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Abstract 

In this letter, experimental results of an isolated superconductor qubit transmon are presented. The carrier 

frequency is scanned within a wide bandwidth covering resonances with higher states and then the leakage 

probabilities are measure by sensitive measuring protocols. The experimental data were compared to typical 

predictions to determine the active leakage rates and dangerous resonance bandwidth. This work may 

provide a quantum understanding and base for one of the important error sources in the digital quantum 

computing to achieve much more reliable systems. 
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1. Introduction 

The transmon qubit represents the cornerstone in 

many modern quantum computing platforms, 

especially those are based on superconductor circuits 

due to their relatively long coherence times and 

reproducibility [1]. Fundamentally, this qubit 

operates as an active system of two levels in the multi-

dimension Hilbert space where the standard states 

(⟨0| and ⟨1|) are defined as the basic and excited 

states of the fundamental oscillation in the transmon 

phase [2]. However, transmon is a multi-level 

nonlinear system in which, the higher states, such as 
⟨2|, ⟨3| or higher, are included in its spectrum. The 

ability to perform reliable control processes on ⟨0| 
and ⟨1| states without leakage to the higher states is 

called the inclusion [3]. Such leakage is a source for 

an error exceeding the qubit errors occurring inside 

the subspaces of the two states [4]. It can severely 

degrade the performance of the quantum algorithms, 

especially the long ones or those depend on the 

quantum correction of errors where error rates are 

required to be lower than specific thresholds [5]. This 

study aims to accurately characterize the leakage 

losses in a transmon qubit when digital control pulses 

are applied with their carrier frequencies in resonance 

with specific energy gaps between the higher 

quantum states [6]. This would convert the common 

unintended mode of leakage resulted from wide 

frequency bandwidth into a most dangerous state of 

intended and modified leakage throughout resonance 

[7]. 

In order to understand the mechanisms of this 

resonance leakage, it is important to explore a 

comprehensive Hamiltonian model of controlled 

transmon. The unperturbed transmon is described as 

a series of inharmonic energy states with contradicted 

energy gaps, i.e., E01>E12>E23 [8]. Usually, this can 

be controlled by a microwave signal applied to the 

entrance of the transmission line or to the 

transformation gate, which leads to a potential-like 

interaction. After performing a rotating wave 

approximation on the pulse carrier frequency, the 

perturbation resulted from this pulse is usually 

described by some conditions leading to transitions 

among the states [9]. The common simplification is 

the assumption that the pulse amplitude is weak and 

its frequency is close to the frequency of the 

fundamental transition (ω01), which leads to an active 

Hamiltonian between the states. In such model, the 

transitions to higher states (e.g., ⟨0| → ⟨2|) are 

approximately forbidden because it requires the 

generation of photons with frequency of ω02=2ω01-η, 

where η is the anharmonicity parameter, which is not 

exist in the spectrum of the single frequency pulse. 

Here, this leakage is considered as a secondary result 

of a side frequency content or pulse deformation [10]. 

The practical consequences of such type of 

leakage errors are severe. First, they impose 

uncorrected errors in the calculations as the leakage 

to ⟨2| state cannot be corrected by the quantum 

correction symbols designed for qubit errors [11,12]. 

Second, even the qubit returns later to the computing 

space, it may return with a random-phase state, and 

then transform the leakage error to a much complex 

logic error. Third, the dynamics at the higher states 

(such as ⟨2| → ⟨1| transition) via spontaneous 

emission lead to wrong intervals and then increase the 

data recovery time [13]. In multi-qubit systems, the 
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leakage may propagate throughout couplings that 

deform the adjacent qubits. Therefore, the 

understanding of resonance leakage maps is not a 

theoretical practice but a frequency-aware 

compilation in the quantum translators, to enhance 

frequencies in multi-qubit treatments, and finally to 

design much more powerful control protocols [14]. 

In this letter, experimental results of an isolated 

superconductor qubit transmon are presented. The 

carrier frequency is scanned within a wide bandwidth 

covering resonances with higher states and then the 

leakage probabilities are measure by sensitive 

measuring protocols. The experimental data were 

compared to typical predictions to determine the 

active leakage rates and dangerous resonance 

bandwidth. This work may provide a quantum 

understanding and base for one of the important error 

sources in the digital quantum computing to achieve 

much more reliable systems. 

 

2. Experimental Part 

Based on the practical scheme shown in Fig. (1), 

which is proposed to study the leakage errors in 

transmon qubit systems those are resulted from the 

resonant digital control, such system is described by 

three main parts: physical, technical, and analytical. 

