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We consider two aspects of isolation of a Josephson flux (charge-flux) qubit from the external dissi-

pative electromagnetic environment: (i) selecting an optimal topology of the superconducting qubit

circuit and (ii) passive filtering of Planck radiation at the input of the qubit-state detection circuit.

When reading the state of a macroscopic quantum object (“Schr€odinger’s cat”) with the weak con-

tinuous measurement technique, the coupling to the environment, both direct and through the con-

nected circuits, is the cause of the rapid loss of coherence of the superposition states. The

coefficients of coupling to the external electromagnetic environment are discussed, as well as the

problem of their minimization for flat (2D) and bulk (3D) designs of the qubit quantization loops.

The analysis of the characteristics of low-temperature combined broadband filters designed to

effectively reduce the electromagnetic noise in the control and measurement circuits is carried out.

It is shown experimentally that a cryogenic Cu–CuO powder filter installed directly into the meas-

uring circuit results in a significant suppression of the back action of a cooled HEMT amplifier to

the qubit. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935839]

1. Introduction

One of the main physical problems in development of

quantum circuitry that determines the fundamental possibil-

ity of building a workable quantum computer is achieving a

sufficiently long lifetime of the coherent state of each qubit

to allow completion of quantum computations and measure-

ment of the final state of the qubit. The fundamental limit of

the minimum decay time of the coherent state of a Josephson

qubit su is determined by quantum fluctuations, resulting in

radiative decay. The process of weak continuous quantum

measurements,1–4 associated with obtaining even a small in-

formation about the energy state of the qubit, is coupled with

an increase in the decoherence rate according to

Heisenberg’s uncertainty principle. Coupling of the qubit

with dissipative external control circuits (gates) through the

external magnetic flux Ue and microwave fields results in

additional decoherence, i.e., the loss of phase relations

between the superposed components of the wave function.

Employing filters cooled down to mK temperatures in

the measurement circuit5,6 and weakening the coupling coef-

ficients between the flux (charge-flux) qubit and the selective

control circuits on the magnetic flux (charge) allows to

reduce the effective temperature of the qubit to the refrigera-

tor temperature of 10 mK (thermalize qubit).7,8 In commonly

used filters based on oxidized copper powder Cu-CuO,5 high

attenuation is attained in a wide frequency band due to the

effective absorption of electromagnetic waves by normal-

metal particles, which fill a section of a coaxial line. In some

cases, the filter operation can be optimized by changing the

intergrain capacitance and the resistivity of the grains by

1063-777X/2015/41(11)/7/$32.00 VC 2015 AIP Publishing LLC867

LOW TEMPERATURE PHYSICS VOLUME 41, NUMBER 11 NOVEMBER 2015

http://crossmark.crossref.org/dialog/?doi=10.1063/1.4935839&domain=pdf&date_stamp=2015-11-01


using powders of other materials (bronze, stainless steel).9,10

Combined filters and chains of miniature cryogenic fil-

ters5,6,10–13 based on thin-film meanders and wire spirals

allow to achieve a total attenuation of �200 dB. The cutoff

frequency of the filter is greatly reduced by adding lumped

capacitance to such circuits (forming Pi-filters). Note that

negligible dc losses in the dissipative filters based on a

superconducting wire with a resistive shell allow currents up

to 50 mA, when they are mounted in a dilution refrigerator

with a temperature T � 10 mK.9 In this study it was shown

that for frequencies above 45 MHz, the noise spectrum of

such a Pi-filter corresponds to equilibrium radiation with T
� 10 mK. At frequencies below 45 MHz, the excessive noise

can be effectively suppressed by filters with lumped parame-

ters. In Ref. 14, filters designed to isolate pulse-control cir-

cuits have been considered. At T ¼ 4.2 K, the filters showed

80 dB attenuation and wave impedance Zx �50 X at 10

GHz. The absence of excess noise when using a stripe filter

Zx � 50 X mounted directly on the dilution chamber of a re-

frigerator at T ¼ 25 mK has been shown in Ref. 15.

Recently, it has been proposed to use a three-section filter

design for a large number of control lines.16 This approach is

interesting from the point of view of filtering the control

gates when studying the dynamics of multiple qubits.

