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A system and method for controlling qubits to perform 
quantum computation is provided. In some aspects, the 
system includes at least one superconducting quantum pro­
cessor comprising a multi-qubit architecture having coupled 
qubits that are described by an anharmonic energy spectrum. 
The system also includes a microwave source connected to 
the at least one superconducting quantum processor, and 
configured to provide a microwave irradiation to at least one 
of the coupled qubits in the multi-qubit architecture to 
perform a gate on the at least one of the coupled qubits. The 
system further includes a controller configured to direct the 
microwave source to provide the microwave irradiation to at 
least one of the coupled qubits in the multi-qubit architec­
ture. 
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SYSTEM AND METHOD FOR 
CONTROLLING SUPERCONDUCTING 

QUBITS 

2 
between transmon qubits requires a smaller detuning of their 
frequencies, which in turn enhances the uncontrolled state 
leakage outside of the computational subspace. 

In atomic systems, qubit states are chosen in such a way 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH/DEVELOPMENT 

This invention was made with government support under 
W911NF-15-l-0248 awarded by the ARMY/ARO. The gov­
ernment has certain rights in the invention. 

5 that the transition between them is forbidden by the selection 
rules to provide long coherence in the computational sub­
space. Quantum gates and qubit readout are performed 
through transitions outside of that sub-space with stronger 
coupling to electromagnetic fields. Such separation of quan-

BACKGROUND 

The present disclosure relates to superconducting circuits. 
More particularly, the disclosure relates to systems and 
methods for quantum information processing and quantum 
computation. 

10 tum states for information storage and processing allows one 
to perform many high-fidelity gates before the qubit state is 
spoiled by decoherence. This was realized in architectures 
based on nitrogen-vacancy centers, trapped ions, and Ryd­
berg atoms. In superconducting systems, the idea of sepa­
rating information storage and processing has led to experi-

15 ments in which the qubit quantum state is stored in a 
high-quality microwave resonator ( e.g. as a single photon or 
a multi-photon state), while the physical superconducting 
qubits are used only for short times during gate realizations. In the field of quantum computation, the performance of 

quantum bits ("qubits") has advanced rapidly in recent 
years, with preliminary multi-qubit implementations leading 
toward surface code architectures. In contrast to classical 
computational methods that rely on binary data stored in the 
form of definite on/off states, or bits, quantum computation 
takes advantage of the quantum mechanical nature of quan­
tum systems. Specifically, quantum systems are described 25 

using a probabilistic approach, whereby each system 
includes quantized energy levels whose state may be repre­
sented using a superposition of multiple quantum states. 

Given the above, there is a need for systems and methods 
20 for quantum computation that are scalable and capable of 

achieving a high degree of fidelity and control. 

Superconductor-based qubits represent good candidates 
for quantum computation because of the low dissipation 30 

inherent in superconducting materials, and the long coher­
ence times required for performing useful operations. In 
addition, superconducting circuits can be micro-fabricated 
using conventional integrated-circuit processing techniques, 
which, in principle, allows for a large number of supercon- 35 

ducting qubits to be produced. However, scaling up from a 
few qubits to a large-scale qubit architecture present a 
number of technical challenges. Specifically, quantum mea­
surement and control becomes increasingly more difficult, 
and requires additional resources, infrastructure and com- 40 

plexity. 
Transmon qubits, in particular, have been largely respon­

sible for the significant breakthrough in superconducting 
quantum information processing over the last decade. The 
transmon qubit is a modification of the traditional Cooper- 45 

pair box (CPB) qubit, which is formed using a supercon­
ducting island connected to a grounded reservoir via a 
Josephson junction. Cooper pairs can t=el onto the super­
conducting island, and charge being adjustable by a gate 
capacitively coupled to the island. However, the islands are 50 

exposed to random electric fields from fluctuating charged 
impurities, which leads to charge noise that affects coher­
ence of the qubit. To address this issue, the transmon qubit 
includes a large shunting capacitance in addition to CPB 
qubit structure. As a result, the transmon qubit has been 55 

shown to be capable of achieving long coherence times, 
high-fidelity gates, and reliable readout. 

However, the weak anharmonicity of the transmon qubit 
presents a substantial challenge in pushing the fidelities 
higher. Fundamentally, the main issue is that both qubit 60 

memory and qubit interaction is obtained using transitions 
with nearly identical frequencies and matrix elements. This 
prevents the decoupling of the qubits from their dissipative 
environment, e.g., due to the dielectric loss, without pro­
portionally increasing the gate time. Moreover, in larger 65 

arrays, it becomes harder to address individual qubits with­
out affecting other qubits. This is because stronger coupling 

SUMMARY 

The present disclosure overcomes aforementioned draw­
backs by providing a system and method for use in quantum 
computation. 

In accordance with one aspect of the present disclosure a 
system for controlling qubits to perform quantum compu­
tation is provided. The system includes at least one super­
conducting quantum processor comprising a multi-qubit 
architecture having coupled qubits that are described by an 
anharmonic energy spectrum. The system also includes a 
microwave source connected to the at least one supercon­
ducting quantum processor, and configured to provide a 
microwave irradiation to at least one of the coupled qubits 
in the multi-qubit architecture to perform a gate on the at 
least one of the coupled qubits. The system further includes 
a controller configured to direct the microwave source to 
provide the microwave irradiation to at least one of the 
coupled qubits in the multi-qubit architecture. 

