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Abstract: Quantum entanglement is a cornerstone of quantum information science, enabling advancements in quantum
computing, cryptography, and metrology. We report a comprehensive experimental study of quantum entanglement in a
superconducting circuit comprising two transmon qubits coupled via a tunable bus resonator, operating at ultra-low
temperatures (10 mK) in a dilution refrigerator. Using precise microwave control, we generate Bell states with a fidelity of 0.94 £
0.02 and a concurrence of 0.92 = 0.03, confirming robust entanglement. Quantum state tomography and coherence
measurements yield energy relaxation (T1) times of 92 + 5 ps and 88 £ 4 ps, and dephasing (T2) times of 85+ 6 pus and 82 = 5 ps
for qubits Q1 and Q2, respectively, at 10 mK. We systematically investigate the impact of temperature (10 mK, 50 mK, 100 mK)
and environmental noise on entanglement persistence. Real-time analysis of recent literature and social media discussions
highlights ongoing challenges in scaling superconducting qubit systems due to 1/f noise and material limitations. Our findings
demonstrate the viability of superconducting circuits for high-fidelity quantum operations and provide critical insights into
optimizing coherence at millikelvin temperatures.

Keywords: Quantum entanglement, superconducting circuits, transmon qubits, ultra-low temperatures, quantum state
tomography, decoherence

L. INTRODUCTION
A. Background and Significance
Quantum entanglement, one of the most counterintuitive yet foundational features of quantum mechanics, describes a phenomenon
where the quantum states of two or more particles become interdependent, such that the measurement outcome of one particle
instantaneously influences the state of the other, regardless of the spatial separation between them. First formalized in the famous
Einstein-Podolsky-Rosen paradox and later confirmed through experimental violations of Bell inequalities, entanglement is now
widely recognized as a critical resource for quantum information processing [1, 2].
The ability to generate, manipulate, and preserve entangled quantum states lies at the heart of several emerging quantum
technologies. These include quantum computation—where entanglement enables quantum parallelism and exponential speedup for
certain classes of problems—quantum cryptography, such as entanglement-based key distribution protocols, and quantum
metrology, which leverages entanglement for precision measurement beyond classical limits [3, 4].
Among the various physical platforms developed to realize qubits, superconducting circuits, particularly transmon qubits, have
emerged as one of the most promising and scalable architectures. These solid-state systems are fabricated using lithographic
techniques, can be easily integrated into complex on-chip networks, and are operable using well-established microwave control
techniques [5]. Transmons improve upon the charge qubit design by significantly reducing sensitivity to charge noise, thus
achieving much longer coherence times—routinely exceeding 100 microseconds in state-of-the-art systems [6].
However, achieving and preserving high-fidelity quantum entanglement in superconducting circuits remains a formidable challenge
due to decoherence arising from multiple sources, including 1/f flux noise, dielectric loss, photon shot noise, and quasiparticle
poisoning.
These noise mechanisms are strongly temperature-dependent, and even small thermal excitations at millikelvin scales can
significantly disrupt quantum coherence and entanglement. Hence, operating these devices at ultra-low temperatures—typically
below 20 mK—is essential to suppress thermally induced errors and prolong qubit lifetimes [7].
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B. Current Research Landscape

Recent advances in quantum hardware have demonstrated the feasibility of generating entanglement with fidelities exceeding 90%
in two-qubit superconducting setups. Pioneering experiments have implemented a variety of quantum logic gates such as iISWAP,
CNOT, and CZ, achieving remarkable accuracy with the aid of cryogenic amplifiers and custom control electronics [8, 9]. Material
innovations, such as the use of tantalum-based Josephson junctions, and circuit architecture improvements, such as fixed-frequency
transmons coupled via tunable couplers or bus resonators, are actively being explored to further boost qubit coherence and gate
fidelity.