As shown by the above experimental results, flux qubits

can be sufficiently well isolated from the control circuitry

both for low-frequency and pulse signals. For example, since

the rate of decoherence of a qubit s�1
u due to the energy of

thermal fluctuations kBT in the control circuit for flux Ue

with a resistance R is proportional to the square of mutual in-

ductance M between them7

s�1
u � M2p3ðRQ=RÞðEJ=U

2
0Þ

2ðkBT=�hÞ; (1)

the filter proposed in Ref. 9 allows to reduce it by almost

two orders of magnitude by increasing the control current by

an order of magnitude. Here RQ ¼ h/e2 � 25.8 kX is the

quantum resistance, h ¼ 2p�h is the Planck constant, e is the

electron charge, U0 ¼ h/2e � 2.07� 10�15 Wb is the

magnetic flux quantum, and EJ ¼ IcU0/2p is the Josephson

energy of a junction with the critical current Ic. The rate of

decoherence of a qubit coupled to a resonant circuit, which

has been discussed in detail in Ref. 8, cannot be reduced in a

similar way since M for this circuit is fixed by the condition

of optimum matching the signal/noise ratio of the measuring

channel. Coupling of a large number of superconducting

qubits comprising the quantum computer circuitry with the

electromagnetic environment can form a complex nonlinear

system with additional decoherence effects. Therefore nowa-

days, in the process of development and design of

“hardware,” the search for optimal solutions for the measure-

ment channel and the suppression of direct coupling of a

superconducting flux qubit with the dissipative environment

are important tasks of quantum-circuitry engineering.

In this paper we discuss the topology of a flux qubit and

the passive filtering of the measurement channel to isolate

the quantum system during the measurements.

2. Isolation of a superconducting flux qubit through its
topology

A Josephson qubit is a quantum-coherent macroscopic
object, the coupling of which to external electromagnetic fields

via emission (absorption) of photons is determined by its size

and topology. In the simplest case, a flux qubit (Fig. 1(a)) con-

sists of a superconducting loop of size b � b with a geometric

inductance L, closed by a single Josephson junction with a crit-

ical current Ic. The supercurrent in the loop is related to the

phase difference of the order parameter at the Josephson junc-

tion through the equation Is ¼ Ic sin u, where u ¼ 2pU/U0 is

the phase difference at the contact and U is the magnetic flux

through the loop. Thus, a flux qubit is formally described by

the same Hamiltonian as an rf SQUID quantization loop:

H ¼ U� Ueð Þ2

2L
� EJ cos uþ q2

2CJ
: (2)

Here, Ue is the external magnetic flux applied to the qubit

and q is the polarization charge on the Josephson junction

(a) (b) (c)

(d) (e)

FIG. 1. Schematic topologies of the superconducting loops of flux qubits (crosses denote the Josephson junctions): dipole design with a large magnetic

moment (pseudo qubit) (a); qubit with a quadrupole loop (b); quadrupole spiral loop, hbi�10 lm (c); three-junction qubits with a low magnetic moment,

b� 1 lm (d); 3D toroidal qubit decoupled from the electromagnetic environment (e).

868 Low Temp. Phys. 41 (11), November 2015 Shnyrkov et al.



capacitance CJ. In a single-junction rf SQUID and flux qubit,

the last term vanishes. The energy of a flux qubit, which is

defined by the first two terms of Eq. (2), will have two

degenerate states corresponding to two oppositely directed

currents when the external flux Ue ¼ U0/2 and the following

condition is satisfied:

bL ¼ L=LJ ¼ 2pLIc=U0 > 1: (3)

For a tunnel junction with Ic � 1 lA, the above condition is

satisfied (similar to the hysteresis mode of an rf SQUID) for

a sufficiently large geometric inductance of the qubit L �
3� 10�10 H.

Quantum coherent transitions between two degenerate

states may occur when using a Josephson tunnel junction

with a negligible quasiparticle current17 and low capacitance

CJ, which plays the role of mass in the quasi-classical equa-

tion of motion. For quality tunnel junctions Nb-AlOx-Nb and

Al-Al2O3-Al with Ic � 1 mA and resistance RT ¼ D(0)RQ/

(8EJ) � 4.7 kX and 0.31 kX for niobium and aluminum junc-

tions, respectively, the self-capacitance of the junction is in

the range CJ ¼ 1–10 fF.