In accordance with another aspect of the present disclo­
sure, a method for controlling qubits to perform quantum 
computation is provided. The method includes providing at 
least one superconducting quantum processor comprising a 
multi-qubit architecture having coupled qubits that are 
described by an anharmonic energy spectrum. The method 
also includes generating, using a microwave source con­
nected to at least one of the coupled qubits in the multi-qubit 
architecture, microwave irradiation that is configured to 
perform a gate on the at least one of the coupled qubits. The 
method further includes delivering the microwave irradia­
tion using control circuits connected to the multi-qubit 
architecture and the microwave source. 

The foregoing and other aspects and advantages of the 
invention will appear from the following description. In the 
description, reference is made to the accompanying draw­
ings which form a part hereof, and in which there is shown 
by way of illustration a preferred embodiment of the inven­
tion. Such embodiment does not necessarily represent the 
full scope of the invention, however, and reference is made 
therefore to the claims and herein for interpreting the scope 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 
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publication with color drawing(s) will be provided by the 
Office upon request and payment of the necessary fee. 

FIG. 1 is a schematic diagram of an example system for 
use in quantum computation, in accordance with the present 
disclosure. 

FIG. 2A is a schematic diagram of an example multi-qubit 
architecture, in accordance with aspects of the present 
disclosure. 

4 
information storage. Higher energy states are separated by 
much larger energy separations, and have large transition 
matrix elements, making these states ideal for the informa­
tion processing. 

When biased at a half flux quantum, the lowest transition 
of a fluxonium qubit is an order of magnitude smaller in 
frequency than those to higher levels. Similar to conven­
tional atomic systems, such frequency separation between 

FIG. 2B is a schematic diagram of an example fluxonium 
qubit, in accordance with aspects of the present disclosure. 10 

FIG. 3A is a circuit diagram of an example capacitively­
coupled two-qubit architecture, in accordance with aspects 

computational and non-computational subspaces provides 
the opportunity for independent optimizations of the qubit 
coherence and two-qubit interactions. 

Despite these advantages, conventional thinking has been 
of the present disclosure. 

FIG. 3B is a circuit diagram of an example inductively­
coupled two-qubit architecture, in accordance with aspects 15 

of the present disclosure. 

that fluxonium qubits are hard to manipulate. In addition, it 
has been unclear how to couple multiple fluxonium qubits 
together. By contrast, the present disclosure provides a 
system and method for use in quantum information process-

FIG. 3C is a circuit diagram of an example capacitively­
coupled ID-array qubit architecture, in accordance with 
aspects of the present disclosure. 

FIG. 3D is a circuit diagram of an example capacitively- 20 

coupled 2D-array qubit architecture, in accordance with 
aspects of the present disclosure. 

ing or quantum computation that includes a multi-qubit 
architecture. In addition, it is recognized herein that having 
fluxonium qubits decoupled from the environment is not an 
obstacle to qubit control. Moreover, higher transitions need 
not be ignored as in conventional practice, but may be used 
to achieve high fidelity gates. In some aspects, a con­
trolled-Z (CZ) gate, activated by a microwave irradiation 
driven at a resonance of an excited state, is described for two 
coupled fluxonium qubits. Estimated results shown herein 
demonstrate that intrinsic gate fidelities of over 99.9% may 

FIG. 4A is a graphical illustration showing a circuit 
diagram of a single fluxonium qubit, its lowest three energy 
levels, and magnitudes of charge and flux matrix elements 25 

for transitions between the three energy levels. 
FIG. 4B is a graphical illustration showing a circuit 

diagram of two capacitively-coupled fluxonium qubits and 
corresponding energy spectra in the presence of the inter­
action. 

FIG. 4C is a graphical illustration showing a circuit 
diagram of two inductively-coupled fluxonium qubits and 
corresponding energy spectra in the presence of the inter­
action. 

FIG. SA is a graphical illustration showing (a) frequency 
mismatch and phase accumulation rate versus interaction 
strength, (b) matrix element amplitudes versus interaction 
strength, ( c) transition frequencies and matrix elements at 
fixed interaction strength, and gate error as a function of: ( d) 
gate time for fixed interaction strength, and ( e) interaction 
strength for fixed gate time, with microwave drive being 
applied selectively to one or both qubits of two capacitively­
coupled fluxonium qubits. 

FIG. 5B is another graphical illustration showing (a) 
frequency mismatch and phase accumulation rate versus 
interaction strength, (b) matrix element amplitudes versus 
interaction strength, ( c) transition frequencies and matrix 
elements at fixed interaction strength, and gate error as a 
function of: ( d) gate time for fixed interaction strength, and 
( e) interaction strength for fixed gate time, with microwave 
drive being applied selectively to one or both qubits of two 
inductively-coupled fluxonium qubits. 

FIG. 6 is a flowchart setting forth steps of a process, in 
accordance with aspects of the present disclosure. 

