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1 Introduction

Quantum computing is an emerging computational paradigm that encodes and processes information
according to the laws of quantum mechanics. Phenomena such as superposition, interference, and
entanglement allow quantum algorithms to manipulate information in ways that differ fundamentally
from classical computation. For certain problems, this enables dramatic speedups over the best
known classical methods, most famously Shor’s algorithm for integer factorization, while also offering
a natural path toward simulating complex quantum systems in physics, chemistry, and materials
science.

Superconducting circuits are a leading platform for quantum computing. Often described as
“artificial atoms,” superconducting qubits are integrated circuits whose discrete energy levels encode
quantum information. At MIT, the Engineering Quantum Systems Group (EQuS) researches super-
conducting quantum systems across the stack, from new fabrication techniques and qubit designs to
many-qubit experiments that explore quantum error correction and emergent quantum phenomena.

Designing and executing a superconducting-qubit experiment employs a diverse skill set that
draws from various scientific and engineering disciplines. The work can be roughly grouped into five
categories: analytical and numerical modeling of quantum systems, chip design, chip fabrication,
cryogenic and microwave engineering, and qubit calibration and measurement. Although AI can



NUR A
W

M'
Cables routing LI
down to chip  *® |
111
({11 I
Iyt

——

Figure 1: Experimental setup. (a) A packaged 5 x 5 mm chip. A printed circuit board routes
signal lines from the chip in the center to connectors at the edge of the package, where cables
connect. (b) An open dilution refrigerator. The chip package is mounted on the bottom flange.
Cables connect to the package and route up through the top of the dilution refrigerator, over to a
separate, room-temperature electronics rack. During operation, nested thermal shields and an outer
vacuum can enclose the assembly.

accelerate nearly every stage, its most compelling role may be in qubit measurement, where it par-
ticipates directly in the experiment|1-4|. Here, we describe how EQuS researchers enabled a general-
purpose agent powered by GPT-5.6 Sol, on Ultra reasoning level, to conduct superconducting-qubit
measurements end to end—controlling live laboratory hardware, interpreting the resulting data, and
adapting subsequent measurements through the group’s existing orchestration software.

Superconducting-qubit experiments are unusual among experimental fields in that, once a chip
is fabricated, packaged, and cooled, the experiment is controlled almost entirely via software. The
chip sits under vacuum inside a dilution refrigerator—a specialized cryogenic device that cools the
chip to millikelvin temperatures. Computer programs coordinate sequences of pulses generated by
room-temperature instruments. These pulses travel through cables into the refrigerator, interact
with the quantum circuits on the chip, and return as signals that are amplified, digitized, and
analyzed.

Each measurement is a miniature experiment that characterizes a property of the quantum
system or calibrates an interaction. Measurements form an interdependent sequence: each step
yields physical parameters—such as resonance frequencies, pulse amplitudes, and decay times—
that often define the next step. Calibrating a novel multi-qubit experiment can require months
and thousands of preliminary measurements before the target experiment can be performed. Only
a handful of these measurements make it into the publication. Certain stretches of this workflow
can be automated, when the analysis is unambiguous and behavior is predictable. But this is
often not the case when dealing with new chip designs and exploring novel physical phenomena.
The challenge is compounded by the fact that superconducting processors are imperfect physical
systems that cannot be totally isolated from the environment. Parameters drift over time, and chips



occasionally exhibit stochastic behavior, requiring adaptable and intelligent calibration.

Qubit calibration therefore presents an exciting challenge for agentic Al systems. Current Al
models already possess extensive knowledge of the physics theory, software engineering skills, and
specific experimental infrastructure used in these experiments. The question is whether agents can
bring that knowledge to bear through the flexible, empirical style of reasoning needed to work with
real-world experimental systems. EQuS researchers have seen promising early results with agentic
calibration. Here, we present the workflow and results from a relatively simple superconducting-
qubit chip, where an agent successfully performed a set of standard measurements on a never-before-
calibrated chip.

2 How superconducting qubits work

The simplest superconducting qubit is a circuit comprising a capacitor and a Josephson junction, a
superconducting circuit element that functions as a nonlinear inductor [5]. Together, these elements
form a weakly nonlinear oscillator, which, in the quantum regime, has a series of energy levels
with disparate transition energies—usually referred to by their resonant frequency. The two lowest
levels are typically used as the computational states—“0” and “1,” analogous to bits in a classical
computer—but the higher states remain relevant. Higher levels can facilitate operations between
qubits or cause unwanted errors.

