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Abstract

To implement a quantum processor, superconducting qubits in a circuit quantum electrodynamics
architecture can be used. Due to fluctuations in its environment, parameters of the superconduct-
ing qubit or qutrit change on a long term basis. To run quantum algorithms on the processor,
these parameters need to be known precisely. Thus, single qubit and qutrit operations have to be
calibrated regularly. The more complicated the algorithm becomes, usually the more qubits are
necessary to run it. Hence, it becomes unavoidable to execute the basic routines for the qubit or
qutrit calibration automatically.

This thesis presents such a program for the automatic calibration of arbitrary single qubit and qutrit
gates. For its implementation, LabVIEW and Mathematica are used.
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Chapter 1
Introduction

One way to realize a quantum information processor is to use superconducting transom quantum
bits (qubits) as artificial atoms that are coupled to a superconducting transmission line resonator.
Such a solid state on-chip architecture, which is referred to as a circuit QED architecture, allows for
the strong coupling of microwave modes inside the resonator to the qubit and thus for the exchange
of coherent excitations between the qubit and the cavity [WSBT04]. Hence, quantum behavior can
be observed in this macroscopic system in analog to a cavity QED system, where the qubit is a real
atom and the resonator corresponds to an optical cavity.

Despite its decoupling from the environment, the superconducting artificial atom interacts with its
environment. Among other things, these interactions result in a long-term change of parameters of
the Hamiltonian describing the effective two level system (qubit) or three level system (qutrit). This
necessitates the regular calibration of single qubit/qutrit gates. Empirically the calibration needs
to be executed every twelve hours. If the calibration is done manually, it takes about 30 minutes
for one qubit. In the Quantum Device Lab, recently a teleportation algorithm was implemented on
a quantum processor with three qubits [SSOT13]. Considering the goal of realizing a large-scale
quantum computer, the number of necessary qubits will be much larger. To realize for example
a Grover algorithm, which searches a database with N entries for a desired entry, log, N qubits
are necessary [Gro96]. Thus, automating the calibration of single qubit and qutrit gates becomes
unavoidable. The implementation of a software for this purpose is the goal of this thesis.

The structure of the thesis is as follows: In Chapter 2, basic concepts of circuit quantum elec-
trodynamics are introduced in order to understand how superconducting artificial atoms can be
implemented, controlled and read out. In Chapter 3 the pulse sequences that are necessary for the
characterization and calibration of the artificial atom are explained. In Chapter 4, the calibration
program which was implemented during this thesis is explained in detail. This new software
generalizes a previously written program for the automatic calibration of single qubit gates. Also,
the improvements that have been done with respect to the previous version are highlighted. Finally,
experimental results using the new calibration software are depicted and discussed in Chapter 5.






Chapter 2
Basics of circuit quantum electrodynamics

In this chapter, first the general theoretical concept behind a qubit/qutrit and the physical real-
ization of such an artificial atom by using superconducting transmons is introduced. Also, single
qubit/qutrit gates are explained. Consecutively, the coherent manipulation and readout of the
state of the artificial atom in an circuit cavity quantum electrodynamics architecture is explained
theoretically and experimentally.

2.1 Qubit/Qutrit

A qubit is an arbitrary quantum mechanical two level system. Its state vector
2 0 1P o 0
[Y) = a]0) + 5 |1) = e cos§|0>+e SIHE‘D

can be represented by a unit vector on the Bloch sphere (see Figure 2.1), where o and § are complex
numbers that fulfill |a|* +|8]* = 1. |0) and |1) are the orthonormal basis states on the north and
south poles of the sphere, which can be identified by the ground and excited state of the two level
system. An arbitrary state of a qutrit, a three level system,

) = a]0) + B 1) +7[2)

with the normalization condition |a|* + |3|* + |7|* = 1 for the complex numbers «, 5 and ~ cannot
be represented on the Bloch sphere. However, if the population of the first excited state, the
|1) state, is negligible compared to the populations of the ground and second excited states, it is
convenient to map the system to an effective two level system, with |0) and |2) being the north and
south poles. A build-up of population in |1) corresponds to a decay out of this two dimensional
subspace, which reduces the length of the Bloch vector.

Using the Bloch sphere representation, one can easily visualize the time evolution of a two di-
mensional state vector in analogy to the time evolution of a spin 1/2 particle in a magnetic field.
Thereby, one usually considers a frame which rotates at the transition frequency wg; = %(Em —E)
about the quantization axis. In this frame, a magnetic field along an axis in the x-y plane, oscillat-
ing at the transition frequency, results in a rotation of the spin 1/2 particle around the field axis.
As will be explained later, in the case of transmon qubits/qutrits, the oscillating magnetic field
corresponds to a microwave signal on the charge line of the transmon.
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Figure 2.1: Bloch sphere representation of qubit.

A single qubit gate rotates the state vector of the qubit on the Bloch sphere. Thereby, any
single qubit operation can be decomposed into a combination of rotations around the x and y axis
[Baul2|. An operation that maps |0) to |1) and vice versa (NOT gate) corresponds to a rotation
about an axis in the z-y plane by an angle of m. For the superconducting qubits, this can be
realized by applying a resonant microwave pulse with the correct amplitude and duration - a so
called 7 pulse. The exact rotation axis in the x-y plane is given by the phase of the pulse. One
phase is defined to be the zero phase which corresponds to the x rotation axis [Baul2].

An arbitrary single qutrit gate can be decomposed into two single qubit gates, acting on the |0),
|1) and |1), |2) subspaces, such that above formalism applies.

2.2 Transmon qubit

For the physical realization of qubits, macroscopic electrical circuits with nonlinear elements can
be used. Thereby, Josephson junctions can serve as nonlinear elements. At low temperatures and
sufficient decoupling from the environment, these circuits show quantum behavior with a discrete
and anharmonic energy spectrum.

