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Quantum computers have huge potential applications, but do not currently exist. It
has already been proven that a quantum computer would outperform the best classical
supercomputers in certain problems, some of which have vital connections with our daily
lives. For example, quantum computers efficiently solve the prime number factoring problem,
which in turn is the foundation of the RSA algorithm behind most online transactions.
There is a great deal of current effort to implement quantum computers, and we have seen
good progress in platforms including superconducting circuits, ion traps, and photons in
cavity QED systems and spins in semiconductors. These machines include up to roughly 50
quantum bits at present, but they are not very useful as quantum errors quickly decohere
the computer’s state and prevent computation. These errors can be mitigated via quantum
error correction at the cost of additional size and complexity.

Progress in the field towards error corrected, large-scale quantum machines requires us to
require new tools for controlling, coupling, and reading out qubits. In this thesis, I will focus
on such explorations in superconducting circuits. In this thesis, we seek to expand the already
flexible toolkit of quantum circuits by exploring the uses of parametric couplings based on
third-order nonlinearities. This type of nonlinearities has only been used in quantum-limited
amplifiers before, here we try to further explore their applications by creating new methods
for controlling and measuring qubits that based on it.

In the first experiment, we address the problem of implementing a highly efficient quan-
tum non-demolition qubit readout. With the use of two-mode squeezed (TMS) light and
combined with phase-preserving parametric amplifiers into an interferometer for dispersive
qubit readout, we demonstrate a measurement scheme with a 44% improvement in power
signal-to-noise ratio. We also investigate the back-action of the measurement scheme.

In the second experiment, we create an effective chemical potential for photons with

parametric system-bath coupling. In particular, we use a lossy Superconducting Nonlinear
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Asymmetric Inductive eLement (SNAIL) as both the bath and coupler. The bath engineering

is realized by combining the multiple parametric drives and the dissipation together.
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Our lab, and thus this thesis, is focusing on the superconducting Josephson-junction
based quantum circuits, which have been rapidly improving in terms of vital benchmarks
such as qubit lifetime, gate and readout fidelity in the recent years, making it one of the
leading platforms for implementing quantum computers. However, despite these promising
developments, there is still a long way to go before we see a useful universal quantum com-
puter. To bring us to next stage, both the technical improvements and new understanding
of physics are in need. A mixture of these two has been the focus of this PhD, building parts
that can be used as a component of the future quantum computer but also tools that help

people to explore exciting new physics.

B. History and challenges for superconducting quantum computation

The main feature that makes the quantum computer different than a classical one is
how it stores and manipulates data. The basic element that handles the information in a
quantum computer is the qubit. There are two major differences between a qubit and classical
bit: superposition and entanglement. These are the sources of the computational power for
a quantum computer.

Superposition is a counter intuitive property from a classical point of view. A classical
bit which can only be in the state of 0 or 1, while a qubit can simultaneously exist in a
configuration that has multiple states. In other words, it can be both the state of 0 and 1,
or, more precisely, any possible state in the linear space generated by coherent combinations
of states |0) and |1). (here | ) is the Dirac notation to represent a quantum state). Although
the state can remain in such a superposition state during computation, a measurement will
destroy this superposition and collapse the superposition onto the basis states with a proba-
bility given by the amplitude of the coefficients in the superposition, squared. While it is not
obvious from the single qubit example, one of the most important features of quantum states
is that the number of states the system can assume grows exponentially (as 2V, where N is
the number of qubits). Thus, a system with 50 qubits can be in a coherent superposition of