When designing a qubit, the height of the “cosine”

potential barrier DU � LIc � bL (2) is chosen so that the

probability of an over-the-barrier transition due to the energy

of thermal fluctuations, which is proportional to exp(�DU/

kBT), is small, while the tunneling rate remains significant.

Under these conditions, the degenerate energy levels of two

classically uncoupled wells become split by dE01 ¼ E1 � E0

(caused by the current oscillations due to coherent tunnel-

ing), forming a quantum superposition of two ground states

in a symmetric potential

jWi ¼ aj0i þ bj1i (4)

with equal coefficients a ¼ b ¼ 2�1/2.

For not too deep wells (1.5 > bL > 1), the current oscilla-

tion frequencies, taking into account the capacitance of the tun-

nel junction, can be f ¼ dE01/h ¼ 3–10 GHz. Due to the high

values of inductance required (Eq. (3)) and circulating currents

IS, the magnetic moment in a single-junction flux qubit reaches

macroscopic values lS � 109–1010 lB (a macroscopic quantum

system with pseudospin 10�12–10�13 J/T).18 Here lB ¼
0.93� 10�23 J/T is the Bohr magneton. Compared to other

solid-state qubits, such macroscopic magnetic moments are

well-measurable. However, the cost to pay is strong interaction

with the external electromagnetic environment and, as a conse-

quence, an increase in the decoherence rate.

For a film (2D) qubit design with a linear contour

dimension b ¼ S1/2 and inductance L � 1.25 l0b ¼ 3� 10�10

H for b� w (Fig. 1(a)), we obtain b � 190 lm. For the fre-

quencies of state superposition f � 10 GHz, the qubit size is

significantly smaller than the length of the electromagnetic

wave in a vacuum, b � k ¼ c/f, and for the calculation of

decoherence rate due to radiation (absorption) of energy, it

can be considered as a point magnetic dipole. Analysis in

this limit and numerical evaluation, carried out in Ref. 19,

show that the rate of decoherence only due to the emission

of photons is s�1
u � 107 s�1. Taking into account an addi-

tional contribution to the decoherence rate due to the absorp-

tion of photons (see below) of the external electromagnetic

field with extremes at b/k ¼ 1, 1.5, 2,… gives even greater

value s�1
u � 108 s�1. Therefore, the design shown in Fig.

1(a), is a pseudo qubit due to the radiation losses �j€lSj2.

Isolation of flux and charge-flux qubits20–22 with large

magnetic moments lS can be improved by switching to the

topology proposed by Zimmerman23 for rf SQUIDs (Fig.

1(b)). In this loop geometry, almost identical currents flow

in opposite directions, the total magnetic moment tends to

zero, and the coupling between the qubit and external envi-

ronment is limited to a weak magnetic quadrupole radiation

(absorption). However, it should be noted that due to the

asymmetric effect of the control and signal registration cir-

cuits, the magnetic moment of the qubit remains finite, usu-

ally dlS/lS � 0.1. Further reduction of the magnetic moment

lS of a qubit with large inductance L � n2 hbi can be

achieved by adopting a spiral 2D topology (Fig. 1(c)), for

which the characteristic size can be hbi�10 lm. However,

even in this case it is necessary to take into account the

reduction of design symmetry due to coupling with external

circuits.

Dramatic reduction of the magnetic moment and high

coefficients of qubit isolation from the external environment

are automatically realized in a film (2D) qubit with three

Josephson junctions, proposed in Ref. 24 (Fig. 1(d)). Linear

size of the qubits with three Josephson junctions, their induct-

ance and circulating current are sharply reduced: b � 1–5 lm,

L ¼ 10�12–10�11 H, U ffi Ue,
25 so the decoherence due to

radiation (absorption) of photons becomes insignificant. For

example, for a three-junction qubit, a formal estimate of s�1
u

due to the coupling with dissipative environment shows24 that

for b � 1 mm, f ¼ dE01/h � 10 GHz and the circulating cur-

rent of 1 nA, the decoherence rate s�1
u � 10�7 s�1. However,

internal decoherence sources arising due to specific imple-

mentation of a micron-size flux qubit, the effect of control

and signal detection circuits result in a substantial increase in

the rate of relaxation and decoherence.26 In addition, the use

of flux qubits with inductance L � 10�12 H in the quantum

interface complicates the implementation of the concept of an

ensemble of strongly coupled qubits.