DETAILED DESCRIPTION 

The fluxonium qubit is a superconducting device that is 
formed using a small-area Josephson Junction shunted by a 
series oflarge-area Josephson junctions. As such, the fluxo­
nium qubit combines strong Josephson nonlinearity with 
complete insensitivity to offset charges. In addition, and in 
contrast to the conventional transmon qubits, the fluxonium 
qubit has a strongly anharmonic spectrum, and shares many 
spectral features with a multi-level atomic system. Specifi­
cally, its two lowest energy states can have very long 
coherence times, and are thus suited well for quantum 

be achieved for gate times below 100 ns. 
Turning now to FIG. 1, an example system 100 for use in 

quantum information processing or quantum computation, 
30 in accordance with the present disclosure, is shown. In some 

embodiments, the system 100 may include a controller 102 
and signal input/output (I/O) hardware 104 in communica­
tion with the controller 102. The system 100 may also 
include one or more superconducting quantum processors 

35 106 contained in a housing unit 108. In addition, the system 
100 may also include various interface hardware 110 for 
communicating and controlling signals between the signal 
I/O hardware 104 and the superconducting processor(s) 106. 

The signal I/O hardware 104 may include various elec-
40 tronic systems, hardware and circuitry capable of a wide 

range of functionality. For example, the signal I/O hardware 
104 may include various voltage sources, current sources, 
signal generators, amplifiers, filters, digitizers, mixers, mul­
tiplexers, voltmeters, digital/analog oscilloscopes, data 

45 acquisition cards, digital/analog signal processors, modula­
tors, demodulators, and other equipment. 

In some implementations, the signal I/O hardware 104 
may include one or more microwave sources configured to 
produce and provide microwave irradiation to the supercon-

50 ducting processor(s) 106. The microwave irradiation may be 
configured, in terms of duration, amplitude and frequency, to 
be in resonance with one or more desired transitions. Also, 
the microwave irradiation may be configured to perform 
various gate operations, such as a controlled-Z gate opera-

55 tion for fixed-frequency fluxonium qubits, in accordance 
with aspects of the present disclosure. 

To this end, the controller 102 may direct the signal I/O 
hardware 104 to provide various signals to the supercon­
ducting processor(s) 106, as well as detect signals therefrom 

60 via the interface hardware 110. The controller 102 may also 
control various other equipment of the system 100, such as 
various pumps, valves, and so forth. In some aspects, the 
controller 102 may include a programmable processor or 
combination of processors, such as central processing units 

65 (CPUs), graphics processing units (GPUs), and the like. As 
such, the controller 102 may be configured to execute 
instructions stored in a non-transitory computer readable-
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media. In this regard, the controller 102 may be any com­
puter, workstation, laptop or other general purpose or com­
puting device. Additionally, or alternatively, the controller 
102 may also include one or more dedicated processing units 
or modules that may be configured (e.g. hardwired, or 
pre-programmed) to carry out steps, in accordance with 
aspects of the present disclosure. 

The housing unit 108 is configured to control the envi­
ronment to which the superconducting processor(s) 106 is 
exposed. For instance, the housing unit 108 may include 
various components and hardware configured to control the 
temperature of the superconducting processor(s) 106, as 
well as the liquid and/or gas mixture surrounding the super­
conducting processor(s) 106. In addition, the housing unit 
108 may also be configured to control external noise signals, 
such as stray electromagnetic signals. To this end, the 
housing unit 108 may include various shielding units and 
filters. By way of example, the housing unit 108 may 
include, or be part of, a dilution refrigerator, or other 
low-temperature system or cryostat, that is capable of oper­
ating over a broad range of temperatures, including tem­
peratures less than the critical temperature of the supercon­
ductor materials in the superconducting processor(s) 106 
(e.g. temperatures less than 4 Kelvin). 

The interface hardware 110 provides a coupling between 
the signal I/O hardware 104 and the superconducting quan­
tum processor(s) 106, and may include a variety of hardware 
and components, such as various cables, wiring, RF ele­
ments, optical fibers, heat exchanges, filters, amplifiers, 
stages, and so forth. 

As shown in FIG. 1, the superconducting processor(s) 106 
may include a multi-qubit architecture 112 connected to 
control circuitry 114 by way of various control coupling(s) 
116. The multi-qubit architecture 112 may include a number 
of qubits. In some embodiments, the multi-qubit architecture 
112 includes qubits with an anharmonic energy spectrum, 
and preferably, qubits with a strongly anharmonic energy 
spectrum. Strongly anharmonic energy spectra, in particular, 
have a relative anharmonicity that may be equal to, or 
greater than, approximately 1.5, or equal to or greater than 
3. By contrast, for a qubit with a non-strongly anharmonic 
energy or a weakly anharmonic energy spectrum, the rela­
tive anharmonicity can be close to or less than 1 when 
relative anharmonicity, ra, refers to the ratio between a first 
transition frequency and a second transition frequency of the 
qubit. For instance, the first transition frequency may be the 
frequency to transition from the first excited state to the 
second excited state (i.e. w1 - 2 ), and the second transition 
may be the frequency to transition from the ground state and 
to the first excited state (i.e. w0 - 1), and so ra =w 1 - 2 /w0 - 4 . 

Under other definitions of relative anharmonicity, ra is 
defined as ratio between the detuning and the 0----;, 1 transition 
frequency. That is, ra under an alternative definition can be 
ra=lw1 - 2 -w0 - 1 1/w0 - 1 . Under this alternative definition of 
ra, a weak anharmonicity can be much less than 1, while a 
strong anharmonicity can be least 0.5. 