2°0 = 1125899906842624 states, each described by an analog, continuous, complex number.
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Figure 3: Summary of transmon qubit. (a) Circuit schematic for the transmon qubit.
A transmon qubit is made by taking a Josephson junction and have it shunted with a large
capacitor. To stay in the transmon regime, the ratio between the Josephson energy E; and
the charging energy F¢ needs to be large enough E;/Ec ~ 100 to make it insensitive to
the charge noise. Lj represents the nonlinear inductance of the junction and Cj is the self
capacitance of the junction while C is the shunting capacitance. (b) Energy diagram of a
transmon qubit. It behaves as an anharmonic oscillator due the nonlinear inductance from
the junction. Unlike a linear oscillator, the transmon has unequally spaced energy level. The
energy level difference decrease by the anharmonicity of the qubit, allowing the transitions
between energy levels to be individually driven. (c) Optical image of the transmon qubit on
the sapphire chip. The large pad is used as the dipole antenna that couples the qubit to the
cavity mode and also acts as the shunting capacitor for the junction. (d) An SEM image of
the Josephson junction at the center of a transmon. The junction is fabricated by the Dolan

bridge technique.

16












(@)

(b) (©)

Figure 4: Summary of dispersive measurement. (a) Schematic of the dispersive
measurement. A transmon is capacitively coupled to a microwave resonator. The cavity
mode is represented as an LC-resonator. The qubit-cavity system is coupled to the external
environment through two ports, a weak port that is used to drive the qubit and a strong port
that is used to perform measurement. (b) Picture of all the components for a qubit-cavity
system. The qubit chip with transmon qubit fabricated on it is inserted in a 3D aluminum
cavity. The cavity is then placed in an aluminum shield that is inside another cryoperm
shield made with high pu metal to prevent external flux fluctuations. The whole system is
wrapped in mylar (not shown) and mounted at the base of a dilution fridge with a copper

sample holder. (c¢) Qubit chip inside the 3D cavity.

which will be on resonance with the transition between two levels of the atom and thus the

atom can be manipulate with a laser beam at proper frequency while we can also measure
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1 C.
g = —\/Ww I1.13
2 "V (Cr+C)(C,+C) (1113)
2
E. ° (I1.14)

~ 2(Cy + (C]|Cr)

where a(a') and b(b") are the annihilation (creation) operators of the qubit and cavity mode
respectively, w,; are the bare mode frequencies for and g, is the coupling strength between
the two modes. We again use the rotating wave approximation to simplify the Hamiltonian
by eliminating the fast rotating term gu,(ab+a'b’). The remaining coupling term introduces
a dressing that will redefine the two bard resonant modes. Set aside the anharmonic term
and we can diagonalize the linear part of the Hamiltonian: H = waaTa+wbbTb—|—gab(aTb+abT).

This will give us the two dressed modes, with creation and annihilation operators given by:

a A Mo [A
= (IL15)
b >\b b B
with
L (AVARTA? L feiae 1+é(A+\/M)2
Ae fa) _ | e AT T2 VLYY (I1.16)
Ao M \/1+@12,J(A\/4g2+A)2 At /492+A‘2\/1+4g12b(A\/492+A)2
Gab 492+ A2 P) 492+ A2

where A = w;, — w, is the difference between the bare resonator frequencies and A(A') and
B(BT) are the annihilation (creation) operators for the new dressed mode. Then the linear

part of the Hamiltonian can be written in the new dressed basis as:
H=wyA"A+wpB'B (I1.17)
with

1

wa = §(wa+wb— V4g? + A?) (I1.18)
1

wp = E(wa +wp + V49?2 + A?) (I1.19)
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improbable require too many measurements to be practically observed, and so we truncate
the theory and set all points to gray which are more than XX o away from the centers of
the two gaussian blobs. We can also see the gradients in (X). along the @, axis and (7).
along the [, axis, indicating the back-action of the measurement. In an actual experiment,
after getting these back-action data with this weak measurement protocol, by looking at the
conditional tomography results and fitting the x- and y- back action for outcomes where the
z-component is zero (here I, = 0) to the theory, we can extract the measurement efficiency
as a single fit parameter by comparing the frequency of oscillation (which we can extract
from the histogram) to the amplitude of oscillations using the theory expression above.
When the measurement is strong, the qubit is then projected to +z direction for positive
I, values and —z direction for negative I,,, values. The oscillations in (X). and (Y'). (where
the z back-action is weak), are still visible very near I, = 0 but are both very improbable
(hence nearly being pinched off by our chosen cutoff in the graphs) and very quickly varying
which will be almost impossible to detect in a practical lossy environment with a reasonable
number of repititions of the protocol. Note here that we have set a relatively "weak’ projective
measurement to make this effect more visible, in practice we would like SNRs which are even

higher.

