits a very short thermal time constant, enabling
repetition rates exceeding 800 MHz. This high speed is
a direct consequence of the efficient vertical cooling at
elevated temperatures, which leads to a large total ther-
mal conductance. However, this performance requires
tens of milliwatts of incident power to overcome the
powerful cooling channels. In contrast, molybdenum and
aluminum are significantly more power-efficient but are
consequently two orders of magnitude slower, with reset
times in the hundreds of nanoseconds. The lower oper-
ating temperatures of these materials result in a smaller
thermal conductance and thus a longer cooling time. A
key differentiator between these two low-power materials
is aluminum’s lower resistivity, which is the primary
factor contributing to its incident power requirement
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being about thirty times that of molybdenum.

V. CONCLUSION

We have demonstrated a minimalist, optically-actuated
persistent current switch and confirmed its viability for
individually addressing elements within an array. By
using a scanning laser to locally heat a superconducting
segment, we can selectively write and erase persistent
currents. While we repurposed thermally isolated TES
microcalorimeters for this proof-of-concept, our work
establishes a general principle of non-contact thermal
switching that is directly compatible with simple, un-
modified superconducting traces, eliminating the need
for specialized, integrated heater structures.

Our analysis shows that a single cryogenic laser
scanner can address a high-density grid of over 60,000
switches within a 20mm × 20mm area in one second.
Thermal modeling shows that a simple molybdenum
wire switch has a cooling time constant τ ≈ 300 ns,
enabling a theoretical repetition rate over 3MHz. The
combination of individual addressability, scalability, and
speed makes optical actuation a powerful and practical
architecture for the complex biasing schemes of future
cryogenic systems.
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