The control circuitry 114 may be in communication with 
the signal I/O hardware 104, and configured to control qubits 

6 
readout circuitry 118 via readout coupling(s) 120. The 
readout circuitry 118 may be configured to perform readout 
on qubits in the multi-qubit architecture 112, and provide 
corresponding signals to the signal I/O hardware 104. As 

5 non-limiting examples, the readout circuitry 118 may 
include various resonant cavities, logic circuits, as well as 
any number of linear and non-linear circuit elements, such 
as Josephson junctions, inductors, capacitors, resistive ele­
ments, superconductive elements, transmission lines, wave-

10 guides, gates, and the like. 
In some configurations, the multi-qubit architecture 112 

includes two or more fluxonium qubits 200 coupled by one 
or more qubit couplings 202, as shown in FIGS. 2A-B. The 
qubit couplings 202 may include capacitive or inductive 
couplings. Referring specifically to FIG. 2B, each fluxonium 

15 qubit 202 may include small-area, phase-slip Josephson 
Junction 204 connected, in parallel, to a Josephson junction 
array 206 that includes a number of large-area Josephson 
junctions. In some embodiments, the multi-qubit architec­
ture 112 includes a one-dimensional (ID), a two-dimen-

20 sional (2d) or a three-dimensional (3D) array of fluxonium 
qubits. In 

By way of example, FIGS. 3A-B show the circuit dia­
grams of two fluxonium qubits that are coupled capacitively 
by a capacitor CM (FIG. 3A), or inductively coupled by an 

25 inductance LM (FIG. 3B). In another example, FIG. 3C 
shows the circuit diagram of a multi-qubit architecture 
formed using a linear array of capacitively-coupled fluxo­
nium qubits. As shown, the frequency or energy spectrum 
properties of the fluxonium qubits can vary across the array 
to allow two-qubit gate operations, in accordance with 

30 aspects of the present disclosure. For instance, qubit Bin the 
figure has a "medium" frequency levels, and is coupled on 
one side by a qubit A with a "high( er)" frequency level, and 
on the other side by qubit C with a "low(er)" frequency 
level. As shown, the differences in the frequencies of the 

35 excited states may be approximately 800 MHz. In yet 
another example, FIG. 3D shows the circuit diagram of a 
multi-qubit architecture formed using a two-dimensional 
array of capacitively-coupled fluxonium qubits. The fre­
quency spectrum properties of the array can be arranged in 

40 a "checkerboard"-like pattern, where each "medium" fre­
quency qubit is coupled to two qubits having excited states 
with higher frequencies (i.e. "higher" and "highest"), and 
also to two qubits having excited states with lower frequen­
cies (i.e. "lower" and "lowest"). As shown, the differences in 

45 the frequencies of the excited states may span approximately 
2 GHz. As described, other arrangements or topologies, 
including 3D topologies, of capacitively coupled fluxonium 
qubits may be possible. 

Referring now to FIG. 4A, as described, a fluxonium 
50 superconducting circuit generally includes a long Joseph­

son-junction array, with total inductance Lw that shunts a 
phase-slip Josephson junction, where the a=A or B refers to 
each qubit of a two-qubit architecture. The circuit may be 
characterized by three energy scales, namely the charging 

55 energy Ec.a=e2/2Cw the inductive energy EL.a=(h/2e)2/Lw 
and the Josephson energy E1.w where -e is the electron 
charge, Ca is the total capacitance, and h=h/2it is the Planck 
constant. With an external flux <I>ex,.a=(h/2e)(<Pext.w thread­
ing the loop formed by the Josephson junction and the in the multi-qubit architecture 112 by providing various 

control signals thereto. Example control signals include 
microwave irradiation signals, current signals, voltage sig­
nals, magnetic signals, and so on. To this end, the control 
circuitry 114 may include any number of linear and non­
linear circuit elements, such as Josephson junctions, induc­
tors, capacitors, resistive elements, superconductive ele- 65 

ments, transmission lines, waveguides, gates, and the like. 
The multi-qubit architecture 112 may also be connected to 

60 inductance, the Hamiltonian of fluxonium a may be written 
as: 

(1) 



US 10,572,816 Bl 
7 8 

Here, cpa and 1\, are the generalized flux and charge 
(Cooper-pair number) operators that satisfy [ ~wiia]=i. The 
energies of the fluxonium qubit may be selected by tuning 
various characteristics of the fluxonium qubit, such as the 
dimensions of the device, the number of Josephson junctions 5 

in the array, the critical currents of the junctions, and so on. 

As described, qubits may be operated by applying a CZ 
gate, as follows. When V=O, w10- 20=wu=w1-/. A non­
zero V lifts this degeneracy, and the gate can be realized by 
selectively driving Rabi oscillations between states 111 > and 
121>, as shown in FIG. 4B. The state Ill> accumulates an 
extra phase factor of e'"' after one oscillation. If an ideal 

In one non-limiting example of a two-qubit architecture (i.e. 
a fluxonium qubit A coupled to a fluxonium qubit B), the 
energies may be selected such that Ee.,/h=l.5 GHz, Ec.z/ 
h=l.2 GHz, EJ.,/h=5.5 GHz, EJ.I>/h=5.7 GHz, and EL.,/ 10 

h=EL_,/h=l GHz, although other energy values may be 
possible. To note, unlike transmons, it is not required that 

pulse shape f(t) is assumed, when other transitions (e.g. 
110>----;.120>) are not affected, the computational subspace 
{IOO>,101>,11O>,lll>} can evolve according to the CZ gate 
operator Ue2 =diag(l,1,1,-1) up to single-qubit Z gates. 