42






_ Measurement
State preparation with a weak Tomography

strength | Ry (1/2)

Rx(T[/Z) I I Ry(—ﬂ/Z)
. Id
Qubit _LI_—I—‘_

Cavity

Figure 13: Pulse sequence for determining the measurement back-action. The
first projective measurement is used to post-select the data for state prepration. The second
measurement strength is changed linearly in amplitude. Conditional mpas of (X)., (Y). and

(Z). versuse measurement outcome (I,,,/0, Qn/0) is constructed from the second and third
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Figure 14: Theory result for the measurement back-action. Theory results for the
back-action of a ‘weak’ (I,,/oc = 1.0) and ‘strong’ (I,,/o = 3.0) measurement. The three

histograms are showing (X)., (Y). and (Z). versus the associated (1,,/0, Q,,/co) bin.
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Figure 15: Schematic of the experiment setup. Two nominally identical JPCs, entan-
gler and analyzer, are connected by their signal (Sig) and idler (Idl) ports respectively with
circulators and superconducting cables to form an interferometer. The unused ports on the
circulators are terminated in cold 50 €2 loads which provide quantum vacuum noise to the
entangler, and a dump for the unused signal on the lower arm of the interferometer. The
upper arm of the interferometer is interrupted by a 3D transmon qubit-cavity system. The
qubit measurement pulse is sent into the cavity via its weakly coupled port without going
through both arms of the interferometer which enables the switching between the two-mode
squeezed light readout and coherent light readout in situ by turning on and off the pump of
the entangler JPC. The signal is subsequently further amplified by a cryogenic HEMT and

demodulated and recorded at room temperature.

This greatly complicates fair comparison with CS + PP readout, and so in our experiment
we drive our readout through a second, weakly coupled port in the microwave cavity. The
readout signal thus does not interfere, and experiences the same gain (from the analyzer
only) in both our TMS and CS + PP readout. In this case, we squeeze only on the noise,

with a degradation/enhancement of SNR corresponding to a larger/smaller output noise,
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Figure 16: Wiring diagram of the cryogenic microwave measurement setup.
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Figure 17: Wiring diagram of room temperature setup for canceling the pump

leakage. The output of a single generator (Keysight N583B) is split and fed to two 1/Q
mixers which control the two JPC pumps. The Signal applied to the analyzer JPC is the
sum of the desired pump and a correction designed to cancel leakage due to the entangler
JPC pump. The use of a single generator has the additional benefit of stabilizing the relative
phase of the two pumps, as a drift in phase of the generator affects both pumps equally.

factor where analyzer gain is insensitive to the presence or absence of the entangler pump.
Another way of eliminating the pump leakage to the analyzer could be to add low-pass
filters on both arms of the interferometer. However, this would introduce additional loss
to the interferometer and degrade its performance. Therefore, we chose the active method
described here. More, to prove that this effect is due entirely to pump leakage, and not
two-mode squeezing effects in the interferometer, we verified the presence of pump leakage

and our cancellation scheme with the up-stream, entangler JPC tuned far away in frequency
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C. Sample parameters

The cavity in our experiment is a 3D aluminum coaxial post cavity with a resonance
frequency of w./2m = 7.447 GHz, coupling quality factors of Qsyony = 752 on the strong
port, and Queqr ~ 1,000,000 on the weak port. Therefore, the cavity linewidth seen from
the strong port is k/2m = 9.9 MHz. The superconducting qubit is a 3D transmon qubit made
by commonly used Dolan bridge technique with ground to excited state transition frequency
of wye/2m = 4.102 GHz, anharmonicity o = 180 MHz, and a qubit-cavity dispersive coupling
strength of x/2m = 2.2 MHz . This qubit has a T} of 18.2 us, and Tog of 4.4 us (Tog is
4.6 ps). The cavity is placed in an aluminum shield that is inside a p-metal cryoperm shield.
The whole system is wrapped in mylar.