We measure the qubit state by coupling it to a resonator, another circuit element that has
a single resonant mode. The interaction between the qubit and the resonator is designed such
that the resonant frequency of the resonator shifts depending on the state of the qubit. Thus, we
can read out the qubit state by probing the resonator transition. These elements form the basic
building blocks of a superconducting-qubit chip; much more complexity is added to perform novel,

many-qubit experiments.
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Figure 2: (a) On-chip qubit and coupled readout resonator. (b) Qubit energy spectrum—the
lowest two levels are used as the computational basis. Energy transitions are typically referred to
in units of frequency w (E = hw, where £ is the reduced Planck constant.) A “ket” |x) denotes a
quantum state. (c) Qubit-state-dependent resonator response. Sweeping the probe frequency across
a resonant mode produces a Lorentzian response—a “dip” centered on the resonance frequency. The
readout resonator resonant frequency shifts depending on the state of the qubit, enabling us to infer
the qubit state.




3 Measurement workflow

To understand how a measurement is actually performed, consider the resonator spectroscopy mea-
surement. This is typically the first measurement performed on a new chip, with the objective of
finding the resonator frequency. The control electronics generate a pulse and send it to the res-
onator. The returning voltage signal is then digitized: a single point is represented as a complex
number that encodes the amplitude and phase of the signal. This process is repeated many times
so that the averaged result has a higher signal-to-noise ratio. Then, the frequency of this pulse is
stepped, with the aim to sweep through the resonator frequency. The resulting raw data is an array
of complex numbers. In a successful resonator spectroscopy measurement, the signal amplitude has
a Lorentzian profile, with a dip at the resonant frequency (see Figure 2c). Another key parameter is
the power of the pulse. Past a certain power, the pulse is strong enough to also excite the coupled
qubit, and the resonator will shift in response. Sweeping the pulse power reveals this transition.
The goal of this measurement is to extract the resonator frequency and the optimal pulse power,
which are then persisted to calibration settings. Subsequent measurements use these values to define
the qubit readout pulse. This workflow is driven by EQuS’s in-house orchestration software that
coordinates the various room-temperature instruments. Measurements take anywhere from a few
seconds to tens of minutes, depending on the length of the pulse sequence, number of averages, and
sweep lengths. Not every measurement has a predefined analysis model or target parameter; some
are exploratory or diagnostic.



@ Define measurement

@ Generate measurement

USER ORCHESTRATOR
/_’ ¢ Measurement type * Resolve relevant instrument ports
* Target qubit/resonator « Compile pulse sequence
Iterate ¢ Swept/individual parameters

* Play pulses + acquire signal

measurement Resonator Spectroscopy: define frequency sweep,
parameters power sweep, number of averages, pulse length.
Ambiguous
results @ Assess results @ Plot/Analyze
USER / ORCHESTRATOR ORCHESTRATOR
* User: * Plot normalized data
e Visually inspect plots « Extract features
o Possibly iterate on analysis « Fit to model, if exists

¢ Orchestrator: assess fit goodness

Fit each frequency trace to a Lorentzian model.

Clear results

() Update calibration settings

ORCHESTRATOR

* Persist extracted parameters
Store readout pulse frequency & power

Continue to next measurement

Figure 3: Measurement workflow. EQuS’s in-house orchestration software drives the process,
while an agent can assume the user’s role.

4 Agentic calibration results

EQuS researchers instructed an agent to follow the same measurement workflow as human re-
searchers, using the orchestration software through a Jupyter notebook. The agent ran through
the Codex app with no specialized harness beyond a simple EQuS in-house Jupyter MCP. It had
access to live measurement parameters, programs, plots, raw data, logs, and the measurement
database. The agent could also analyze and plot data in the notebook and maintain laboratory
notes in Markdown files. The main challenge was identifying the context agents needed to work
effectively. After several months of iteration, the researchers converged on a combination of the
experimental setup details, chip designs, and measurement-specific skills, as well as access to the
orchestration software’s source code. The skill for a particular measurement includes information
about the template code for execution and analysis, the crucial calibrations that must be completed
before the measurement can be performed, tips to choose good measurement and analysis param-
eters, common physical reasons that the measurement might fail, characteristics of a successful or
failed measurement/analysis, and example plots of both successful and failed measurements.



The chip measured here consists of six uncoupled qubits, four with fixed frequencies and two
with tunable frequencies, each with a coupled readout resonator. The qubits are nominally designed
identically, but fabrication imperfections and environmental interactions cause each one to behave
differently. This chip had never been measured before, so the agent had to discover the parameters,
given the design targets. The agent successfully discovered all six resonators and appropriate initial
powers for readout pulses.