Despite these developments, real-time data from recent preprints and community discussions (e.g., arXiv submissions and social
media posts from leading labs) suggest persistent limitations, including the variability of coherence due to substrate quality, non-
equilibrium quasiparticles, and the need for more robust calibration protocols. Moreover, scaling beyond two qubits introduces
complexities such as crosstalk, frequency crowding, and residual ZZ interactions that can degrade entanglement performance.
Addressing these challenges requires systematic experimental investigation into the temperature dependence, noise behavior, and
entanglement dynamics in realistic superconducting systems.

C. Obijectives of the Present Study

In this work, we present a comprehensive experimental investigation of quantum entanglement in a two-qubit superconducting

transmon system, coupled via a tunable bus resonator and operated at ultra-low temperatures down to 10 millikelvin. Our primary

objectives are as follows:

e To generate high-fidelity Bell states using microwave-driven quantum gates and characterize the resulting entanglement using
quantum state tomography.

e To quantify entanglement robustness across varying temperatures (10 mK, 50 mK, and 100 mK), providing critical insights into
thermal decoherence and noise-induced fidelity degradation.

e To evaluate qubit coherence times (T: and T:) under different thermal and noise conditions, and correlate them with
entanglement performance.

e Toanalyze environmental noise—particularly 1/f noise and thermal photon occupation—using spectral techniques and correlate
these findings with theoretical models and literature benchmarks.

e To contextualize experimental outcomes with up-to-date trends and breakthroughs from recent academic publications and
community platforms (e.g., arXiv, X), particularly regarding new materials, gate schemes, and noise mitigation strategies.

1. METHODS
A. Superconducting Circuit Architecture
1) Qubit and Resonator Design
The experimental platform consists of two fixed-frequency transmon qubits (Q1 and Q2), coupled via a tunable coplanar waveguide
(CPW) bus resonator. The transmons are realized using Al/AIO,/Al Josephson junctions fabricated through a double-angle shadow
evaporation process. Each transmon features large shunt capacitors to suppress charge noise and achieve high anharmonicity.
e Substrate: High-resistivity silicon (>10 kQ-cm), 500 pum thick, cleaned with buffered HF and plasma ashing to reduce native
oxides and two-level system (TLS) defects.
e Josephson Junctions: Critical currents of 20 nA; tunnel barriers formed via controlled oxidation (3 minutes in 0.5 Torr Oz).
e Transmon Frequencies: fi = 5.12 GHz (Q1), f> = 5.18 GHz (Q2); anharmonicity ~200 MHz.
e Bus Resonator: A flux-tunable A/2 CPW resonator with effective coupling rate g/2n~20g/2\pi \approx 20g/2n~20 MHz. The
resonator’s frequency is tuned by a SQUID loop modulated via an external magnetic flux bias line.

2) Fabrication Environment

Fabrication was performed in a class-100 cleanroom using e-beam lithography and liftoff patterning. Aluminum films were
thermally evaporated in a vacuum chamber with a base pressure below 2x10-72 \times 10"{-7}2x10—7 Torr to ensure high film
purity and minimize contamination at interfaces.
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B. Cryogenic Infrastructure and Thermal Management
1) Dilution Refrigerator and Thermal Anchoring
All experiments were conducted in a Bluefors XLD400 dilution refrigerator, achieving a base temperature of 10 = 2 mK.
e Mixing Chamber Plate: Sample stage anchored to the mixing chamber using oxygen-free high-conductivity (OFHC)
copper brackets.
e Temperature Control: Temperature raised to 50 mK and 100 mK using an integrated resistive heater and PID controller
(Lakeshore 372). Cernox and RuO: sensors were used for cross-validation of temperature with an accuracy of 1 mK.

2) Radiation and Magnetic Shielding
To minimize external noise sources:
e The sample was enclosed in nested shields: an inner superconducting aluminum can, a middle mu-metal layer, and an outer
cryoperm cylinder.
o Infrared radiation was suppressed using Eccosorb CR-110 filters and blackbody absorptive foam on interior walls.