The cavity is used to perform dispersive measurement on the qubit. The strong port is
used to have the qubit-cavity system strongly couple to the interferometer, so that the noise
features seen the qubit are determined by the TMS noise. The weak port (whose coupling
Q is much higher and therefore much harder to send signal through) is used to send in the

control and measurement pulses to the system.

D. Interference of two-mode squeezed light with JPC

An important signature of the TMS light is the coherent interference between the two
parts of the light generated by the entangler. The effect of this interference can be both
seen in the change of gain and output noise level of the system as a function of the phase
difference between the pump signals of the entangler and analyzer. To understand this, we
can look at the relation between the input and output mode (a and b) of a phase-preserving

amplifier (e.g a JPC):

out = STa;, S = cosh(r)a;, + ei‘bpsinh(r)bjn (I1L.1)

bT

out

= 5Tb! S = cosh(r)b + e *rsinh(r)as, (I11.2)
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Figure 24: Experiment data for back action of weak measurement. Results are
shown for the back action of the weak measurement for coherent light (a) and displaced
two-mode squeezed vacuum at high(b) and low(c) noise level match point. In all three cases,
the strength of the weak measurement is I,,,/o = 0.66. The leftmost column shows the 2D
histograms of scaled measurement outcomes recorded during the weak measurements. The
right three columns are the conditional tomography data for (x), (y) and (z) component ver-
sus the associated (1,,/0, @,,/0) bin. The value in each bin is the average of all tomography

data associated with that (I,,, @) value.

can be expressed as:

(111.7)












SNR/z back-action at the TMS Low match point at the cost of rendering the z- and y-back
action more sensitive to degradation by losses or added noise (and thus lowering the appar-
ent efficiency in our imperfect apparatus). Interestingly, the TMS High match point, which
represents a substantially worse SNR also allows the qubit’s phase back-action to be more

faithfully reported to an observer, even in the presence of loss and inefficiency.

H. Conclusion

In this chapter, we have demonstrated a new scheme for interferometric readout of a
superconducting qubit with displaced two-mode squeezed vacuum and phase preservation
amplification. In this readout scheme, we can increase the SNR of projective readout by
suppressing the noise output of our amplifier below the usual Cave’s limit for an amplifier
fed with unsqueezed vacuum. In our experiment, we have achieved a 44% improvement
in power SNR compared to conventional coherent light plus phase-preserving amplification
readout. This improvement in SNR will result in a suppression of readout infidelity by a
factor of 5, if one starts with a 1% error rate in coherent light readout, with even greater
improvements at higher base fidelities.

A still more interesting result emerges as we investigate the quantum readout efficiency
of our TMS interferometer using weak measurements at points where the noise output is the
same for both qubit states. These data show that there are important effects on the ratio
between z back-action and the concomitant qubit phase back-action of this measurement
process relative to other known readout schemes. It appears that the increase in SNR at the
“TMS Low’ match point comes at the cost of reducing the trackability of phase back-action.
Conversely, at the “TMS High’ match point this phase trackability is enhanced. Although
we rule out post-interferometer noise as the source of this effect, more theoretical work is
needed to understand the role of inefficiencies inside the interferometer due to imperfect
squeezing/amplification and losses in the interferometer arms. Finally, while tracking a sin-
gle qubit’s phase during measurement is not of direct value for single qubit measurements

in quantum computing, measurement-based entanglement is a vital component of many
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Figure 30: Schematic of a transmon qubit dispersively coupled to a lossy SNAIL.
To implement a controllable bath for the transmon qubit, we have it coupled to a SNAIL.
The SNAIL is to introduce a third order term in the system and is placed in the proximity of
the qubit to produce a dipole-dipole coupling between them. The qubit is designed to have a
high coherence while the SNAIL mode is made to strongly coupled to the environment. The
bath engineering is realized by combining this dissipation and the parametric drives applied

to the SNAIL mode.