In the following, one possible circuit will be explained qualitatively. For a much more elaborate
qualitative and also quantitative treatment, see [Baul2|.
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Figure 2.2: Schematic of superconducting transmon qubit.
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The qubits which are currently used in the Quantum Device Lab at ETH Zurich are superconducting
transmon qubits. As depicted in Figure 2.2, they consist of two islands, which are connected via two
Josephson junctions and a capacitance C'. Thereby, the Josephson junctions form a loop (SQUID
loop) which is penetrated by a magnetic flux ®2. One can derive from a quantum mechanical
treatment of the system [Baul2|, that a finite energy is necessary to add a cooper pair to the island.
This results in the desired anharmonic energy spectrum. To control the number of cooper pairs on
the islands, the charge line is used, which connects the gate voltage V; with the capacitance C,.
Consequently, a coherent manipulation of the qubit state can be realized by a coherent signal on
the charge line.

2.3 Circuit quantum electrodynamics

The on-chip design of a transmon capacitively coupled to a coplanar waveguide resonator can be
used for a non-demolition readout of the qubit state. The circuit QED architecture is schematically
shown in Figure 2.3.

grounded

grounded

Figure 2.3: Circuit quantum electrodynamics architecture with coplanar waveguide resonator (gray)
and superconducting qubit (blue). A standing wave (red) is formed in the resonator.

'This capacitance is used to reduce the qubit sensitivity to charge noise.
2The flux is used to control the transition frequency of the qubit.
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The superconducting qubit is placed at an antinode of the standing wave in the resonator, to
maximize the coupling strength. The system is then described by a Jaynes-Cummings type of
Hamiltonian® [KYGT07]:

H=nY wilj) (4] + hw,a’a + <thM+1 i) (i + 1 a + h.c.) (2.1)

J

The first term describes the transmon qubit with energy levels fiw;. The second term accounts for the
quantized field mode in the resonator, within which a photon is annihilated (created) by a (a'). The
last term includes the strong coupling of the field mode to the transmon with g;; o< V.9, (i| a'a |5),
where V0 _ are the vacuum voltage fluctuations in the resonator.

In the dispersive limit, where the qubit is strongly detuned from the resonator, i.e. |Agl,|A1| > go1,

with A; = wj ;41 — wy, (2.1) can be transformed such that one arrives at [Bau12]*

2 Ao 27,

Besides the Lamb shift of the qubit transition frequency, also the resonance frequency of the res-
onator is shifted. As the sign of x&,, where x is the dispersive shift, depends on the qubit state,
the dispersive regime can be used to perform quantum non-demolition measurements of the qubit
state. Thereby one applies a coherent measurement tone to the resonator and measures the time
dependent I and Q quadratures of the transmitted signal. A typical time trace, which is an average
over 65.000 measurements of the same prepared state p, can be seen in Figure 2.4.

0.4
0.3
8 0.2
= 0.1;
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
time, t (us) time, t (us)

Figure 2.4: Time dependent resonator transmission quadratures I and @ (from [Baul2|). The
ground state response is denoted in blue.

3The rotating wave approximation has been applied, allowing only for coupling terms that describe the excitation
(de-excitation) of the qubit with the simultaneous annihilation (creation) of a photon in the resonator. For the
most general form of the Hamiltonian, see [KYG107].

4The ground and first excited state of the transmon is considered. Also, coupling to the second excited level is
included. For a thorough derivation, see [Baul2].
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The corresponding measurement operators are given as [Baul2]
’ I, I,
Mg = o |0) (0] + a1 (1) (1]

with aZ-I’Q =1/N foT(Qw (il M1.Q) — (|0) (0| M1 g))dt being the shaded area in Figure 2.4, that is
integrated up to a time 7. As I(t),Q(t) = Tr[,éM 1,0], the qubit population can be extracted from
the measurement by recording the response of the system to calibration pulses that prepare the
qubit initially in the |0) or |1) state. To create these pulses, the correct amplitude and frequency
has to be known in advance or one has to take an initial guess.

Above formalism can be extended to reconstruct the populations of a qutrit from the quadrature
measurements. In this case, the non-demolition measurement operators are [Bial0]

Mio(t) = sy@t) [0y (0] + s (1) [1) (1] + 52 (t) [2) (2]

where the SZ-I’Q (t) are the known time traces for the quadratures when the qubit is in state |i). The
quadrature signal for an arbitrary qutrit state p at measurement time step ¢; is then given as

I(t), Q(t;) = Tr[pMro(t))] = pose @ (t;) + prsy () + p2sy©(t;). (2.2)

By fitting the measured trace (2.2) to a linear combination of the known pure state traces, the
populations p; and thus the qutrit state can be calculated. As for the qubit case, calibration pulses
are used to obtain the pure state traces. However, for the three population readout, also the time
trace of the |2) state needs to be recorded.

Compared to the reconstructed two-level populations, the standard deviation of the reconstructed
qutrit populations is larger. Qualitatively this is because the three traces might not be fully linear
independent. As the time trace depends on the detuning of the measurement tone from the resonator
frequency, one can minimize this error by adapting the measurement detuning. For a more detailed
treatment of this optimization, we refer to [Bial0].

2.4 Experimental setup

A strongly simplified version of the experimental setup, which is used to manipulate the supercon-
ducting artificial atom and to reconstruct its population, is depicted in Figure 2.5.

To coherently drive the qubit, the phase, frequency and amplitude of the microwave signal of the
charge line at the gate capacitor needs to be controlled precisely. Therefore, an IQ-mixer is used.
In an up-conversion process, the GHz local oscillator (LO) signal from a microwave generator at
frequency wro is mixed with two intermediate frequency (IF) signals on the I and @ input ports at
frequency wrp, to generate a radio frequency output signal (RF output) at frequency wrr.”. For an
ideal mixer and a phase shift of ¢ = /2 between the I and @) quadratures of equal amplitudes, one

5Typical frequencies: wrr ~ 6 GHz, wrr < 100 MHz



Chapter 2 Basics of circuit quantum electrodynamics

readout | FPGA 1

manipulation

Figure 2.5: Simplified schematic of the experimental setup used for coherent single qubit and qutrit
operations, according to [SSO*13]. Unless denoted otherwise, the components are at room temper-
ature.

gets a single sideband at wrpr = wro —wrr.% The desired RF signal control is achieved by adjusting
the phase and amplitude of the signals at the IF input. The IF signals are generated using an
arbitrary waveform generator (AWG). To perform a certain qubit operation (see Section 2.1), the
signal from the AWG is a specific sequence of pulses (pulse pattern). Typically, the pulses within
the pulse patterns are shaped in order to suppress unwanted frequency components. If for example
a drive on the |0) <> |1) transition also couples to the |1) <+ |2) transition, the second excited
state will be populated. This not only results in a leakage out of the qubit subspace, but also in
phase errors of the relative phase of the ground and first excited state during the pulse because the
population of the second excited state introduces an AC Stark shift [Baul2].