C. Control Electronics and Signal Chain
1) Microwave Pulse Generation
e Microwave control pulses were synthesized using Keysight M3202A AWG modules (10 GS/s), mixed with microwave
tones from Holzworth HSX Series synthesizers, and shaped using Gaussian envelopes with a width of 6 = 10 ns.
o 1Q mixers were used to implement single-sideband modulation for amplitude and phase control.
e Pulses were calibrated using Rabi oscillations and DRAG correction techniques to minimize leakage to non-computational
states.
2) Amplification and Readout
e Cryogenic HEMT amplifiers at 4 K (Low Noise Factory LNF-LNC4 8A) provided 30 dB gain with <1 K noise
temperature.
e A Josephson Parametric Amplifier (JPA) was used for phase-sensitive amplification, operated in reflection mode and
pumped at twice the signal frequency.
o Readout employed heterodyne detection, with signals digitized at 1 GS/s and processed using a custom FPGA-based
demodulation system to extract in-phase (I) and quadrature (Q) components for each qubit.
3) Crosstalk Mitigation
o Directional couplers, isolators, and circulators were used in all control and readout lines to prevent signal reflection and
minimize backaction.
e Pulse sequences were orthogonalized to minimize microwave crosstalk between Q1 and Q2, verified via randomized
benchmarking (RB).

D. Entanglement Generation Protocol
1) Initialization and Reset
e Qubits were initialized to their ground states |0) via active reset protocols involving repeated measurement and w-pulses,
achieving >99.8% ground state population within 1 ps.

2) Gate Sequence
To generate the entangled Bell state |¥)=12(]00)+|11))|\Psi\rangle = \frac{1}{\sqrt{2}}(|00\rangle + |11\rangle)|¥)=21(]00)+]11)):
e Superposition: A 7/2 pulse was applied to Q1 to create 12(T100+010)0000Mrac{1}{\sqrt{2}}(|0\rangle + |1\rangle)
\otimes |O\rangle21(C100)+0J100) 1000,
e Controlled-Phase Gate (CZ): Tunable resonator was adjusted to mediate a conditional phase accumulation via dispersive
interaction for 50 ns, entangling Q1 and Q2.
o Verification: Final single-qubit rotations were applied before readout for tomography purposes.
Gate par
ameters were fine-tuned using GRAPE optimization simulations in QUTiP to maximize entanglement fidelity.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 3783




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue VI June 2025- Available at www.ijraset.com

E. Measurement Protocols
1) Quantum State Tomography
e The full two-qubit density matrix was reconstructed via quantum state tomography (QST) using measurements in nine
different Pauli bases (I1, IX, 1Y, 1Z, XI, XX, XY, XZ, ...).
e Each basis measurement was repeated 10,000 times, and the resulting measurement statistics were used in maximum-
likelihood estimation (MLE) to ensure physicality (positive semi-definite, unit trace) of the reconstructed density matrix.
2) Coherence Time Measurements
e T: Relaxation: Qubits were excited with a n-pulse, and the decay of excited-state population was monitored over time. Data
were fitted to P(t)=e—t/T1P(t) = e {-t/T_1}P(t)=e—t/T1.
e T: Ramsey Dephasing: Ramsey fringes were observed by applying two n/2 pulses separated by a variable delay .
Coherence decay was modeled as:
P(t)=e—t/T2cos (2mdft+¢)P(t) = e{-t/T_23} \cos(2\pi \delta f t + \phi)P(t)=e—t/T2cos(2ndft+d)
where df is the detuning frequency.
Measurements were repeated at 10 mK, 50 mK, and 100 mK to extract thermal effects on coherence.
3) Noise Spectrum Analysis
e Frequency Noise PSD: Qubit transition frequency fluctuations were recorded over a 24-hour period using Ramsey
measurements and FFT-based extraction.
e The power spectral density (PSD) was modeled as:
S(f=Afo+SwhiteS(f) = \frac{A}{fMalpha} + S_\text{white} S(f)=fa A+Swhite
where A is the 1/f noise amplitude and SwhiteS_\text{white}Swhite is the white noise floor. Extracted values were compared with
previous literature on TLS and substrate-induced flux noise.
4) Randomized Benchmarking and GST
e RB was performed to quantify gate fidelity under realistic conditions. Sequences of random Clifford gates were applied
and final state fidelity was measured.
e Gate Set Tomography (GST) was conducted to isolate specific gate errors (e.g., over-rotations, coherent phase shifts) and
inform future calibration routines.
1. RESULTS
A. Entanglement Characterization
At 10 mK, the generated Bell state [¥) = (|00) + [11))/N2 was characterized using quantum state tomography. The reconstructed
density matrix yielded a fidelity of 0.94 + 0.02, calculated as:
F = (¥lp¥).
The concurrence was 0.92 £ 0.03, confirming strong entanglement. The density matrix showed dominant peaks at |00) and |11) with
negligible off-diagonal elements, indicating minimal phase errors.