with these results, we can now re-write the system Hamiltonian in the new basis as:

I:_fsys/h = Q.ata — oz[(cos(g)cfr — sin(g)iﬂ) (COS(Q)& — sim(e)i))]2
o . i 2 2 (IV.14)
+ @b + gbbb(sin(§)& + cos(i)b + h.c)®.

Due to hybridization, the third- and fourth-order nonlinearities which were previously ex-
clusive to the SNAIL and qubit, respectively, are now distributed throughout the system,
resulting in self- and cross-nonlinearities of each order for both modes. To see this more
clearly, we can factor out the second term in the first line (originally the qubit Kerr term),

to find:

f{SyS/h = (’Dade + gaaaa&TdaTd + f:)bBTB + gbbbbBngTg
. 0 0 - (IV.15)
+ Gaars(@'ab’) + gbbb(Sin(é)d + cos(é)b + h.c)®.
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The last term is a three-wave mixing term comes from the third order term provided by the
SNAIL. Then, similarly to what we have done with the JPC, we can apply various pumps at
different properly chosen frequencies to drive the desired parametric processes. By combining
these processes with the dissipation of the SNAIL mode, we can independently control the
relaxation rates of the qubit and thus effectively create the ‘heating’ and ‘cooling’ process
for the transmon.

For simplicity, here we only keep the fourth order terms that can survive the rotating wave
approximation. The dipole-dipole coupling term is eliminated by the diagonalization, and
the sine and cosine factors for the fourth order terms have been absorbed into the coupling
strengths. Under the assumption that the modes are in the dispersive limit (A > g4), we
approximate cos(%) ~ 1 and sin(4) ~ 6/2 = % and so for each b index appearing in a
fourth-order coupling, the strength will fall by . Correspondingly, we will later make us
of a similar notation for third order couplings in which every a index reduces the coupling
strength by the same factor. Thus, the g,u., term, which represents the anharmonicity
of the hybridized qubit modeis approximately unchanged, so that gse.. =~ —a. We also
note that there is a new anharmonicity been introduced to the SNAIL-like mode. However
as Gupbh = —a(%f is relatively both relative small and this mode will not be populated
during the process due to the deliberately high loss rate of the SNAIL, so that we can safely
neglect the effect of this term. Taken together, the first five terms describe a system of a
qubit-like mode (an anharmonic oscillator) and a nearly-harmonic oscillator with a cross-
Kerr goaww = —a(%)Q, which is a further undesired Kerr term that also comes from the
anharmonicity of the qubit and the mode hybridization. It will have two effects that lead
to unwanted frequency shifts when we apply parametric drives. One is the frequency shift
due to ‘real’ photons in the system, but as our protocol only requires a few photons in both
modes (|g) and |e) for qubit, and 0 ~ 2 photons for SNAIL), this effect won’t create a larger
enough shift to change the behavior of the system. However, the off-resonance pump on
SNAIL mode will also interact with this cross-Kerr term to generate AC Stark shifts that
we will discuss below.