One method that is used for pulse shaping is the so called derivative removal by adiabatic gate
(DRAG). Thereby, the amplitude eg of the Gaussian pulse on the @ input is optimized with respect
to the amplitude € of the Gaussian pulse on the I input according to [MGRW09]

Oer(t
EQ(t) X Gscale Eéi )7

where @geqe is a scaling factor. To create the pulse patterns, which are loaded on the AWG,
Mathematica scripts are used. Typically a sequence of pulse patterns is generated, which is as a

5Due to mixer imperfections, the output spectrum contains not only the desired sideband at wro 4+ wrr but also
leakage components at wro and wro — wrr. This can result in an unwanted qubit drive, which can be avoided
by adjusting ¢ and the ratio of the quadrature amplitudes.
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whole loaded on the AWG. The maximum number of patterns within a sequence is limited to the
memory of the AWG. Note, that the calibration pulses necessary for the readout (see Section 2.3)
are typically at the end of the sequence.

The scripts for pattern generation require parameters such as the pulse amplitude or the ggeqie
factor. These parameters are loaded from a so called pulse pattern configuration file.

Note, that in Figure 2.5 also the flux-bias lines are illustrated, which are used to change the qubit
frequency. As this is not necessary for single qubit/qutrit operations, they will not be considered
further in the thesis.

The readout of the transmon state using the resonator is challenging, as the resonator is populated
only by a few photons. To get a processable signal, several amplifiers at different temperature
stages are used. For details, we refer to the description of the cyrogenic wiring in [Baul2|. However,
as it was stated in Section 2.3, to derive the transmon population via the time trace, the same
experiment needs to be repeated for about 65.000 times. This can be avoided using a parametric
amplifier, which allows for a single-shot read out of the transmon state (used for example in
[SSO*13]). Note, that for the experimental data presented in Chapter 5, no single-shot readout
was used.

The signal from the resonator is in a last step down-converted to an intermediate frequency (IF)
by mixing it with a microwave local oscillator signal. Using digital down conversion (DDC) to
downconvert the signal to 0 MHz, the signal quadratures are obtained.






Chapter 3

Pulse sequences for the calibration of arbitrary
single qubit/qutrit gates

As it was explained in the Sections 2.1 and 2.4, to realize arbitrary single qubit/qutrit gates, pulses
with the correct amplitude, duration, frequency and shape have to be applied to the charge line.
Thus, several pulse parameters, i.e. parameters of the |0) <» |1) and |1) <> |2) transition, have to
be determined.

The need for a controllable coherent manipulation of the |1) <> |2) transition may not be clear
at first glance. Arbitrary single qubit gates and a controlled NOT (CNOT) two qubit gate are
known to form a universal set of quantum gates [BDDT02], i.e. a set of quantum gates with
which any quantum algorithm can be implemented. In [DOST12] an viSWAP was realized using
two transmon qubits. As a CNOT gate can be generated using vViSWAP and single qubit gates,
[DOS*12] demonstrated the implementation of a universal set of quantum gates using transmon
qubits. However, using qutrits can be advantageous, as it reduces the number gates necessary to
implement a CNOT gate [Baul2]. This was first demonstrated in [DCG109).

In the following, the pulse sequences to characterize qubits/qutrits for single gate operation
are explained. Note, that calibration pulses (see Sections 2.4 and 2.3) are not stated explicitly.

3.1 Qutrit transition frequencies

A precise method to determine the |0) <+ |1) and |1) <> |2) transition frequencies is to use a Ramsey
pulse sequence (see Figure 3.1). In the qubit case a m/2 pulse at frequency @p 1, which is slightly
detuned! by wger = @01 — wgﬁp | from the expected transition frequency wgﬁp , is used to create
an equal superposition of the ground and excited state (the determination of the correct pulse
amplitude is discussed below). Experimentally, one adjusts the IF frequency on the mixer input
to get the detuned RF signal. In the rotating frame, the Bloch vector will then precess around
the +2z axis with a frequency wramsey = |@o,1 — wo,1|. Where w1 is the real frequency for the
transitions. Note, that if the expected transition frequency is equal to the real transition frequency,
WRamsey = Wdet- After a time At, another off-resonant 7/2 pulse is applied and the state of the

qubit is measured.

!The detuning is typically a few MHz.

11
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Figure 3.1: Schematic of Ramsey pulse sequence for |0) <> |1) (left) and |1) <> |2) (right) transition.

Depending on the delay At one will observe oscillations of the ground/excited state population at
a frequency wramsey. Note that for a single run of the experiment, the sequence of patterns (see
Section 2.4) are pulse patterns with different delays At¢. From the oscillation frequency one can
then derive the transition frequency wg 1. Since usually the detuning from the expected transition
frequency is small, it is sufficient to adjust the frequency of the IF signal. The experimental results
are discussed in [Men13|.

To determine the |1) <> |2) transition frequency, a similar pulse sequence is used. An initial 7
pulse at wy 1, excites the qutrit to the |1) state. Then, as above, two separated 7/2 pulses are used.
However, they are now slightly off-resonant by wge; = @1,2 —wi 2 from the |1) <+ |2) transition. Now,
the idea is to map the qutrit to an effective two level system (see Section 2.1). This is achieved
by another |0) <+ |1) 7 pulse. As for the qubit case, coherent oscillations depending on At are
expected, from which w; 2 can be extracted (see Section 5.1).

3.2 Qutrit transition frequencies for large detuning of the drive

The situation for the Ramsey measurement as described above is schematically depicted in Fig-
ure 3.2. Experimentally, a detuning wg.; from the expected transition frequency wgip is set and
oscillations at a frequency wramsey are recorded. For large detuning of the drive from the real
transition frequency, i.e. WRamsey > Wdet, ONe can in general not extract from the measured oscilla-
tions whether the real transition frequency is above or below the drive frequency (see left and right
scheme in Figure 3.2). One method to derive this sign information from the measurement is to apply
the /2 pulses in the sequence of Figure 3.1 about different axes, for example the first one about
the = and the second one about the y axis. Then, the slope of the oscillations at At = 0 contains
the sign information [Baul2]. However, if a two population readout is used for the measurement on
the |1) <> |2) transition, this scheme is more difficult to apply since one has to take into account
the phase of the pulse which is used to drive the |0) <+ |1) transition.