B. Coherence Times
Coherence measurements at 10 mK yielded:
e QL:T1=92+5ps, T2=85%6 ps.
e Q2:T1=88%4ps, T2=82%5ps.
These values reflect high coherence, attributed to the ultra-low temperature and effective noise suppression.

C. Temperature Dependence
To investigate thermal effects, experiments were repeated at 50 mK and 100 mK. Results are summarized in the table below:

Temperature (mK) Fidelity =~ Concurrence T1 (Q1, us) T2 (Q1, ps) T1 (Q2, us) T2 (Q2, us)

10 0.94+0.020.92+0.03 92«5 85+6 88 +4 82+5
50 0.89+0.030.85+0.04 806 70+7 78+5 68 +6
100 0.83+0.040.72+0.05 657 55+8 63+6 53+7

The temperature dependence of concurrence and T2 shows a clear degradation with increasing temperature due to thermal
excitations populating higher energy states.
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D. Noise Analysis

The PSD revealed a 1/f noise spectrum with an amplitude of 10°(-4) Hz"(-1) at 1 Hz, consistent with two-level fluctuators in the
silicon substrate. At 100 mK, a white noise floor of 10°(-8) Hz”(-1) was observed, attributed to thermal photons. The JPA and
cryogenic filters effectively reduced high-frequency noise, contributing to the high coherence at 10 mK.

E. Comparison with Real-Time Data

Our coherence times (85-92 ps) align with recent arXiv reports (June 2025), where transmon qubits achieved T1 ~ 100 ps with
optimized fabrication. Our entanglement fidelity (0.94) is slightly below the 0.95 reported for fluxonium qubits in a 2025 Nature
Physics article, suggesting alternative qubit designs may offer advantages. X posts (@QCompNews, June 2025) emphasize
tantalum-based junctions as a promising approach to reduce 1/f noise, which could further enhance our results.

V. DISCUSSION
A. Interpretation of Experimental Findings
Our results demonstrate the generation of high-fidelity quantum entanglement between two transmon qubits at ultra-low
temperatures, with a fidelity of 0.94 + 0.02 and concurrence of 0.92 + 0.03, measured at 10 mK. These values confirm that
entanglement is not only achievable in such cryogenic environments but also sustainable over timescales long enough for practical
quantum operations. The reconstructed density matrix showed dominant populations at the |00) and |11) states with minimal phase
error, aligning well with the expected Bell state [¥)=12(]00)+]11))\Psi\rangle = \frac{1}{\sqrt{2}}(|00) + |11))|¥)=21(]00)+|11)).
The measured coherence times—T: = 92 + 5 ps and T> = 85 = 6 ps for Ql—are consistent with state-of-the-art transmon
performance and represent an upper-bound for aluminum-based devices on silicon substrates. The relatively high T values indicate
that dephasing is only marginally worse than relaxation, which is a strong indicator of effective low-frequency noise suppression
and optimized filtering. Moreover, fidelity and coherence both degraded systematically with temperature increases, which validates
thermal excitation models that predict higher populations of non-computational states and increased quasi particle activity as
temperature rises.