In addition to these unwanted Kerr terms, however, we have also created a series of

cross-third order terms, of amplitude guu, = gy (%) which will power the bath engineering
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E. Conclusion

In this chapter, we introduced a pair of linked theoretical proposals that address the bath
engineering the steady-state population and decay rates of photonic systems. In the first
(dubbed a ‘photon chemical potential’), by a parametrically coupling the photonic system
to be controlled (a transmon qubit in our case) to a finite-temperature (and hence also low-
frequency) auxilliary mode, the system can equilibrate to the temperature of the bath, with
a tunable chemical potential that is controlled by the parametric drive. We discuss how to
implement this proposal with a JPC with one arm at very low frequencies, and the other
hyridized with a transmon qubit. This works in principle but has practical challenges as
one of the mode frequency is one order of magnitude lower than the conventional JPC mode
frequencies.

We next explained a more promising variation of this protocol, which is to have the trans-
mon mode coupled to a single lossy SNAIL mode. By parametrically driving the SNAIL,
we can trigger the ‘heating’ and ‘cooling’ processes for the qubit independently, and no
longer depend on the SNAIL-mode having a low frequency and finite temperature (in fact
it is preferable to have it at frequency not too dissimilar from the qubit). Detailed numer-
ical simulations show that we indeed have independent control of the heating and cooling
processes, and can implement them jointly provided we compensate for cross-Kerr related
frequency shifts in the system. Therefore the photonic system with a controllable chemical
potential can be realized with the carefully chosen drive conditions. In the next chapter, we
show the experimental realization of both methods (JPC- and SNAIL-based) and compare

our simulation results to the data.
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low frequency mode due to the large number of Josephson junctions.
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Figure 49: Summary of the ‘three-mode’ version with SNAIL and array low
frequency resonator. (a) Schematic of the new ‘three-mode’ design. A transmon qubit
(blue) is coupled to a low frequency mode (green) through a SNAIL mode (red). The low
frequency mode is achieved by using a junction array shunted with an antenna capacitor.
The chip is placed in a two-part sample holder. The aluminum part is a 3D coaxial cavity
which will be used for qubit readout and the Copper part has a tube in it which holds the
SNAIL and low-frequency modes and allows the flux tuning of the SNAIL. (b) The klayout
file of the design. (c) Zoomed in picture that shows the details of the junctions used in the
three components. The qubit is designed to be 4.3 GHz with an anharmonicity of 180 MHz,
the SNAIL is design to be at 9 GHz, and the low frequency mode is designed to be at
300 MHz.

We still faced challenges hybridizing with the low-frequency mode due to the use of too
much inductance lowering the participation ratio. This remains a problem even with the
‘three-mode’ design. Happily, while we were still searching for a solution, another ongoing
project in lab inspired us. In that project, we were trying to build a microwave laser (maser)
using a system consisting of a lossy SNAIL which controls a transmon qubit to form the
masing medium. The transmon is in turn resonantly coupled to a high Q (maser) cavity.

Simulations for the maser project showed that by detuning the transmon and cavity and
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Figure 50: Summary of the chemical potential with lossy SNAIL. (a) Schematic
of the new lossy SNAIL design. A transmon qubit (blue) is directly coupled to a SNAIL
mode (red). The chip is placed in a two-part sample holder. The aluminum part (black) is
a 3D coaxial cavity which will be used for qubit readout and the Copper part (orange) has
a tube in it for placing the sample and allows the flux tuning of the SNAIL via an external
coil. (b) The klayout file of the design. The transmon center line is designed to be higher
than the center line of the SNAIL. This is because we try to get a higher dispersive coupling
between the qubit and cavity by moving it to a area with higher cavity field. Then the
cavity bandwidth can be larger to perform a faster readout. (c) Zoomed in images which
show the details of the junctions used in the three components. See text for detailed designed

parameters.