WRamsey

Wdet Wdet R WRamsey

v

exp. w

L exrp. ~, ~, )
wWo,1 Wo 1 wo,1 Wo.1 wo,1 wo,1

)

Figure 3.2: Schematic of frequencies involved in Ramsey measurement. The measured wgemsey 18
the same for the left and right scheme.
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3.3 Pulse amplitude

An alternative method to derive the sign information, which works for all above cases, is to do two
subsequent Ramsey measurements with two different detunings. It can easily be calculated, that in
order to be consistent with the data for both detunings, only one of the two cases in Figure 3.2 is
possible. The analysis of such a measurement will be demonstrated in Section 5.1.

3.3 Pulse amplitude

To do a specific rotation of the Bloch vector, the correct amplitude and duration of the pulse on the
charge line has to be known. These pulse parameters are determined using Rabi oscillations (see
Figure 3.3).

Wo,1 Wm Wo,1 W12 Wm

)

A measurement € measurement
t t

Figure 3.3: Schematic of Rabi pulse sequence for |0) <> |1) (left) and |1) <+ |2) (right) transition.

Thereby, the qubit is driven with a resonant pulse of fixed duration but variable amplitude €. Note,
that the sequence of pulse patterns for a single run of the experiment contains patterns with variable
€. The measured populations will then show coherent oscillations, from which the amplitudes of
the m and 7/2 pulses for the |0) <+ |1) transition can be extracted. This analysis is described in
[Men13|.

In the same manner, the amplitudes for the 7 and 7/2 pulses of the |1) <+ |2) transition can be
determined by driving this transition with a pulse of variable amplitude (see section 5.2 for data
analysis). Compared to the qubit case, an additional initial 7 pulse on the |0) <> |1) transition is
necessary to populate the first excited state.

3.4 DRAG parameter

As it was discussed in Section 2.4, DRAG pulses minimize phase errors. In order to obtain the
optimal value of @seqe, a pulse sequence which is highly sensitive to phase errors is used (see
Figure 3.4).

wo,1 wo,1 Wm, Wo,1 W12 Wi2 Wo1 Wm

measurement measurement

t t

Figure 3.4: Schematic of pulse sequence to determine the DRAG pulse parameter ggeqe for |0) <> |1)
(left) and |1) > |2) (right) transition.

13



Chapter 3 Pulse sequences for the calibration of arbitrary single qubit/qutrit gates

The pulse sequence for the |0) <+ |1) transition consists of a m/2 pulse about the z axis followed
by a 7 pulse about the z,y or -y axis. For an optimal value of g4, all three sequences result
in the same final state, which is an equal superposition of ground and excited state. However, if
the scaling parameter differs from the optimal value, phase errors due to leakage out of the qubit
subspace introduce deviations, which are measurable as deviations from the expected population
of 1/2. Experimental data in which gseqe is varied is discussed in [Men13].

To determine the optimal DRAG parameter for the |1) <> |2) transition, an initial 7 pulse excites
the qutrit to the |1) state. Then, the same pulse sequence as for the qubit is used on the |1) <> |2)
transition. Finally, a 7 pulse maps the qutrit to an effective two level system. For an optimal value
of Gscale; the expected population of |2) is 1/2. Experimental data used to extract this optimal
value is shown in Section 5.3.

After executing above pulse sequences for multiple times, the |0) < |1) and |1) <> |2) trans-
itions should be calibrated. In order to check whether the calibration was successful, combinations
of pulses with different amplitudes and phases are used. This pulse sequence will further be denoted
by CalTom.

3.5 Energy relaxation time T}

For the usage of superconducting qubits/qutrits to implement quantum algorithms, it is necessary
to determine how many gate operations can be performed before the decoherence in the system
becomes too large. Thus, it is necessary to determine the energy relaxation time T} for the system
initially prepared in the |1) and |2) state. Due to coupling of the artificial atom to the environment,
the populations of these states will decay to 1/e of the initial population after a time T3 ; and T 2,
respectively. To determine these times, the pulse sequences in Figure 3.5 are used.
For the qubit, the system is prepared in |1) using a 7 pulse. After a variable time At, the population
in |1) is measured. From the time dependent population, 77 ; can be extracted.
For the qutrit, also the energy relaxation time of the population initially in |2) has to be measured.
Thus, the system is excited with a = pulse on the |0) < |1) followed by a 7 pulse on the |1) < |2)
and the |0) <> |1) transition. The last 7 pulse is to project the system to the effective two level
system |0), |2). As for the qubit, the energy relaxation time can be investigated with a delayed
measurement.
Experimental results will be discussed in Section 5.5.

wo,1 Wi, Wwo,1 W12 Wo,1

)

measurement ‘ s A measurement

At t At t

Figure 3.5: Schematic of pulse sequence to determine the energy relaxation time for the |1) (left)
and |2) (right) state.
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Chapter 4
Calibration software

In Chapter 1 the need for a software for automatic calibration of single qubit and qutrit gates
was explained. The pulse sequences that need to be executed by the software were presented in
Chapter 3.

In this Chapter I first present a software for the automatic calibration of single qubit gates, which
was already implemented when I started my project. Also, its disadvantages are discussed. Then,
a new program for the automatic calibration of arbitrary single qubit and qutrit gates, which was
implemented during my thesis, is introduced. This includes the presentation of a new data flow, a
new graphical interface and additional features of the new calibration program.

4.1 Previous version of the calibration software

The calibration program presented in this thesis is based on a software of Jonas Mlynek and Tim
Menke [Menl13]. This software was designed for the automatic calibration of single qubit gates.
Thus, as explained in Sections 3.1 to 3.4, the software determines amplitudes of the 7 and 7/2
pulses, the IF frequency and the DRAG pulse parameter g for the |0) <> |1) transition by
executing certain calibration routines (e.g. Ramsey pulse sequence).

Figure 4.1: Typical sequence of routines for the calibration of the |g) — |e) transition.