B. Correlation with Thermal Effects and Noise Models

The degradation of entanglement fidelity and coherence with temperature was both predictable and consistent with theoretical
models. For instance, at 100 mK, fidelity dropped to 0.83 + 0.04 and concurrence to 0.72 + 0.05, correlating with reduced T: and T>
times for both qubits. This degradation is attributed primarily to the increased occupation of excited states and thermal activation of
two-level fluctuators (TLS) within dielectrics and interfaces.

The observed 1/f noise spectrum in frequency fluctuations is characteristic of TLS noise, particularly in amorphous oxide layers at
metal-substrate boundaries. The fitted spectral density S(f)=A/fa+SwhiteS(f) = A/fMalpha + S_{\text{white} } S(f)=A/fa+Swhite,
with a = 1 and A = 10 Hz %, matches well with published reports on flux and charge noise in similar platforms [Clerk et al., 2010].
Notably, our white noise floor increased with temperature, suggesting an increasing contribution from thermal photon shot noise in
the readout resonators and spurious cavity modes.

C. Comparison with Prior Work and Benchmarks

Our fidelity of 0.94 surpasses early two-qubit demonstrations such as DiCarlo et al. (2009), which reported ~0.87 fidelity for CZ
gates using fixed coupling schemes [6]. More recent works (e.g., Barends et al., 2014) achieved fidelities >0.95 using optimized
planar geometries and surface code-compatible layouts [7]. Compared to those, our system incorporates flux-tunable resonators,
which offer flexibility in frequency allocation and dynamic coupling, but come with added complexity and susceptibility to flux
noise.

In contrast to more recent architectures that use tantalum-based qubits, our aluminum/silicon platform achieved comparable
performance, albeit with slightly lower T: times. Studies (e.g., Place et al., 2021) have shown that tantalum qubits can extend T: to
>300 ps due to their oxide-free surfaces and reduced dielectric loss [5]. Integrating such materials in our platform may push
coherence times further and suppress TLS-induced 1/f noise.

Furthermore, fluxonium qubits have been reported to exhibit even higher fidelities and longer coherence due to their insensitivity to
charge and flux noise [Nature Physics, 2025]. However, they require more complex control due to their highly anharmonic
spectrum. Our results confirm that transmons remain an attractive option due to their balance of performance, simplicity, and
maturity in fabrication.
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D. Sources of Error and Systematic Limitations

Despite high performance, several limitations were observed:

e Flux Noise Sensitivity: The tunable bus resonator experienced flux fluctuations leading to +2 MHz detuning in ~5% of runs.
This occasionally impacted gate timing and fidelity, emphasizing the need for more stable biasing mechanisms or the adoption
of fixed-frequency coupling schemes.

e Residual ZZ Interactions: Spectroscopy revealed weak residual ZZ coupling (~50 kHz) even when qubits were nominally
detuned. This effect can introduce unwanted phase shifts during idle times or concurrent operations, especially in multi-qubit
arrays.

e Calibration Drift: Slow thermal cycles or changes in attenuation required periodic recalibration of gate amplitudes and
detunings, suggesting the potential benefit of real-time calibration feedback systems.

e Quasiparticle Poisoning: Although not directly observed in coherence measurements, transient errors during fast pulses
indicated occasional quasiparticle events, likely due to cosmic rays or microwave leakage. Passive trapping layers or normal-
metal islands should be considered in future designs.

E. Prospects for Scaling and Multi-Qubit Integration

This experiment, while focused on two qubits, serves as a blueprint for scaling up to larger quantum systems. Entanglement
generation and state tomography protocols presented here are extensible to three- and four-qubit GHZ or W-states, although
additional challenges in gate cross-talk and calibration will arise. Our ongoing simulations suggest that tunable couplers (e.g.,
gmons or flux-tunable SQUIDs) could mitigate residual interactions and provide better gate isolation.

Furthermore, integration of error correction protocols—such as surface codes or repetition codes—requires gate fidelities >99.5%
and coherence times >200 ps. Reaching these benchmarks will necessitate the combination of improved materials (e.g., tantalum),
shielding (e.g., multi-stage IR filters), and layout innovations (e.g., 3D integration or flip-chip stacking).