This system is based on the transmon slide placed 

in dilution refrigerator at low temperatures (down to 

4 mK) to ensure the stability of the quantum state and 

reduce thermal noise. This system shows a precise 

interaction between transmon energy states 

concentrated on the undesired transition from 

computing states, such as ⟨g| and ⟨e|), to higher 

states, such as ⟨f|. this system is controlled via 

multiple paths including magnetic flux control lines 

to adjust the qubit frequency using SQUID technique, 

as well as XY control responsible to rotating quantum 

states. The goal of this environment is to isolate the 

qubit completely with accurate digital signals allowed 

to reach the nano-conductors in order to study the 

effect of resonance digital pulses, which may cause 

energy leakage to states outside the dual domain of 

the computing. This is the largest challenge in the 

stability of the superconductor quantum processors. 

The system contains a modern digital control unit 

(FPGA/DAC) to generate control pulses at an 

extremely high temporal accuracy. The main feature 

is the use of resonance digital control as the frequency 

(ωd) is adjusted to be close the transition frequency 

between the “e” and “f” states (ωef), which is called 

the resonant impulsion. These signals pass through a 

series of pulse modulators and amplifiers before 

entering the cooled medium via low-pass filters to 

ensure the signal purity. These digital pulses are 

designed to represent logic gates but due to the weak 

inharmonic nature of transmon, the pulses of wide 

bandwidth or interfered frequencies may stimulate 

the transitions to the “f” state. The system is designed 

to measure the efficiency of the digital gates to reduce 

the leakage when compared to the conventional 

control as the gate time (τgate) as a crucial parameter 

in balancing errors. 

The system is completed by a readout system 

depending on resonator/cavity transmission related to 

the qubit as the qubit state affects the cavity resonance 

frequency. The readout pulse is transmitted through 

the qubit and pick the data. This weak signal is then 

reasonably amplified using low-noise amplifiers 

(such HEMT) and band-pass filters before reaching 

the digitizer at the data analysis unit. The analytical 

power of this system can be seen in its ability to 

distinguish between the three states (g, e, and f) 

throughout digital signal processing to allow the 

researchers to characterize the leakage rate with high 

statistical accuracy. Finally, these data are linked to 

analysis and data acquisition to compare the practical 

performance to the theoretical models [15,16]. This 

would allow understanding how the shape and 

frequency of digital pulse affect the quantum 

information integrity and prevent their loss in the 

undesired higher energy states. 

 

 
Fig. (1) The proposed experimental scheme: characterization 

of leakage errors in a transmon qubit due to resonant digital 

control 

 

3. Results and Discussion 

Figure (2) shows the dynamics of the second 

excited state ⟨2| represented by P2 as a function of 

delay time after setting the qubit in ⟨1| state at zero 

time. The data show apparent non-periodic behavior 

as a fast initial increase in P2 followed by an 

exponential decrease to a low equilibrium value. This 

behavior indicates two contradicting mechanisms 

affecting the population in a multi-level qubit. Within 

the first stage, with an initial increase, the system is 

excited from ⟨1| state to ⟨2| state. During delay time 

of 0-30 μs, the value of P2 increased from 0.3% to its 

peak value of 1.7%. This clearly refers to the 

existence of an active pumping channel transforming 

the qubit state from ⟨1| to ⟨2|. The possible 

mechanisms are the reverse relaxation, relaxation via 
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an intermediate, or transmon-mediated relaxation. 

The reverse relaxation is possible under thermal 

unbalance conditions or due to non-mutual coupling 

with the surrounding, such as photonic noise of 

suitable frequency to transfer from ⟨1| to ⟨2|, i.e., ω12. 

The relaxation via an intermediate is indirect 

transition from ⟨1| to ⟨2| throughout coupling with 

surrounding at other degrees of freedom, such as 

dual-state defects. By the transmon-mediated 

relaxation in the multi-level qubits, relaxation may 

transfer to an adjacent qubit. The peak at about 30 μs 

indicates that the pumping rate to the ⟨2| state is 

initially higher than relaxation rate from this state to 

a lower state. 

In the second stage of exponential decrease (30-

100 μs, the system returned to thermal equilibrium 

state. Beyond the peak, P2 began to decrease 

exponentially to a low steady value (~0.15%) at 100 

μs. This reveals that the relaxation rate from ⟨2| to ⟨1| 
dominates after saturation. The relaxation from ⟨2| 
occurs throughout two routes. The first is ⟨2|→⟨1| at 

a rate of Γ21 with emitted photon of ω12 frequency. 