A sequence of routines that is typically used for the calibration of the transition can be seen in
Figure 4.1. All routines consist of similar steps that need to be executed successively. In Figure
4.2, the most general schematic of these steps is depicted.

As it was explained in Section 2.4, the parameters necessary to create pulse patterns are stored
in a pulse pattern configuration file. With Mathematica scripts, these parameters are extracted
and used to create the pattern files for a certain pulse sequence. For the communication with the
experimental setup, the visual programming software LabVIEW is used. With this software, the
patterns are loaded on the AWGs, the measurement is performed and the measured data is saved.
In the last step, the data is analyzed using Mathematica scripts and new parameters such as new
7 and 7/2 amplitudes are saved in the pulse pattern configuration file.

15
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Extract old
parameters from
pulse pattern

/] configuration file

Write new
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pulse pattern

configuration file Sl

routine (Rabi,
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Figure 4.2: Schematic of calibration steps of previous version.

To understand the calibration software in detail, the corresponding data flow is shown in Figure
4.3. Note, that the data flow is depicted for a single run of one calibration routine within a sequence
of routines.

The data flow can be separated into a Measurement and a Pattern generation & data analysis part
(see color code in Figure 4.3).

In the measurement part, two main VIs' are executed. To run a calibration sequence, a mul-
titude of parameters need to be specified. These include calibration sequence specific parameters
and other fixed parameters, such as the frequencies of the LO drives or calibration settings of
the mixers. All parameters are contained in the Cleansweep configuration template file. For every
run of a calibration routine within the sequence, the variable parameters are modified by the
VI QubitCalib main. Before running the calibration sequence, the user needs to specify within
the graphical interface of this VI the desired calibration sequence (for example according to 4.1)
and define necessary paths (for example the location of the Mathematica pattern generation and
data analysis scripts). Also, experiment-specific physical parameters for the drive and readout of
the artificial atoms need to be set (for example the physical channels of the AWG for the I/Q
quadratures of the IF input). For details about this VI we refer to [Men13|.

The updated parameters are then used to execute the VI CleanSweep. This VI directly runs the
experiment. Thus, among other things it loads the pulse pattern files on the AWGs and sets the
FPGA, which processes the experimental data.

YA LabVIEW program is called virtual instrument (VI).
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4.1 Previous version of the calibration software

Pattern generation & data analysis Measurement

eanSweep

Figure 4.3: Data flow of the previous version of the calibration software illustrated for a single run
of one calibration routine. Files are denoted in blue.

In the Pattern generation & data analysis part, the Mathematica scripts for the pattern gen-
eration, data analysis and the generation of a log file are executed. This part also contains
subprograms (subVIs) of the QubitCalib main VI. Depending on the calibration routine, different
routine-specific separate subVlIs are executed. These subVIs thus act as a “which routine filter*.
Using LabVIEW, the analysis and pattern generation scripts are run via the Windows command
line. Thereby, the command to execute the scripts contains for example the path of the measure-
ment data. The script for the data analysis saves new calibration parameters, such as a new value
of @scale In a text file. Using routine specific LabVIEW VIs, these parameters are written to the
pulse pattern configuration file and shown on the graphical interface of Qubit Calib main. Note,
that a backup of the pattern configuration file is created before every routine, such that if needed
the old parameters can be recovered. The analysis script also exports a .png file with plots of
the experimental data and the new parameters. The file name contains an index, that marks the
number of the calibration routine within the sequence. Using this index, a Mathematica log file
script exports the merged .png files as a .pdf file and deletes initial files.
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Chapter 4 Calibration software

The pattern generation script extracts the pulse parameters from the pulse pattern configuration
file and creates three different files. The .seq file can be read by the AWG and describes the
pattern. The AWG patterns are binary files that contain integers representing the time dependence
of the signal amplitude. The text file is a copy of the pulse pattern configuration file with a few
parameters added that describe the pattern, such as the total number of patterns within a sequence
of patterns.

4.2 Disadvantages of the previous version

The goal of this thesis is to implement a software for the automatic calibration of arbitrary single
qubit and qutrit gates. Therefore, one important feature of this software should be that new single
qubit and qutrit gates can easily be added. With “easy* we mean, that there is no need for LabVIEW
programming. The user only has to write Mathematica scripts for pattern generation and data
analysis. For the software described in Section 4.1, new single qubit/qutrit gates cannot be added
easily, as there are routine specific separate subVIs of QubitCalib main. If one for example wants
to add a routine that determines a new parameter (for example 7 pulse amplitude for |1) < |2)
transition), new subVIs have to be implemented that among other things extract this parameter
from the text file and write it to the pattern configuration file (see Figure 4.3).

In the previous version, also no proper handling for Mathematica errors is implemented. An error
occurs if for example the experimental data cannot be fitted properly in the analysis scripts. In
this case the user might want LabVIEW to continue with the next calibration routine instead of
aborting the whole calibration sequence.

4.3 New version of the calibration software

4.3.1 Data flow

A new version of the calibration software that does not have the disadvantages explained in Section
4.2 is based on the data flow in Figure 4.4.

Instead of the routine dependent subVIs and the text files, a .ini file and the standard output of
Mathematica is used together with a new version of the QubitCalib main VI. Also, the analysis
scripts directly write new parameters to the pulse pattern generation file.

For every routine during a calibration sequence, the .ini file is created by LabVIEW. It con-
tains all parameters necessary to run both the analysis and pattern generation scripts. An excerpt
from such a file is shown in Figure 4.5. The content is divided into sections which have a label in
square brackets at their beginning. The parameters of the first section are the index of the current
routine, which is needed to create the log file (see Section 4.1), and a user controlled boolean, that
specifies whether the pattern configuration file shall be updated. The second section contains all
paths that are specified in the graphical user interface in Figure 4.7 (this interface is explained
in detail below) as well as the data saving folder and the number of the measurement within this

18



4.3 New version of the calibration software

Figure 4.4: Data flow of the new version of the calibration software illustrated for a single run of
one calibration routine. Files are denoted in blue.

| TmpParameters |
LogFileIndex = "1"
UpdateConf = "TRUE"

[CalibrationPathCluster |

DataStorage . Filenumber = "1095"
DataStorage.DataSavingFolder = "/C/dataC/130201"

[ MeasChannelArrayElement |
UpconvChPair = "3"
UpconvLO = "4"