The hierarchy of single-qubit na,-f,(as shown in FIG. 4A) 
has two important consequences: (i) Hdrive couples stronger 
to the ll>----;.12> transition than to the 1O>----;.I l>; (ii) V leads 
to much stronger hybridization (level repulsion) between 
noncomputational states 121> and 112> (FIG. 4B) than 
computational ones because n1-/ n1-/>>n0-/ n0-/ 

EL a/Ee a is large because fluxonium qubits are insensitive 
to 

0

charge noise. 
When biased at one half of magnetic flux quantum 15 

( <Pext a =it), the fluxonium is at its sweet spot with respect to 
the flux noise. The corresponding potential energy is shown As a result, the second-order correction to the energy of state 

121> is larger, by a factor of several hundred, compared to 
those to the energies of states 110> and Ill>. Since 
n0- 2 "'=n2- 2 "'=O, the state 120>0 does not acquire the per­
turbative shift from nearby levels 102>0,121>0, and 112>0, 

in FIG. 4A, along with three lowest eigenenergies Ek"' and 
eigenfunctions lka>. The lowest two levels may be used as 
the qubit computational states. They are the symmetric and 20 

antisymmetric combinations of the states localized at the 
two potential minima. The splitting between them is deter­
mined by the tunneling rate between the wells, which gives 
relatively small w0- 1"'/2it-5OO MHz, where w,-/=E/­
E,"')/h is the frequency of the lia>----;.lfa> transition. On the 25 

other hand, w1- 2"'----;,/2it-5 GHz, which facilitates strong 
coupling and fast gates. 

making Wu-21 "'W10-20· 
The gate rate, characterized by the frequency mismatch 

li.w=wu-21 -w10- 20, increases with decreasing 1\=lw1-/­
w1-/I, which is approximately 248 MHz for the above­
described selection of parameters. In general, smaller 8 may 
lead to faster and better performing gates. A conservative 
choice of 1\-250 MHz may be motivated by device fabrica­
tion uncertainty in a physical implementation of the CZ gate. 
In some aspects, the two-qubit Hamiltonian of Eqn. 2 may 
be numerically diagonalized at Hdrive =O, to determine li.w 

The hierarchies of single-qubit transition frequencies and 
matrix elements of flux and charge of qubit A are shown in 
4A. Each fluxonium level has a well-defined even or odd 30 

parity with respect to cp----;,-cp, implying selection rules for 
matrix elements, which are exactly zero for two levels of the 
same parity. Thus, cp0- 2 "'=fio-2 "'=O, where 
0,-/=1ia10a1fa::1 is the magnitude of the single-qubit 
matrix element (O=cp or ii). Among the allowed transitions, 
cp0- 1"'scp1- 2"' and n0- 1"'<<n1- 2"', where fio- 1"' is sup­
pressed due to relatively weak tunneling between the wells. 
The relation between the charge and flux matrix elements 
can be found by computing [ ~,i't co)], which yields 
w,-f"'cp,-f"'=S Ee.an,-f"'· 

As described, in some implementations, fluxonium qubits 
may be capacitively coupled via a capacitor CM Referring 
specifically to FIG. 4B, the Hamiltonian of such two-qubit 
system may be written as 

(2) 

where Vis the qubit-qubit interaction and Hdrive describes 
the external microwave drive. In the limit CM<<C A,CB, one 
may obtain 

(3) 

where na is the total charge on Ca and the corresponding 
side of CM It is noted that CM also slightly renormalizes 
Ee a· For simplicity, it may be assumed that the drive is 
dir~ctly applied to the qubits: 

(4) 

In Eqn. 4, f(t) describes the shape or amplitude of the 
microwave pulse, and 11A.I> are the effective strengths of 
qubit couplings to the microwave field. 

The notation lkl> may be used for an eigenstate ofH with 
Hdrive =O, which may be adiabatically connected to the 
non-interacting eigenstate lkl>0=1kA>llB). The notation 
na,-f may be extended to two-qubit transitions, where 
li>=lkl> and lf>=lk'l'>, and wkZ-k'Z' represents the frequen­
cies of such transitions. 

and nkZ-k'Z'a as a function of the interaction strength le. 
These results are shown in graphs (a) and (b) of FIG. SA. As 
shown, li.w increases monotonically with increasing le 

35 (solid line in graph (a)). In addition, li.w increases much 
faster than li.c =w00- 01 -w10-u, the phase accumulation rate 
in the computational subspace. The on-off ratio of the CZ 
gate is ti.co/ li.c-1OO for the selected parameters. 