—31 A —— data
—321 -36
-33 4 /
— —34- —~ —38
o o
T =
— 35 -
2 36 D —40+
—37 1 /
—42 4
_38 B
o
Pulse = square Pulse = square
—39 Drive Amplitude (dBm) = -15 Drive Ampjitude (dBm) = -15
7.25 7.30 7.35 7.40 7.45 7.50 7.50 7.55 7.60 7.65 7.70 7.75 7.80
Frequency (GHz) Frequency (GHz)
Codex correctly identifies the six small resonator features against large background signal fluctuations.
Codex: "... [these measurements] ... isolate six regularly spaced RF-stable candidates at approximately 7.2920, 7.3770, 7.4715, 7.5585, 7.6580, and
7.7520 GHz. That spacing is consistent with a six-resonator multiplexed design. I'll provisionally assign them in ascending frequency to r1-r6 ..."
1
=531 —— data
i, v fit: wo=7.2928 GHz
s | Mty (T
_ =55+
o |
— o !
& 600m _ = =561
° > 2
% = .
S ,‘I ity €
S 400 m 2 |
i |\ I I LI g —58 4
m I|II IIHI‘I‘I ”I \l \”“ q‘f III]II
i YR ey ”J||'|| 200 m =591
1 ‘I IIHI N1 ,II ALERE IR ]
||J|q|‘” H||II’H | ‘ ‘I‘ ‘lH\‘II[IHI | —60 )  pulse = square
| | I[ ! U} Pulse = pqu_a_ne o Drive Amplitude (dBm) = -32.4
7.286 7.288 7.290 7.292 7.294 7.296 7.298 7.290 7.292 7.294 7.296
Frequency (GHz) Frequency (GHz)
Codex takes a final, higher-resolution scan of each resonator, at the
Codex zooms in on every resonator and performs a 2D power-frequency selected readout power, before fitting the results and updating the
sweep. Here, the first resonator is shown. As power increases, the qubit calibration settings with the resontaor frequency, linewidth, and readout
is excited and the resonator shifts, or "punches out," to the left. power.
Codex: "All six resonances show real punchout behavior. The punchout Codex: "I'm taking one higher-stat narrow trace per resonator there to
branches settle at usable powers between about -31 and -34 dBm. get defensible centers and linewidths before the flux maps; this avoids

fitting k from the low-SNR tail of the 2D sweep."

Figure 4: Resonator calibration, performed by an agent

After completing resonator spectroscopy, EQuS researchers instructed the agent to perform the
remaining target measurements on the fixed-frequency qubits. This standard set includes prerequi-
site calibrations and measurements of circuit parameters, transition energies, and coherence times,



which quantify how long a qubit preserves its state. The figure below shows the final results for the
first qubit, obtained fully autonomously by the agent. Across the 40 target measurements for the
four fixed-frequency qubits, researchers intervened to improve only four.
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Figure 5: Completed calibration of qubit 1. (a) Qubit spectroscopy measurement to find the
transition energy from the ground state to the first excited state of the qubit. (b) Qubit spectroscopy
measurement to find the transition energy to the second excited state. (c¢) A Rabi measurement
calibrates the pulse power needed to perform an X gate (or “m pulse”) that takes the qubit from the
|0) to the |1) state. (d) Optimizing the readout pulse parameters. (e, f, g) Coherence measurements
that quantify how long the qubit can keep its state before it decays. (h) Precisely measuring the
qubit-state-dependent resonator shift (). (i) Measuring the residual population in the excited state
to calculate the effective temperature of the qubit.

The agent had more issues with the frequency-tunable qubit. Tunable qubits are controlled
by an applied current, conventionally expressed as magnetic flux. The qubit frequency varies ap-
proximately sinusoidally with flux (see Figure 6a). The tunable qubit measurements had a poorer
signal-to-noise ratio farther from the maximum frequency, for reasons to do with the chip design.
These measurements illustrate how noisy measurements can challenge the agent.

The qubit spectroscopy measurement is intended to find the qubit frequency. A pulse is sent
to the qubit, followed by a readout pulse to the resonator. The frequency of the qubit pulse is
swept. When it overlaps with the qubit frequency and excites the qubit, the resonator shifts in
response, which is reflected in the signal received back from the readout pulse. Repeating this
sweep at successive flux values traces the qubit resonance as a moving peak or dip. Although the
agent initially located the qubit spectrum, it required significant instruction from the researcher to
converge on a satisfactory result. The qubit signal here is faint over much of the flux range, and it
takes an experienced eye to visually identify it. The agent resorted to performing additional analysis
on individual traces, which seemed to moderately improve its performance.
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The user requests a finer final scan, and points out that, in the previous scan, the qubit spectrum likely fell out of the
range at the greater flux regions. The agent then investigates these regions with wider scans, finds clear features, and
updates the predicted spectrum.