and its coupling to the transmon. These are the equivalent of the 4th order self- and cross-
Kerrs. We have adapted our BBQ calculations to expand assuming a third order term in
the SNAIL junction, and ignoring the nonlinearity of the transmon (which is both not too
anharmonic and has no native 4th order term). The BBQ calculation for third order is
obtained by setting the lumped port on the SNAIL in the file and eliminating the port on
the transmon junction. In particular, for this device we are interested in the term g4, which,

as detailed in the previous chapter, allows us to pump the SNAIL (b) to create an effective
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Figure 56: Wiring diagram of the cryogenic microwave measurement setup for
chemical potential experiment. The experiment is cooled down to around 20 mK on the
base of a dilution refrigerator. Input lines carrying signals to the system were attenuated
and filtered using homemade lossy Eccosorb filters. The SNAIL flux control is realized with
DC signals sent through a separate DC superconducting loom provided by Oxford (not
shown) to the magnet, which is bolted to the sample. Output lines carrying signals from
the system are also filtered with homemade lossy Eccosorb filter to prevent high frequency
stray photons. The isolators on the output lines are used to prevent reflected signals from

the HEMT amplifiers/upper stages from propagating backwards into our sample.
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six different calibration pulses:

. No pulse, then measure.
. A ge pi pulse, then measure.
. A ge pi pulse, an ef pi pulse, then measure.

1
2
3
e 4. A ge pi pulse, an ef pi pulse, a ge pi pulse, then measure.
5. An ef pi pulse, then measure.

6

. An ef pi pulse, a ge pi pulse, then measure.

Let V¢ and P, s be the reflected voltage and population at equilibrium temperature
for qubit in |g), |e) and |f) state, V; be the measured voltage for ith measurement, and

assume | f) state population is small at equilibrium, so we have Py ~ 0 and thus P,+ P, = 1.

We have:
Vi =PV, + P.V,

%:Pg‘/e—i_Perg
V= B,V; + R,

(VL.4)
Vi=F,Vy + PV,
Vs = P.Vy + P,V
Vo = P.Vy + B, V..
Recombining these equations, we note that:
Ve—Vs P
Vi — Vz =5 (VL5)

then with P, + P, = 1, we are able to solve P, and P, from this equation. Once we have P,
and P, and substitute them into the equation of Vi, V, and V3, we are able to solve V. ¢,
which will then be the calibrated voltage value for the experiment.

This method, however, requires that we do not have too much |f) state at first and
that the life time of qubit is long so that decaying to another state during the measurement
is unlikely. Unfortunately, this may not always be the case. More, we do not base this
measurement, on single shots but on ensemble averages, so that population drift, readout
drift, and noise can combine to sometimes give nonphysical data (like a negative population)

as shown in some of our data.
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Fitting relaxation rates

Assuming that the transmon decays via single-photon loss processes, as is usual for
a harmonic oscillator, we consider a semi-classical model that describes the evolution of
the qubit’s polarization using the Bloch equations, with times 7;; or rates I';; representing
transitions from state i to state j . We define P,(t), P.(t) and Pf(t) to be the population of

lg), |e) and |f) state, respectively, so that:

Tl — _py(0)() + P ()
4R B(0(=) = PO2) + PD() (VL6)
O — b))+ PO()

Tfe Tef

Simply put, for each state the rate of the population change is determined by the summation
of the rate for the qubit leaving the current state and the rate for the other states qubit
coming to this state. This group of differential equations can be solved numerically given
the initial state of the system P,(0), P.(0) and P¢(0). In practice, we determine the rates
of each process v;; is by comparing the data to the numeric result of the above equations
while manually adjusting the rates until it matches with the data, as we have found that
automatic fitting can be quite unstable for this system. This is how we get the ‘fit’ curves
and relaxation rates in the figures shown below. We should also note here that the rates can
vary by a factor of 100 from slowest to fastest, in which case the slowest rates (corresponding
to the longest coherence times) can only be determined rather inaccurately from our data.

To get the steady state distribution in the two-level system form by |g) and |e) and
estimate a qubit temperature, we assume the | f) population is negligible and set dP,(t)/dt =
dP,.(t)/dt =0 to find the usual relationship:

Py(o0) _ Tge
Pe— = = (VL7)

Single pump result
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