The matrix elements panel (graph (b) in FIG. SA) illus-
40 trates strong mixing between 112>0 and 121>0. While 

n10- 20A,.,n1-/ at finite 10 the value ofnu-21A decreases 
with increasing le since the dressed state 121> is a super­
position of non-interacting states 112>0 and 121>0. For the 
same reason, nu-21B,.,o for le;,0. Graph (c) of FIG. SA 

45 illustrates how much other transitions with frequencies close 
to Wu-21 may be activated because of the finite width of the 
drive spectrum. Specifically, since nu-2/>>n10- 20B 
undesirable activation of 110>----;.120> can be suppressed by 
applying the drive selectively to qubit B (17A=O). Notewor-

50 thy, certain matrix elements nkZ-k'Z'"', remain equally zero 
for V ;,O. All two-qubit levels lkl> can be separated into two 
families depending on the parity ofk+l. To higher orders, V 
mixes only levels with the same parity ofk+l, while iia only 
connects levels with different parities of k+l. Also, 

55 n10- 12 "'=O when le;,0, while n10- 02 B ;,O. 
To model the gate operation, the evolution operator U(t) 

may be obtained by integrating numerically iho(t)/ot=HU(t). 
For a desired gate time tg, a Gaussian envelope may be 
considered for the drive, namely f( t )= A { exp[ -St( t-tg)/t/]-

60 1 }, where A and the drive frequency wd may be optimized 
within a 15 MHz window, for example, around Wu-21 . In 
some implementations, more complicated pulses generated 
using optimal control theory or other periodic excitations of 
qubits, such as SFQ pulses, may also be applicable. The 

65 evolution operator in the two-qubit computational subspace 
may be represented by a non-unitary 4x4 matrix Uc defined 
by its matrix elements [Uclkz,k'l'=<kllU(tg)lk'l'>, where lkl>, 
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lk'l'>E{I00>,101>,110>,lll>}. To compare Uc with the ideal 
operator Ucz, two instant single-qubit Z-rotations may be 
applied to get U '=U U where U =diag[l ee,o<1>o1 ee,o<1>o1+ 

C Z c, Z,., ' ' 

eioq,
1
], 0<h1=ch1-cp00 , and cpk1=-arg{[U clkz.kz}. The averaged 

gate fidelity may then be calculated according to: 

(5) 

The gate error 1-F as a function oftg and le is shown in 
graphs (d) and (e) of FIG. SA, where the microwave drive 
is applied to both qubits (llA=rJB=l, solid lines, as a worst­
case scenario without local microwave control lines for each 
qubit), and selectively to qubit B (17A=0, 17B=l, dashed 
lines). As seen from the figure, the gate error is lower in the 
second case. When the drive is applied to both qubits, lJh 
may be greater than or approximately equal 200 MHz to 
achieve the 99% fidelity threshold within tg =100 ns. For the 
selective drive of a single qubit, the same interaction 
strength of 200 MHz leads to the 99% fidelity for a shorter 
gate time of 50 ns, and a 99.9% fidelity is possible at tg'90 
ns. A 99.9% threshold can be achieved at tg =50 ns for both 
designs provided le is sufficiently large. Gate error can be 
reduced further with more advanced microwave-pulse shap­
ing. 

As shown in FIG. 4C, an inductive coupling may be used 
for fluxonium qubits via a mutual inductance LM<<LA, LB. 
The interaction V in Eq. (2) may have the form: 

(6) 

and EL a is the renormalized inductive energy. The interac­
tion effects within the computational subspace are important 
for inductive coupling. Nevertheless, this does not affect the 
phase accumulation rate li.c since nonzero contributions 
from repulsion between computational levels exactly cancel 
in !i.e. Moreover, similarly to the capacitive coupling, 
li.c<<li.w (graph (a) in FIG. 5B), allows for the same CZ gate 
by driving at w11 - 21 . The frequency mismatch li.w now 
occurs primarily because of the repulsion between 110>0 and 

10 
cross-talks and state leakage, but may necessitate fine-tuning 
of single-qubit gates or tunable couplers. 

This disclosure suggests that fluxonium qubits, or similar 
strongly anharmonic inductively shunted qubits, can be a 

5 potential upgrade to the mainstream transmons as building 
blocks for a large quantum information processor. While 
transmon qubits face the challenges of anharmonicity-lim­
ited gate speed and a lifetime limited by surface material 
(Tl <l 00 µs ), a fluxonium biased at half flux quantum can 

10 provide coherence times of hundreds of microseconds. In 
addition, coherence times could be further improved beyond 
1 millisecond based on state-of-the-art values of the surface 
loss tangent and the 1/f flux noise amplitude. 

The extraordinary lifetime of the fluxonium 10>----;.ll> 
15 transition is partially enabled by nature of its very low 

(sub-GHz) frequency. Rather than a weakness for quantum 
computation, this feature can be a virtue. Specifically, the 
energy relaxation rate due to dielectric loss is proportionally 
slower at low frequencies at a constant Q-factor (in fact, Q 

20 usually improves at lower frequencies). In addition, 
although fluxonium qubits operate in a relatively "hot" 
environment due to their low qubit frequency, a practical 
quantum processor will likely employ an active qubit state 
initialization, such as measurement feedback for either rapid 

25 reset or suppressing non-equilibrium excitations. The fidel­
ity of the state initialization directly benefits from long Tl 
time. 