The agent performs a fine scan, properly tracing the
qubit spectrum. This scan and fit is accepted by the
user.

Figure 6: Selected tunable qubit spectroscopy measurements, performed by the agent.

The final measurement, accepted by the researcher (Figure 6g), contains unexpected features:
an unknown mode crossing near 4.8 GHz, where the second qubit transition also appears, and an
unexplained asymmetry that is likely physical in origin. These features exemplify the ambiguity
inherent in experiments. FExperience is needed to judge whether such effects will matter to the
experimental goal and whether their causes can even be identified—a potential pitfall for agentic
calibration.

The researcher then instructed the agent to perform the rest of the calibration measurements at



the zero flux point, which it did successfully, then use these to seed an automated loop controlled
by the orchestrator. This loop steps over a flux range and takes the coherence measurements at
each point, programmatically varying the measurement parameters and skipping over failed points.
This was successful; the agent monitored the loop over the twelve hours it ran overnight (taking
200 measurements), and then the agent manually investigated a few points where the measurements
failed.

5 Implications for superconducting qubit research

The chip presented here is a simple design meant to benchmark the fabrication process or noise
environment of the experimental setup. The measurements demonstrated are standard in the field,
and very simple compared to those that would be developed for a novel, multi-qubit experiment.
An experienced researcher can characterize a set of fixed-frequency qubits in approximately one
day, whereas characterizing a set of tunable qubits takes approximately one week. The EQuS
group regularly produces a large quantity of these chips and is now routinely using agents to help
characterize them.

The agents perform very well when the measurements have a high signal-to-noise ratio, and the
qubits physically perform as expected. EQuS researchers have observed that agent performance
has improved as models become more advanced - particularly with regards to visual analysis of
measurements. Furthermore, elaborating the potential physical failure modes in the measurement-
specific skills has proven to be an important strategy to improve agentic measurement performance.

Anecdotally, agents take longer than experienced researchers, even when they successfully con-
verge on the correct measurement parameters. Often, agents appear to lack experimental ‘intuition’
- pursuing an incorrect line of investigation or not realizing an obvious physical reason why a mea-
surement has failed. Because measurements can take several minutes and run serially, physical
acquisition itself is the rate-limiting step; agent swarms therefore cannot accelerate the process
through parallel, brute-force exploration. Model fine-tuning in order to confer experimental intu-
ition may be necessary to produce agents that pursue the most efficient path of exploration. The
bulk of published literature contains only a tiny fraction of the data acquired in the course of an
experiment and mostly consists of the final successful results.

Nevertheless, agents save researcher time by measuring overnight or while researchers work on
other tasks. Because multiple chips can be measured simultaneously in one refrigerator—limited
primarily by cabling and available control-electronics ports—agents can also increase characteriza-
tion throughput. Often, many chips of mostly identical design have to be characterized in order to
find the best one with which to pursue the full experiment; this can be extremely time consuming.

Furthermore, agents can greatly expedite the experimental process by accelerating associated
coding tasks and performing them in tandem. Once a chip has multiple qubits that are coupled
to each other, the calibration becomes substantially more complex. The target experiment usually
comprises a sequence of simultaneous operations on multiple qubits. The qubits can interact with
each other in both desirable and undesirable ways, each of which must be accounted for. A substan-
tial amount of the effort in developing a new calibration process for a novel experiment is in writing
the software for multi-qubit control and new analysis. Coding agents already reduce that time sig-
nificantly, but having agents that can iterate on the code and validate it with real measurements is
a major improvement. Furthermore, our experiments can be simulated to a high degree of accuracy.
We often perform simulations to plan an experiment, but then discover unpredicted behavior, often
caused by a physical factor that was overlooked in the original model. Agents will likely excel at
fast iteration between simulation and measurement, to guide the experimental process.



Future work will evaluate how agents operate the measurement process over a longer time scale.
Experiments are unpredictable. The flux periodicity and offset of a tunable qubit drift over time,
for a variety of environmental factors. The coherence times of qubits regularly vary as well. A
microscopic defect on the chip can spontaneously manifest as a mode that interacts with the qubit.
Such instabilities may mean that a measurement that worked one day fails the next. Diagnosing
such failures may require recalibrating the qubit and revisiting measurements completed dozens of
steps earlier. Thus, experimental reasoning must accommodate a drifting system, hidden physical
variables, and ambiguous failures.

6 Contributions

MIT authors developed the agentic measurement infrastructure and performed the experiments.
OATI authors provided advice on the agentic infrastructure and comments on the text.
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