The importance of optimization of a qubit and delicate

design of the signal detection circuit has been shown in

Refs. 27 and 28 for the Josephson junctions shunted with

additional capacitance, which were loosely coupled to the

electromagnetic field of high-Q bulk 3D resonators with nat-

ural frequencies �hxT 	 kBT. In an optimally isolated design,

a total lifetime of the coherent superposition of su � 10�4 s

has been found experimentally

s�1
u ¼ s�1

u0 þ ð2s1Þ�1; (5)

where su0 is the pure phase decoherence time and s1 is the

energy relaxation time.

Fig. 1(e) shows schematics of a qubit with a toroidal 3D

loop closed by a Josephson junction. In this arrangement, the

superconducting loop of the qubit is virtually isolated from

the external electromagnetic environment. Coupling of the

qubits with the environment through the wires of the control

circuits (TEM-mode) is suppressed by ladder-type filters.

Radiation at the frequencies below the critical (fc
�1.75� 108/d, waveguide modes) virtually does not reach

the cavity with the qubit due to a large ratio of the length l to

the diameter of the holes: l/d � 8 (Fig. 1(e)). In the actual
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circuit, the coupling of such qubit with other qubits and the

measurement path is achieved by using a superconducting

coaxial cable connected directly to the case and preventing

the penetration of external electromagnetic fields through a

hole in the case. The high-frequency part of the spectrum,

from the millimeter waves to visible range, is effectively

suppressed by cooled dissipating powder filters (Refs. 9–16,

see details below).

Replacing the tunneling Josephson junction with a con-

tact of ScS type, modifies condition (3) due to the unusual

current-phase relation,29,30 which in the limit of low temper-

atures has the form:

Is ¼ Ic sin
u
2

sgn sin u½ 
: (6)

Due to this unusual dependence, for a qubit with an ScS-type

junction, a double-well potential can be obtained at lower

critical currents (formally for bL < 1)

U U;Ueð Þ ¼ U� Ueð Þ2

2L
� EJ cos

u
2

�
�
�

�
�
�; EJ ¼

IcU0

2p
: (7)

This property of the potential (7) allows a significant

increase in the tunneling rate and reduction of the magnetic

moment lS of a flux qubit (and radiation intensity) by reduc-

ing the area of the barrier (quantum-mechanical action) and

the magnitude of the circulating current. The set of the

dependences of the potential energy U(U) of a superconduct-

ing loop closed by an ScS contact, for different values of the

parameter bL, which is proportional to the critical current Ic,

is shown at the degeneracy point Ue ¼ U0/2 in Fig. 2.

Calculations31 show that, at a temperature of 10 mK (the

temperature at which the following measurements on a

charge-flux qubit with a dissipating powder filter were per-

formed) the height of the potential barrier DU exceeds the

energy of thermal fluctuations kBT already starting from bL

> 0.055. For a qubit inductance Lq ¼ 785 pH, it corresponds

to the condition Ic > 23 nA, which is satisfied with a large

margin. Note that smearing of the top of the barrier, calcu-

lated by the method described in Ref. 32, is negligible for

the indicated parameters, which validate the use of Eqs. (6)

and (7), which were derived, strictly speaking, at zero

temperature.

Due to the high screening coefficient of the external

electromagnetic fields, rf SQUIDs with toroidal quantization

loops were used by us in the studies of sensitivity in the

hysteresis-free bL < 1 and hysteresis bL > 1 regimes33–35

FIG. 2. Normalized potential energy of the superconducting loop with an

ScS-contact as a function of the dimensionless magnetic flux in the loop for

vanishing temperature.

FIG. 3. Block diagram of the measuring path for weak continuous quantum

measurements of the state of a flux qubit. 1—excitation generator, induc-

tively coupled to the qubit Lq; 2—qubit; 3—LTCT tank circuit or resonator;

4—dissipative powder filter; 5—cooled amplifier; 6—electronic signal

detection circuit located at room temperature. M1 and M2—mutual

inductances.