As explained, the present CZ gate is made possible by the 
rich energy level structure of fluxonium qubits, and separa-

30 tion of its well-protected memory space from strongly­
interacting states. However, the present concept is not lim­
ited to fluxonium qubits, and may be applied to other 
strongly anharmonic qubits with a hierarchy of transition 
matrix elements, such as variants of flux qubits. In practice, 

35 the performance of the proposed CZ gate will likely depend 
on qubit coherence times and will likely be limited by the T2 
time of the 12> state, which is accessed during the gate. 
Because the approximately 5 GHz ll>----;.12> transition is 
similar to transmon transitions, it should be possible to 

IO 1 > 0 rather than 121 > 0 and 112> 0 , as illustrated by the wavy 
line in FIG. 4C. This can be seen in the matrix elements of 
graph (b) in FIG. 5B. In contrast to capacitive coupling, 
n 11 - 21B does not grow as fast with the interaction strength, 
while n10- 20A decreases. The transition 110>----;.102> 
acquires a relatively large matrix element, allowing for 
another way of activating the CZ gate. Driving this transition 
can be advantageous since it can be better separated in 45 

frequency from other allowed transitions (graph (c) in FIG. 
5B) for the parameters selected. In this case, state 110> 
changes sign, while other states are nearly unaffected, and an 
additional Z"' =diag(l ,e'"') gate applied to qubit A will reduce 
the gate to its standard form U cz· 

40 achieve T2 time on the order of 50 µs with today's tech­
nology, limiting incoherent error to less than 0.1 %. There­
fore, the CZ gate for fixed-frequency fluxonium qubits 
provides a quite promising pathway towards the long-
coveted 99.9% fidelity two-qubit gates. 

Referring now to FIG. 6, a flowchart is shown setting 
forth steps of an example process 600 for use in a quantum 
computation, in accordance with the present disclosure, is 
shown. Steps of the process 600 may be carried out using 
any suitable device, apparatus or system, such as systems 

50 described herein. Also, steps of the process 600 may be 
implemented as a program, firmware, software, or instruc­
tions that may be stored in non-transitory computer readable 
media and executed by a general-purpose, programmable 
computer, processor or other suitable computing device. In 

Gate errors for the inductive coupling are shown in graphs 
( d) and ( e) of FIG. 5B. If the selective single-qubit drive is 
not possible, then driving at w10- 02 may be a better option 
than driving at w11 - 21 . The selective drive at w11 - 21 further 
reduces the gate error at a reasonably small interaction 
strength (1L/h<20 MHz) or short gate time (tg<60 ns). The 
non-monotonic behavior in the gate fidelity [solid and 
dashed line in graph (e)] may be explained by a decrease in 
separation between w01 - 02 and w11 - 21 with increasing lL/h 
and a relatively large value n01 - 0 /. 

55 some implementations, steps of the process 600 may also be 
hardwired in an application-specific computer, processor or 
dedicated module. 

The process 600 may begin at process block 602 with 
steps for producing and providing one or more supercon-

60 ducting quantum processor(s) with a multi-qubit architec­
ture. As described, the multi-qubit architecture may include 
two or more coupled qubits, such as fluxonium qubits. To 
this end, process block 602 may include various steps of 

As shown, inductive and capacitive interactions between 
two fluxonium qubits can produce gate fidelities of 99.9% 
within 100 ns gate times. In some implementations, capaci­
tive coupling scheme may be easier to realize but may 
necessitate controlling the drive amplitude at both qubits, 65 

similar to the operation of the cross-resonance gate. On the 
other hand, an inductive coupling is much less sensitive to 

designing and fabricating qubits with desired properties, 
including target qubit energies (e.g., EJ, Ee, EL), qubit 
addressability, qubit types and coupling strengths, and so 
forth. Once produced, qubits in the multi-qubit architecture 
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may be characterized, as indicated by process block 604, to 
verify that the desired properties. For instance, qubit spec­
troscopy techniques may be used to identity the energy 
spectra and transitions of the qubits. 

12 
a microwave source connected to the at least one super­

conducting quantum processor, and configured to pro­
vide a microwave irradiation to at least one of the 
coupled qubits in the multi-qubit architecture to per­
form a multi-qubit gate operation on the at least one of 
the coupled qubits; and 

a controller configured to direct the microwave source to 
provide the microwave irradiation to at least one of the 
coupled qubits in the multi-qubit architecture. 

2. The system of claim 1, wherein the multi-qubit archi­
tecture comprises two or more fluxonium qubits. 

3. The system of claim 2, wherein the two or more 
fluxonium qubits are capacitively or inductively coupled. 

4. The system of claim 1, wherein the multi-qubit archi-

Then, at process block 606, a calibration of the micro- 5 

wave irradiation for a multi-qubit gate may be performed. In 
particular, the calibration may include determining the fre­
quency, duration, and shape of microwave irradiation nec­
essary to perform a controlled-Z gate, and achieve qubit 
control, as desired. For instance, the calibration may be used 10 

to determine a microwave irradiation that selectively drives 
Rabi oscillations between an initial state and a final state of 
one, or both, qubits in a two-qubit architecture. As 
described, the induced transitions may be between a first 
excited state and a second excited state. In some aspects, the 
determined microwave irradiation may be configured to 
induce a predetermined phase factor, such as en, for 
example, in a target qubit state. By way of example, the 
microwave irradiation may include a pulse ( e.g. a Gaussian 
pulse) with a drive frequency between approximately 3 GHz 
and approximately 7 GHz, and duration between approxi­
mately 10 and approximately 100 ns, although other values 
may be possible. In some aspects, the drive frequency may 

15 tecture comprises a one-dimensional array of fluxonium 
qubits that are capacitively coupled together, wherein a first 
transition frequency ( co 1 - 2 ) of neighboring qubits differs by 
up to approximately 800 MHz. 