Figure 4.5: Excerpt from the .ini file.
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Chapter 4 Calibration software

folder. The last section contains setup specific qubit settings, which are explained in item 1 below.
The path of the .ini file is read in via the command line. The white space separated strings in the
command line input are parsed by Mathematica as a list of strings. The path and name of the .ini
file needs to be the last string and is read in as follows:

qubitCalibIniFileName=FileNameTake | Last | $CommandLine| | ;
qubitCalibIniFilePath=DirectoryName [ Last [$CommandLine]| | ;

Then, the .ini is initialized as a list of strings using

calibIni=LoadConfigFile [ qubitCalibIniFilePath ,
qubitCalibIniFileName ,rules —>False | |;

Thereby, .ini section names in square brackets are appended with points to variable names within
the section. A possible string in the list caliblni is for example “T'mpParameters.UpdateConf =
"TRUE"“. Finally, the value of the parameters within the list can be assigned to a variable. Defining
a variable like

updateConfig=GetConfigParam | calibIni ,"TmpParameters. UpdateConf" |
would assign the string “TRUE" to the variable.

Compared to the previous version, the standard output of the Mathematica analysis script is used.
This output is parsed line by line using LabVIEW and the value of labels are extracted as strings.
Thereby, labels are the first white-space separated strings in a line. This feature was implemented
by Johannes Heinsoo. For details we refer to his semester thesis. The standard output is used
for error handling and to show the new values from the data analysis. Also the difference of the
parameter values before and after the analysis is printed in a status box on the graphical interface
of QubitCalib main (see Figure 4.6). The corresponding strings for the labels are “new values®,
“delta_values and “ErrorMsg". These labels have to be used in the Mathematica script. Note, that
if the label “ErrorMsg* does not exist in the standard output, it is treated as an error. A string can
be written to the standard output using the function

StdOutput [ string |:= WriteString [$Output,string <>"\n"|;

In LabVIEW error handling is implemented such that parameter values are only shown if the error
message is the string “none”. In such a case, the output in LabVIEW can look as follows:

new values —> pi_amp ef=0.617816 pihalf amp ef=0.309253
delta values —> delta pi amp ef=-0.024904 delta pihalf amp ef=-0.014216

If the error message is not “none” the error is handled as a soft error. This means that LabVIEW
is not aborted but the next calibration routine within the sequence is executed. Also a message like

The last operation had following user defined soft error (6010):
IF frequency could not be fitted. This pattern config parameter is
unchanged .

Continuing with next operation.
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4.3 New version of the calibration software

is displayed in the status box. The number in parentheses is the error code, which specifies whether
the error is a soft or a hard error. In case of a hard error, QubitCalib main is aborted. If for
example the path to the Mathematica scripts for a certain activated calibration routine does not
exist, it is considered as a LabVIEW hard error. Hard and soft errors are distinguished according
to their error code. The ranges for the codes of soft and hard errors as well as all used error codes
are defined in the file “error codes.txt“ in the “QubitCalib“ main directory.

For the new data flow, new parameters are directly written from the analysis scripts to the pattern
generation files. This feature was implemented with the function ReplaceParameterInConfFile in
Mathematica by Markus Oppliger. Thereby, the function also checks if the value of the parameter
to be updated is a numerical value. Thus, if for example the fit did not work properly, the pulse
pattern configuration file will be left unchanged.

The creation of the log files is very similar to the previous version. However, in addition to
the temporary .png file, the analysis scripts export a temporary Mathematica notebook with the
important plots and the new as well as the old calibration parameters. The log file script then
merges the notebooks, creates a .pdf file and deletes the temporary files. The implementation of a
new log file handling was necessary, as for more than five calibration routines within a sequence,
the analysis PC ran out of RAM when executing the log file script.

4.3.2 Graphical interface

Besides the generalization of the QubitCalib main VI in order to implement the new data flow,
also the graphical interface changed, as new features were added. For a detailed description of the
previous interface, we refer to [Men13].

The modified graphical interface is shown in Figure 4.6 and Figure 4.7. Both parts of the interface
can be accessed using a tab control.

Note, that QubitCalib main was also extended for the calibration of certain two qubit gates. The
lower left part in Figure 4.6 is used for the settings to calibrate these gates. For more information
we refer to the semester thesis of Johannes Heinsoo.

The procedure to start the calibration using the new interface shown in Figure 4.6 and 4.7 is as
follows:

1. The user sets setup specific settings for the qubit/qutrit pulses.
Each physical qubit/qutrit that is activated (calibrate on/off button) is assigned to a channel
pair of the AWG, that is used to drive it. Also, the channel indices of the microwave generators
for up- and down-conversion as well as for the resonator drive need to be specified. Note, that
the assignment of a channel index to the channel of a physical device (AWG, microwave
generator) is done in CleanSweep. To increase the fidelity of the readout, the parametric
amplifier can be switched on. Further, the channel on the FPGA for the acquisition of data
and the format of the data (for example I1 + Q1) has to be set. Note, that also the flux line
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Chapter 4 Calibration software
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Figure 4.6: Graphical user interface part I for new version of the QubitCalib main V1.

for a qubit/qutrit can be specified. However, this is not necessary for single qubit or qutrit
gates.

2. The following paths have to be set in the part of the interface in Figure 4.7:

e General paths: To execute the mathematica scripts, the path to the Mathematica
kernel has to be entered. Also, the path where the notebooks that are merged by the log
file script are saved temporarily needs to be specified.

e Data storage: The user has to specify the root directory. In this directory, a folder,
which is named after the date of the measurement, is created automatically [Menl3|.
Within this folder, the experimental data, the .ini file and a screenshot of the graphical
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4.3 New version of the calibration software

"E\Program Files\Wolfram Research\Mathematica'9.0\math.exe”

CASoftware\Cleansweep_Transmon\Experiments\ResonatorVls\QubitCaliby

% Ci\Software\Cleansweep_Transmon! ExperimentsResonstorVIs\QubitCaliby | L=

L C:\Software\ Cleansweep_Transmon\ Experiments\ResonatorVlsh, !