. .
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FIG. 4. Coaxial partitioned powder filter: design (a); simplified equivalent circuit (b); frequency dependences of the damping coefficients measured at T ¼ 290 K

(c): 1—coaxial cable AcAc20 of 3 m length, 2—the same cable of 1 m length, 3—coaxial partitioned powder filter of 10 cm length, 4—the same filter of 3 cm

length.
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and in the study of the macroscopic (including the resonant)

tunneling.36

Using a modified 3D toroidal loop (with a reduced geo-

metrical capacity and the parameters l0 � 4� 10�3 m and

2r0 � 5� 10�4 m) and pure ScS contact, we have obtained

and analyzed signal and IV-characteristics of an rf

SQUTRID (superconducting qutrit detector).37,38 However,

the experimental dependence of the local curvature of the

ground superposition level of an rf SQUTRID on the exter-

nal magnetic flux @E0S/@Ue(Ue) and IV-characteristics are in

good agreement with theory only when a certain radiation

excess of noise origin is taking into account,38 which, as we

suppose, is induced in the qubit by the cooled (first) stage of

the amplifier in the measurement circuit.

3. Qubit isolation from the measurement circuit

The problem of measuring the final quantum state is one

of the major problems in all versions of quantum computers.

Fig. 3 shows a typical block diagram of the measurement cir-

cuit for weak continuous quantum measurements on a flux

qubit (or charge-flux qubit), which includes a measurement

channel with a matching resonant circuit and a cooled

HEMT (high electron mobility transistor) amplifier stage.

Analysis of the temperature dependences of the Rabi

oscillations in charge-flux qubits22,39,40 with planar topology

(Fig. 1(b)), obtained using this measurement schematics

(Fig. 3) but without the powder filter, shows that in the re-

frigerator with an operating temperature T � 10 mK the back

action of the measurement circuit results in an increase in

the integral effective temperature to Teff � 75–80 mK. To

our knowledge, the minimum values of Teff � 55 mK for

qubits achieved in Ref. 41 are also significantly higher than

the operating temperature of the refrigerator.

Assuming that in the circuit shown in Fig. 3, the main

contribution to the increase of the effective temperature of the

qubit Teff is associated with the back action of the resonant

circuit, part of which is located at a temperature above 10 mK,

and a cooled HEMT amplifier (type ATF35143 AGILENT)

with a power consumption of 100 lW per stage, we directly

filtered the high-frequency part of the spectrum by inserting a

powder filter into the measurement path at 10 mK. The design

of the coaxial combined powder filter, a simplified equivalent

circuit of the filter and its frequency response showing the sig-

nal attenuation at the frequency f0 � 30 MHz not exceeding

1 dB are shown in Fig. 4. The filter consists of a copper tube

of 3 cm length, filled with fine (�20–30 lm) oxidized copper

powder. The inside of the filter is divided into sections by cop-

per washers that have no contact with the central wire and

form a structure of an LC-filter.

It is well known42 that the path (filter) loss increases the

equivalent noise temperature of the amplifier

Tnf ¼ KTn þ ðK � 1ÞTf � 1:26Tn; (8)

where Tnf is the equivalent noise temperature of the cooled am-

plifier with a filter, K is the loss factor at the signal frequency,

Tf is the physical temperature of the filter. To assess the efficacy

of filtering the high-frequency part of the back-action spectrum,

we measured the effective quantum inductance LQeff,
8,38 which

depends on the local curvature of the ground energy level of a

charge-flux qubit,8,22 as a function of the external magnetic flux

and magnetic flux fluctuations (effective temperature) for three

different temperatures of the dilution refrigerator (see Fig. 5). It

should be noted that for the weak continuous measurements of

flux and charge-flux qubits controlled by a flux gate, the same

scheme is used (Fig. 3), and the problem of isolation of a qubit

from the electromagnetic environment can be solved in

the same way. The inductance of the charge-flux qubit was Lq

¼ 785 pH, the quality factor of the resonant circuit Q ¼ 685,

the natural frequency f0 ¼ 27.39 MHz, k2Q � 1. As can be

seen from this data, the coupling coefficient k ¼ M2=ðLqLTÞ1=2

between the qubit and the tank circuit is small, resulting in a

weak effect of changes in non-linear inductance of the qubit on

the rf frequency of circuit oscillations. According to Refs. 8,

22, and 38, a small reactive contribution of a qubit causes,

respectively, a slight change in the measured phase aT of rf

oscillations in the resonant circuit, which in this linearized case

is proportional to the inverse effective quantum inductance of

the qubit as a function of the external magnetic flux L�1
Qef f ðUeÞ.