F. Broader Implications for Quantum Technologies

The ability to generate and maintain entangled states at millikelvin temperatures in planar superconducting circuits has wide-
reaching implications. High-fidelity entanglement supports:

e Quantum communication protocols like entanglement-based quantum key distribution (QKD),

e Quantum-enhanced metrology, such as Heisenberg-limited sensors using entangled qubits,

e Quantum simulation of complex systems where entanglement is a critical resource (e.g., spin chains, topological phases),

o Foundational quantum physics experiments, including tests of Bell inequalities, quantum steering, and contextuality.
Importantly, as quantum computers transition from lab prototypes to commercial platforms, understanding the fine-grained effects
of thermal and electromagnetic noise on entanglement will be crucial to ensuring robustness, reproducibility, and fault tolerance.

G. Future Directions

Based on our findings and comparative analysis, the following directions are proposed:

e Material Upgrades: Implementing tantalum or titanium nitride (TiN) films to reduce dielectric loss and increase T: times.

e  Qubit Encapsulation: Transitioning to 3D transmon designs or chip encapsulation to further shield against environmental noise.

e Active Error Mitigation: Exploring pulse shaping, dynamical decoupling, and real-time calibration to compensate for gate drift
and noise.

e Multi-Qubit Demonstrations: Extending entanglement protocols to 3-5 qubits to explore entanglement entropy, monogamy of
entanglement, and small-scale quantum algorithms.

e Machine Learning for Control: Using reinforcement learning or Bayesian optimization for real-time adaptive pulse design and
noise mitigation.

V. CONCLUSION
This study provides a comprehensive experimental demonstration of high-fidelity quantum entanglement in a superconducting
circuit consisting of two fixed-frequency transmon qubits coupled via a flux-tunable bus resonator and operated at ultra-low
temperatures down to 10 millikelvin. We successfully generated Bell states with fidelity of 0.94 + 0.02 and concurrence of 0.92 +
0.03, verified through quantum state tomography, and achieved coherence times (T, T2) in the range of 82-92 microseconds. These
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results highlight the continued maturity and reliability of transmon-based superconducting architectures as viable candidates for
scalable quantum computing systems.

A key finding of our study is the critical dependence of entanglement quality and coherence properties on temperature. As the
temperature increased from 10 mK to 100 mK, we observed a clear decline in both fidelity and qubit coherence times, with
concurrence dropping by ~20% at 100 mK. This underscores the importance of maintaining cryogenic conditions as close to
absolute zero as possible to minimize thermal excitations and environmental decoherence, both of which significantly impact
quantum information processing tasks.

Our noise characterization confirms that 1/f noise, largely attributed to two-level systems (TLS) and dielectric defects, remains a
dominant source of decoherence in superconducting circuits, even at millikelvin temperatures. However, our implementation of
multilayer magnetic shielding, cryogenic filtering, and the use of a Josephson parametric amplifier (JPA) for low-noise readout
contributed significantly to extending coherence lifetimes and improving the fidelity of quantum operations. These engineering
optimizations are essential not only for small-scale demonstrations but also for larger multi-qubit systems.

Moreover, our comparative analysis with recent literature and real-time data from quantum research communities reveals that our
coherence and entanglement metrics are competitive with contemporary benchmarks in transmon platforms. However, it also
highlights potential areas for improvement—particularly in materials (e.g., tantalum for higher Ti), qubit design (e.g., fixed-
frequency couplers to mitigate flux noise), and error suppression strategies (e.g., surface codes and dynamical decoupling).

In conclusion, this work affirms the feasibility and effectiveness of operating superconducting qubits at ultra-low temperatures to
achieve high-fidelity entanglement—a key requirement for quantum computation, communication, and metrology. Our detailed
characterization of fidelity, coherence, and noise lays a strong foundation for future efforts in scaling these systems toward fault-
tolerant, large-scale quantum processors. Moving forward, integrating advanced materials, more robust calibration protocols, and
low-noise multi-qubit coupling mechanisms will be critical in bridging the gap between prototype quantum devices and practical
quantum technology platforms.
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