The second is ⟨2|→⟨0| at a rate of Γ20 (directly via a 

dual-photon transition or via ⟨1| as an intermediate 

state). The low steady value (0.15%) coincides the 

population of ⟨2| state at thermal equilibrium, which 

can be estimated by Boltzmann distribution [17]: 

𝑃2
𝑡ℎ ≈ 𝑒−ℏ𝜔02/𝑘𝐵𝑇   (1) 

where ω02 is the transition frequency between ⟨0| and 

⟨2| states, the very low value refers to a very low 

temperature of the surrounding environment 

(T<<ђω02/kB) 

The dynamics between ⟨0| and ⟨1| states can be 

indirectly concluded from the conservation 

probability: 

P0 + P1 + P2 = 1    (2) 

At time = 0, P0≈ 0, P2≈0.003, P1≈ 1. At the peak 

(30 μs), P1 started to decrease due to relaxation to ⟨0| 
as well as pumping to ⟨2|. At longer times, the system 

reached steady state throughout thermal equilibrium, 

where P0≈ 0.98-0.99 (ground state), P1≈ 0.01-0.02 

(first excited state), and P2≈ 0.0015 (second excited 

state). 

Results showed that idling durations can cause 

reasonable leakage to the ⟨2| state, not throughout 

direct control, but throughout pumping-relaxation 

mechanisms. This affects the quality of the 

consecutive gates and increases the error rate. This 

problem can be solved by determining the source of 

noise causing the transfer from ⟨1| to ⟨2|, such as 

charge noise and parasitic photons. It can be also be 

solved by modifying idling time. In quantum 

algorithms, the short idling time should be avoided 

around the peak time (30 μs) as much as possible. The 

active cooling protocols can be used to solve the 

problem. Active cleanup and reset pulses can be used 

to restore the population of the ⟨0| state after long 

idling times [18]. 

Comparing to the theoretical models, the obtained 

results provide an accurate calibration curve for the 

transition rates as follows. The pumping rate ⟨1|→⟨2| 
is determined from the scope of the initial increase. 

The relaxation rate ⟨2|→⟨1|/⟨0| is determined from 

the time constant of the exponential decrease 

(relaxation time T1 of the active state ⟨2|). 
The results show clearly a dynamic competition 

between pumping mechanism (filling ⟨2|) and 

relaxation mechanism (depopulating ⟨2|). 
Understanding this behavior is crucial to enhance the 

qubit stability, reduce the spontaneous leakage errors, 

and increase the accuracy of quantum processes in 

transmon systems. The problem of leakage to higher 

states is not only related to the pulse control, but to 

the idling and thermodynamic states of the system. 

Consequently, this requires comprehensive multi-

state control strategies. 

 

 
Fig. (2) The dynamics of the second excited state ⟨𝟐| 
represented by P2 as a function of delay time after setting the 

qubit in ⟨𝟏| state at zero time 

 

Figure (3) shows the behavior of spontaneous 

relaxation of qubit from the excited state ⟨1| (black 

line) to the ground state ⟨0| (red line) as a function of 

delay time. An apparent exponential decrease in the 

existence probability of qubit at ⟨1| state in 

synchronization with increase in the probability of ⟨0| 
state. This behavior represents the critical physical 

parameter (T1), which is the time taken by the qubit 

to lose its energy and return to the steady state due to 

the interaction with the surrounding environment or 

thermal noise. The intersection point between the two 

curves at about 15 μs refers to the moment at which 

the system can equally exist at both states. This is a 

direct indication of decoherency in such experimental 

quantum system. 

These curves are not merely raw data, but a result 

of fitting using the rate equations mentioned before. 

These curve reveal the capability of the theoretical 

model to simulate the experimental behavior at high 

accuracy over time range of 0-100 μs. Fitting allows 

the extraction of accurate values for the transition 
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constants. It is assumed that the variation rates of 

populations in P0 and P1 follow a first-order 

differential equation. At long times (~100 μs), the 

probability of ⟨0| state is close to unity whereas the 

probability of ⟨1| state completely vanishes. This 

confirms that the system reaches the thermal-

equilibrium ground state, which is the expected result 

of relaxation processes in superconducting qubit 

systems. 

With searching for leakage errors, this chart can 

be considered the base to evaluate the digital control 

efficiency. If there is large leakage to the higher states 

(⟨2| or ⟨f|), the summation of probabilities P0+P1 will 

not perfectly equal to 1 over time, otherwise, 

deviations will appear in the exponential behavior. 

The precise fitting of rate equation explains that the 

system still reasonably confined inside the dual-state 

space (⟨0| and ⟨1|) during free relaxation process. 

Therefore, the challenge is how the resonant digital 

control of leakage is activated while the logic gates 

are applied [19]. So, this chart represents the baseline 

through which the deviation of qubit from the ideal 

behavior is measured when subjected to intense 

resonant digital control pulses. 

 

 
Fig. (3) The behavior of spontaneous relaxation of qubit from 

the excited state ⟨𝟏| (black line) to the ground state ⟨𝟎| (red 

line) as a function of delay time 

 

4. Conclusion 

In conclusion, experimental results of an isolated 

superconductor qubit transmon were compared to typical 

predictions to determine the active leakage rates and 

dangerous resonance bandwidth. This work may provide a 

quantum understanding and base for one of the important 

error sources in the digital quantum computing to achieve 

much more reliable systems. 
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