Similar measurements have been carried out in Ref. 39 and the-

oretically validated in Ref. 43.

.
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FIG. 5. Measurement of effective quantum inductance LQeff: dependence of

the phase aT of rf oscillations in the resonant circuit on the external magnetic

flux for different temperatures of the dilution refrigerator with a partitioned

powder filter; aT � L�1
Qeff for small aT. The inset shows the dependence of the

parameter bL(Ue) on the external magnetic flux for a charge-flux qubit with

the ratio of the critical currents of the junctions Ic2/Ic1 � 0.69 at T ¼ 10 mK:

1—without a filter, 2—with a powder filter installed at T ¼ 10 mK.
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FIG. 6. Spectral density of the equilibrium radiation energy for three differ-

ent values of the integral brightness temperature T* of the signal detection

and amplification path.
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It is clearly seen that as the bath temperature is lowered

from 100 to 50 mK and then further to 10 mK, the absolute

value of the effective quantum inductance increases. In the

experiments with no filter, the curvatures at T ¼ 50 mK and

10 mK are practically the same. This means that despite a

30% increase in the measurement uncertainty associated

with the attenuation increase in the signal path, the back

action on the qubit can be reduced by optimal broadband fil-

tering of high frequencies.

Isolation improvement of the charge-flux qubit from the

measurement path containing a HEMT amplifier by direct

filtration was confirmed by measuring the dependences bL

¼ 2pLIs(Ue)/U0 on the external magnetic flux at a constant re-

frigerator temperature T ¼ 10 mK, shown in the inset to Fig. 5.

Without a filter, the maximum value was bLmax � 0.085 (Icmax

� 35.65 nA), while with a cooled powder filter the measured

values increased to bLmax � 0.125 (Icmax � 52.4 nA).

One of the simplest ways to interpret the results, is by

introducing an integral brightness temperature T*, characteriz-

ing the radiation of the measuring path and its back action on

the qubit. Directly at the HEMT input, there is a thermal

mechanism for generating noise due to ohmic losses in the

input circuits of the transistor. Integral radiation is character-

ized by: (i) a temperature close to the physical temperature of

the crystal lattice of the HEMT transistor, which might be

higher than the refrigerator temperature due to power dissipa-

tion in the active zone of the channel; (ii) radiation of the two-

dimensional gas of “hot” electrons in the saturated zone of the

HEMT channel,44 which is transferred from the “output” to

the “input” through the inner drain–gate capacitance of the

transistor, as well as by exciting waveguide modes inside the

transistor casing by the output circuit; (iii) radiation from the

passive elements of the measuring path, located at T>
10 mK. For the transistors of type ATF35143 (AGILENT),

the characteristic value of the back action parameter in the

S-matrix (S12) is �20… �30 dB at 1 GHz, and it increases

with frequency following an almost linear relation. For an

unmatched amplifier with high input impedance (the parame-

ter S12 is specified for a 50 X tract), the back action increases

somewhat. It is evident that, having a HEMT amplifier with a

power consumption of about 100 lW in the temperature range

T ¼ 1–1.5 K, we obtain an integral brightness temperature T*

� 1 K and the frequency dependence of the intensity of equi-

librium radiation S(f, T*) ¼ hf/[exp(hf/kBT*) � 1], which lies

above the curve with T* ¼ 1 K in Fig. 6. In this case, a cooled

powder filter with the attenuation of 6 dB/octave (above

500 MHz) partially isolates the qubit from the high-frequency

component of the spectrum, while introducing losses of only

�1 dB at 30 MHz in the measurement path.

The isolation of a qubit from the measurement path can

be improved by using the HEMT amplifier in the unsaturated

mode.45,46 These studies demonstrated the ability to reduce

the power consumption in HEMT amplifiers down to 10�6

W per stage for the operating frequencies f0 � 1 GHz and to

less than 100 nW in the amplifiers for the range of f0 ¼
30–100 MHz. Because of the low power dissipation, HEMT

amplifiers operating in the unsaturated mode can be placed

at the refrigerator temperature T � 50 mK,47 which auto-

matically reduces the radiation of passive elements of the

measurement path, reducing the brightness temperature T* to

100–10 mK (Fig. 6).