5. The system of claim 4, wherein at least one of the 
20 fluxonium qubits in the one dimensional array is capaci­

tively connected to the microwave source. 

be within a frequency window (e.g. approximately 25 MHz, 
or less) around a state transition. As described, the micro­
wave irradiation may also include more complicated pulses 
(e.g. generated using optimal control theory) or other peri­
odic excitations of qubits (e.g. SFQ pulses). 

6. The system of claim 1, wherein the multi-qubit archi­
tecture comprises a two-dimensional array of fluxonium 
qubits that are capacitively coupled together, wherein a first 

25 transition frequency ( co 1 - 2 ) of neighboring qubits differs by 
up to approximately 2 GHz. 

In some aspects, a randomized benchmarking process 
may be carried out, as indicated by process block 608. A gate 30 

fidelity may then be estimated, and a determination made 
whether the gate fidelity exceeds a predetermined threshold, 
as indicated by decision block 610. For example, the pre­
determined threshold may be 90% or more specifically 99%, 
although other values may be possible. 35 

If the estimated gate fidelity does not exceed the prede­
termined threshold, an optimization may be performed at 
process block 612, and the calibration step at process block 
606 may be repeated. The optimization may include various 
techniques, including Nelder-Mead, CMA-ES, and so on. If 40 

the estimated gate fidelity exceeds the predetermined thresh­
old, a pair-wise qubit quantum process tomography may be 
performed, as indicated by process block 614. In some 
aspects, the gate performance may be evaluated at decision 
block 616. Should gate performance be acceptable, the 45 

superconducting quantum processor(s) may be used to per­
form various quantum computation steps, as indicated by 
process block 618. Otherwise, the calibration step at process 
block 606 may be repeated, as shown in FIG. 6. In some 
cases, the superconducting quantum processor(s) may be 50 

re-designed or fabricated, beginning with process block 602. 
As used herein, the terms "about," "approximately," and 

other equivalents, when used in relation to one or more 
nominal values, may include the specified nominal value(s) 
and variations of up to 10% from the specified nominal 55 

value(s). 
The present invention has been described in terms of one 

or more preferred embodiments, and it should be appreciated 
that many equivalents, alternatives, variations, and modifi­
cations, aside from those expressly stated, are possible and 60 

within the scope of the invention. 
The invention claimed is: 
1. A system for controlling qubits to perform quantum 

computation, the system comprising: 
at least one superconducting quantum processor compris- 65 

ing a multi-qubit architecture having coupled qubits 
that are described by an anharmonic energy spectrum; 

7. The system of claim 6, wherein at least one of the 
fluxonium qubits in the two-dimensional array is capaci­
tively connected to the microwave source. 

8. The system of claim 1, wherein the controller is further 
configured to perform a calibration to determine a frequency, 
a duration and an amplitude of the microwave irradiation. 

9. The system of claim 1, wherein the multi-qubit gate 
operation is a controlled-Z gate operation. 

10. A method for controlling qubits to perform quantum 
computation, the system, the method comprising: 

providing at least one superconducting quantum proces­
sor compnsmg a multi-qubit architecture having 
coupled qubits that are described by an anharmonic 
energy spectrum; 

generating, using a microwave source connected to in the 
multi-qubit architecture, microwave irradiation that is 
configured to perform a multi-qubit gate operation on 
the at least one of the coupled qubits; and 

delivering the microwave irradiation using control cir­
cuits connected to the multi-qubit architecture and the 
microwave source. 

11. The method of claim 10, wherein the multi-qubit 
architecture comprises two or more fluxonium qubits. 

12. The method of claim 11, wherein the two or more 
fluxonium qubits are capacitively or inductively coupled. 

13. The method of claim 10, wherein the multi-qubit 
architecture comprises a one-dimensional array of fluxo­
nium qubits that are capacitively coupled together, wherein 
a first transition frequency (w 1- 2 ) of neighboring qubits 
differs by up to approximately 800 MHz. 

14. The method of claim 13, wherein at least one of the 
fluxonium qubits in the one dimensional array is capaci­
tively connected to the microwave source. 

15. The method of claim 10, wherein the multi-qubit 
architecture comprises a two-dimensional array of fluxo­
nium qubits that are capacitively coupled together, wherein 
a first transition frequency (w 1- 2 ) of neighboring qubits 
differs by up to approximately 2 GHz. 

16. The method of claim 15, wherein at least one of the 
fluxonium qubits in the two-dimensional array is capaci­
tively connected to the microwave source. 



US 10,572,816 Bl 
13 

17. The method of claim 10, wherein the method further 
comprises performing a calibration to determine a fre­
quency, a duration and an amplitude of the microwave 
irradiation. 

18. The method of claim 10, wherein the multi-qubit gate 5 

operation is a controlled-Z gate operation. 
19. The method of claim 10, wherein the method further 

comprises driving Rabi oscillations between excited states 
of the coupled qubits in the multi-qubit architecture. 

20. The method of claim 10, wherein a relative anharmo- 10 

nicity of the anharmonic energy spectrum, defined by a ratio 
between a first transition frequency (w 1 - 2 ) and a second 
transition frequency (w0 - 1), is greater than approximately 
1.5. 

* * * * * 
15 

14 