L :\130201_M23G2_dqubit_3res_Paramps_runBicalib_log

% E:\cyguin\swgdrive\pattern_config.cfg B
1 Ci\Software! Cleansweep_Transmon Experiments\ResonatorVlsh =

Figure 4.7: Graphical user interface part II for new version of the QubitCalib main VI.

interface of Cleansweep will be saved. The names of these files contain a file number,
which is consecutive during a measurement day.

e Log file: The path to the log file script and the directory where the log files are saved
is defined.

e Configuration files: The path to the pattern configuration file and the directory for
the backup of the configuration file has to be entered.

e Mathematica scripts: For every calibration routine, the path to the pattern generation
and analysis script needs to be set. Also, the name and type (single or multi qubit gate)
of the routine has to be choosen.

3. The user specifies the calibration sequence.
In the upper left part in Figure 4.6, the sequence that shall be executed can be set by enabling
or disabling certain routines. The user can also choose whether new parameters gained from
the data analysis shall be written to the pattern configuration file.
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Chapter 4 Calibration software

4. The user specifies the path to the configuration template file of Cleansweep and can set a time
and date for the measurement to start (see middle right part in Figure 4.6).

When Qubit Calib main is executed, the sequence of activated calibration routines will run suc-
cessively for the activated qubits/qutrits. The status of the calibration can be extracted from the
status box in Figure 4.6, which is updated after every routine. There, the qubit/qutrit that is
about to be calibrated, the name of the current routine, and the values of the desired labels in the
standard output (see Section 4.3.2) are displayed.

In addition to the above mentioned new features of the calibration software, the following features
were programmed during the semester thesis:

e The pattern generation and analysis scripts for the calibration of the |1) <> |2) transition
were implemented. There are analysis scripts for either two or three population readout (see
Section 2.3).

e The Ramsey measurement for large detuning is implemented.
e The energy relaxation times 771 and T} 2 can be determined.

e The pattern generation and analysis scripts no longer contain hardcoded experimental para-
meters like the minimum and maximum value of the pulse amplitude e for a Rabi measurement.
These parameters are now extracted from the pulse pattern configuration file, where they can
easily be specified for every AWG channel pair.

e If the calibration parameters determined by the analysis script are no numerical values, an
error message is created, that is displayed in the standard output (according to Section 4.3.1).
Also the pulse pattern configuration file is not updated.

e The dephasing time T3 (see Section 5.1) is added to the pulse pattern configuration file.
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Chapter 5
Experimental results

In Chapter 4, a new software for the automatic calibration and characterization of superconducting
qutrits was presented. As explained in Chapter 3, this program uses different routines for the
calibration. Compared to the previous version of the software (see Section 4.1), new routines
were added. In the following, the automatic analysis of experimental data from running these
routines is explained and experimental results are presented. The experiments were performed on
one transmon qutrit on a sample consisting of three qutrits and two coplanar waveguide resonators
(see [SSO'13|). Using the flux line, the qutrit was operated at a |0) «» |1) transition frequency
of wp1/2m = 6.342GHz. The absolute anharmonicity was a = E¢/h = 0.287 GHz, where E¢ is
the charging energy. It was coupled with a strength of g/27 = 0.240 GHz to a coplanar waveguide
resonator. The resonator had a resonance frequency of w,/2r = 9.677 MHz and a decay rate of
k/2m = 2.5 MHz. For the coherent drive, the |0) <+ |1) and |1) <> |2) pulses had a width of o = 3 ns
and o = 5.5 ns, respectively.

Note, that all routines that were implemented for the previous version of the calibration software
were successfully tested on the sample using the new version. As the same experimental data as in
[Men13| was obtained, these experimental results will not be presented.

5.1 |1) <> |2) transition frequency

As it was explained in Section 3.1, for a Ramsey pulse sequence one expects oscillations of the
populations as a function of the delay Af. Using a coherent drive with a detuning of 4 MHz from
the |1) <> |2) transition, the experimental data in Figure 5.2 was obtained. For the data analysis,
the three level population reconstruction according to Section 2.3 was used. As the qutrit is mapped
to an effective two level system of |0) and |2), Ramsey fringes for these two populations are observed.
However, there is also a decay out of this two dimensional subspace, as the population of the first
excited state (see red points in Figure 5.2) increases due to energy relaxation from the second excited
state. This decay can also be observed in the oscillating populations, which decrease on average.

If the experimental data is instead analyzed using the two population readout, the experimental
results for the time dependence of the |2) population are different. For this analysis method, only the
response of the system in the states |0) and |2) is known. Populations in |1) and |2) consequently
cannot be distinguished and the population of |1) is wrongly considered as a population of |2).
Consequently, in contrast to the three level readout (see blue points in Figure 5.2), the population
of |2) seems to increase on average. Therefore, if the decay out of the qubit subspace is not negligible
(see Figure 5.2), three level population readout has to be used to get physically plausible results.
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Figure 5.1: Three level population readout of Ramsey routine with the ground (black), first excited
(red) and second excited (blue) state populations.
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Figure 5.2: Two population readout (red) and three population readout (blue) of Ramsey data. A
fit for the blue points of the form (5.1) is also shown.
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5.2 m and /2 amplitudes for |1) <> |2) transition

The second excited state population is fitted automatically using a function of the form
p2(At) = (y + Ae A3, cos(WRamsey At — (;5)) e ATz (5.1)

Note, that T3, is the averaged dephasing time of state |2).! This characteristic time for the qutrit
is obtained from the fit and written to the pulse pattern configuration file. To fit different sets of
experimental data, the initial value of the fit parameters has to be extracted from the data. Thereby,
the same method as in [Menl13] is used. The initial values of y and A are set as the minimum
population and the difference of the maximum and the minimum population, respectively. From
the position and complex phase of the largest Fourier component, the starting values of wramsey
and ¢ are given. The initial value of T7 o, is extracted from the pulse pattern configuration file.
The obtained oscillation frequency wramsey is given by the difference of the detuned drive frequency
(RF) @12 to the real transition frequency w; . Thus, the IF frequency to drive the transition on
resonance can be determined. Note that if one is only interested in a rather crude value of the
Ramsey frequency, a two population reconstruction might be sufficient.

When executing the above calibration routine in the experiment, we often observed prominent
contributions to the frequency spectrum from more than one frequency component. This problem
especially arises, when the system is not optimized for the usage of the artificial atoms as qutrits.
To identify the additional frequency components, besides the Ramsey fringes, a frequency spectrum
is added to the log file.