4. Discussion

Superconducting quantum computer should consist of an

ensemble of selectively controllable, strongly coupled with

each other and isolated from the external electromagnetic

environment qubits, which allow the final quantum state at

the output to be measured. Recently created special cryo-

genic filters10–16 allow to effectively thermalize the selective

control circuits (gates) at T � 10 mK and isolate flux

(charge-flux) qubits from the electromagnetic noise of these

circuits. As was shown in Ref. 48, the use of the local curva-

ture (quantum inductance) of the ground superposition

energy level of a qutrit allows to create a controllable cou-

pling element, including those with a large (�1 K) interac-

tion energy.

Consideration of the topological features of the super-

conducting 2D flux qubits (Figs. 1(a)–1(c)) shows that most

of them, except three-junction qubits,24,25 are efficient trans-

ceiver antennas in the case b � k, and cannot be adequately

isolated from the external electromagnetic environment.

Remarkable features of the electrodynamics of the toroidal

3D design of a quantization loop49,50 allows to isolate almost

completely the superconducting flux qubits with superposed

states (Fig. 1(e)) from the external low-frequency and high-

frequency electromagnetic fields. It should be noted that the

qubit proposed by Mooij24 (Fig. 1(d)), for which in Ref. 50 it

has been proposed to use a toroidal topology, is already

essentially decoupled from the electromagnetic environment

due to the extremely low magnetic moment. The use of

weak coupling based on mesoscopic ScS contacts in a toroi-

dal flux qubit allows obtaining double-well potentials at low

critical currents of the contact (Fig. 2) and thereby reducing

the total magnetic moment lS. Thus, practical hardware

design of small quantum registers based on flux qubits with

toroidal 3D design of the quantization loop does not look

very problematic.

Isolating a qubit from the measurement path is the most

difficult task of experimental physics. The results obtained

by direct filtration of the brightness temperature of the mea-

surement path (Fig. 5) based on a HEMT amplifier can cer-

tainly be improved in subsequent experiments. For example,

increasing the operating frequency up to f0 � 0.5–1 GHz and

the quality factor Q of the resonant circuit to Q � 104

reduces automatically the interaction between the qubit and

measurement channel due to the weakening of the coupling

coefficient to k2 � 10�4 (while maintaining the condition

k2Q � 1). Estimates show that the use of HEMT amplifiers

with sub-lW dissipation at low temperatures should lead to

a decrease in the integral brightness temperature T* by at

least an order of magnitude. Moreover, in the modified mea-

surement circuit for weak continuous measurements, the var-

iations of the magnetic flux of the qubit can be detected by

SQUTRID38—an ideal parametric amplifier using quantum

inductance, which further reduces the “parasitic” coupling

with the active HEMT-based element.

5. Conclusion

Coupling of a large number of qubits that form the

circuit of a quantum computer with the electromagnetic

environment can form a complex nonlinear system with

additional decoherence effects. Thus, one of the major
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challenges on the way to creating superconducting quantum

computers is to suppress coupling of each of the qubits with

the environment while maintaining a strong controllable

coupling between the qubits (see, e.g., Ref. 48).

According to the authors, the optimal scheme of weak

continuous measurements on the superconducting state of a

flux (charge-flux) qubit should include:

– A qubit with 3D toroidal topology of the quantization loop,

decoupled from the electromagnetic environment;36–38,50

– A constriction-type Josephson junction (ScS) of an atomic

size (quantum point contact) in the quantization loop,

which provides a large splitting energy in the qubit, high

speed (tunneling rate) and an increased decoherence time

Ref. 38 and references therein;

– A superconducting entirely dissipation-free qutrit detector

(SQUTRID),38 not contributing to the qubit decoherence

rate;

– A high-Q resonant system for matching with a high input

impedance HEMT amplifier, which also reduces the cou-

pling coefficient between the qubit and the measurement

path;

– Broadband dissipating combined powder filters in the

measurement circuit with low attenuation at the operating

frequency, which effectively eliminate the effect of the

brightness temperature of the amplifier input on the qubit

decoherence rate at the cost of minor overall sensitivity

reduction of the measurement path;

– A cooled to tens of mK unsaturated HEMT amplifier with

ultra-low power consumption.45,47
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