In Section 3.2, a two frequency Ramsey measurement was presented. The only difference in
the data analysis compared to the analysis explained above is that a simultaneous fit of the data
for two different detunings within one data set is used. Thereby, the data set is fitted for both cases
in Figure 3.2. The transition frequency is then determined using the fit which has the smaller sum
of the absolute value of the fit residuals. This method was successfully tested. Note, that as above
three level population reconstruction should be used for a precise data analysis.

5.2 7 and 7/2 amplitudes for |1) <+ |2) transition

For the Rabi pulse sequence of Section 3.3, Rabi oscillations of the |0) and |2) populations depending
on the pulse amplitude € can be observed (see Figure 5.3).
The oscillation of the second excited state population is fitted automatically with a function of the

'The time scale for the loss of phase information of state |2) is given by the dephasing time ﬁ = 2T11 S+ Ti >
T1,2 is the energy relaxation time (see Section 3.5) and T} > the pure dephasing time, which is due to fluctuations
of the qutrit transition frequencies. As the Ramsey data is obtained from an average over a large number
of equivalent measurements, fluctuations of the transition frequencies are contained in the average. Thus, the

measured dephasing time Ty 5 is smaller than T2 [Baul2].
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Figure 5.3: Three level population readout of Rabi pulse sequence with the ground (black), first
excited (red) and second excited (blue) state populations. The second excited state population is
fitted with a function of the form (5.2).

form

p2(€) =y + A cos(WRavi € — @) (5.2)

using the same method to determine the starting values of the fit parameters as for the Ramsey
measurement. From this fit, the 7 and 7/2 amplitudes can be extracted.

In contrast to the data from the Ramsey measurement, there is no decay of population to the first
excited state. The reason is, that the maximum duration of the Ramsey pulse sequence is about a
factor 1000 larger than the length of the Rabi sequence, which consists of a single one-qubit pulse.
As the first excited state population can be neglected, a two level readout can can be used for the
data analysis.

5.3 DRAG parameter for for |1) <> |2) transition

In Section 3.4 the procedure to shape the pulses was explained. Experimental data from such a
DRAG calibration routine is depicted in Figure 5.4. Note, that due to the short pulse sequence,
a two level readout was used. At the optimal value of ¢s.qe, the curves of the three populations
should intersect. The approximate position of this point can be found by fitting two populations
with a linear function.

The population for the pulse sequence 7/2, - 7, (blue points in Figure 5.4) depends on ggcqre. This
dependence is unexpected, as there is only one rotation axis for this pulse sequence and thus there
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5.4 CalTom for |1) <+ |2) transition
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Figure 5.4: Experimental data for DRAG pulse calibration. The value of ggeqe is varied for different
pulse combinations 7/2, - m, (blue), 7/2, - m, (green), /2, - m_, (red). Two populations are fitted
with a linear function

should no dependence on an additional phase that the effective two level system acquires. When
the data was recorded, the right sideband at about 100 MHz from the LO frequency was used to
drive the |0) <> |1) transition. For the |1) <» |2) transition, the left sideband with an offset of about
200 MHz from the LO (see Figure 5.5) was used. For this frequency configuration, there is a weak
component from the |0) <+ |1) drive at the |1) <> |2) transition, as the mixer is not purely linear.
We think, that this is the main reason for the behavior observed in Figure 5.4.

Although no proper value for ¢s.qe could be determined in the experiment, we could demonstrate,
that the routine is properly implemented for the usage with the calibration software.

200 100

F S
v

w1,2 wrLo  Wwo,1 cs[MHz]

) )

Figure 5.5: Frequency scheme for up-conversion at the mixer

5.4 CalTom for |1) <> |2) transition

Experimental results from the CalTom pulse sequence are depicted in Figure 5.6. The data was
analyzed with a two level readout.
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Figure 5.6: Experimental data for CalTom pulse sequence. The expected population is marked in
red. The lower plot shows the deviation of the measured from the theoretical population.

As the DRAG calibration of the pulses did not work properly (see Section 5.3), there are strong
deviations of the experimental populations from the theoretically expected values.
Still, the software for the routine works properly.

5.5 Energy relaxation time

As it was discussed in Section 3.5, the |1) population of the qubit decays as a function of
the delay At¢. This decay can be modeled with a function of the form Ae~2%/711. By fitting this
function to experimental data as in Figure 5.7, an energy relaxation time of about 2.5 us is obtained.

To model the decay of the second excited state population, the decay channels |2) — |1) and
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Figure 5.7: Experimental data for energy relaxation measurement of qubit with a fit for the expo-
nential decay.

|1) — |0) must be considered. Hence, the fit has to be of the form

po(At) = Ae T2 L B (1 — e_At/Tm) e~ AT (5.3)
To automatically fit this function to experimental data, the starting value for 77 ; is extracted from
a measurement on the qubit (see above). An exemplary file exported from the analysis script is

depicted in Figure 5.8. Three population read out has to be used due to the same reasons as for the
Ramsey sequence. Typically measured energy relaxation times are comparable to the qubit case.
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Figure 5.8: Analysis file output for energy relaxation measurement on second excited state popula-
tion. Data is fitted with a function of the form given by Equation 5.3.
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Chapter 6
Conclusion

In this thesis, a software for the automatic calibration of the |0) <+ |1) and |1) <> |2) transition of
superconducting transmons was presented. This software generalizes an already existing program
from [Men13|, such that arbitrary single qubit and qutrit gate operations can be added without the
need for LabVIEW programming. The generalization was possible using a new data flow, for which
LabVIEW is no longer directly involved in the data analysis. The data flow could be implemented
using the communication of Mathematica with LabVIEW via the standard output and an .ini file,
that is exchanged between LabVIEW and Mathematica. Also it was necessary, that new calibration
parameters are written from Mathematica to the pulse pattern configuration files.

Besides this generalization, handling of Mathematica errors was implemented and the graphical
user interface has several new useful features.

Compared to the previous version, also new calibration routines were added. This includes routines
for the calibration of pules resonant with the |1) <+ |2) transition. Also routines to determine the
energy relaxation times of the excited qutrit states and to extract the transition frequencies for
large drive detuning were added. In the end, the functionality of the software was successfully
tested.
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