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Abstract

The superconducting flux qubit is often considered as a strategic building block for the physical realization
of quantum computers. It consists of a micron-size superconducting aluminum loop intersected by four
Josephson junctions. It can be shown that such a circuit behaves as an almost ideal two-level system when the
flux threading the loop is close to half a flux quantum. At the optimal point, precisely at half a flux quantum,
the qubit is well protected from flux noise and its coherence time can reach few tens of microseconds [1-3].

A good control of the transition energy of the qubit at the optimal point is required if one wishes to
build a scalable system. In this work, we replace one of the junctions by a SQUID. Adding a SQUID allows
tuning the flux qubit’s transition energy over a large range [1] but reduces the coherence times even at the
optimal point. Here we propose to mitigate this problem by using an asymmetric SQUID, which is designed
to control the qubit transition energy over a limited range while keeping long coherence times.



1 Background

1.1 Introduction

The discovery of the first quantum algorithms - such as Shor’s factorizing algorithm [5], Grover’s searching
algorithm [6], and the error corrections protocol [7] - has triggered an intense experimental effort towards
the physical realization of quantum computers. Among the various technologies, superconducting qubits
have attracted a lot of attention due to their scalability and ease of use. These qubits consist of macroscopic
electrical elements that can be easily coupled together via simple electrical elements like capacitors, inductors
and transmission lines. Over the years, researchers have developed many different types of superconducting
qubits architectures: Cooper pair boxes [8], quantronium [9], transmons [10], Xmons [11], flux qubits [1,12,13]
and fluxonium [14].

The transmon qubits are today the most popular architecture for building superconducting quantum
processors [15] [16], especially due to their long coherence times [10] and ease of use [17]. Yet, as one scales
up the system, the large eigenvalue manifold of each transmon generates issues related to frequency crowding
and gate fidelity. In contrast to transmons, flux qubits have intrinsically a huge anharmonicity: the higher
energy levels of the system are very far from the qubit transition. Consequently, the flux qubit behaves as
"true" two level systems, which limits frequency crowding issues. Moreover, they can be manipulated on
a much shorter timescale and therefore could exhibit better gate fidelity. A good control of the transition
energy of the qubit is required if one wishes to build a scalable system. The aim of the thesis is to solve this
issue.

1.2 Josephson Relations

A circuit formed by linear components, such as capacitors and inductors, behaves as an harmonic oscillator
and not as a qubit. A non-linear element is therefore essential in order to differentiate the transitions between
states |0) and |1) from other higher-lying eigenstates transitions. In superconducting circuits, this non-
linearity is obtained by adding to the circuit one or several Josephson junctions. Josephson junctions are
formed by two superconducting islands separated by a thin insulating layer that allows tunneling of Cooper
pairs. They are characterized by the so-called Josephson relations:

I = Iysin (o)
) 1
V = po¢ (1)

where ¢ it the phase difference between the two superconducting islands, Iy is the critical current of the
junction and g is the reduced magnetic flux quantum (h/2e).

Josephson junctions are almost non-dissipative. This property allows their use in quantum circuits. The
potential energy of the Josephson junction is given by:

t t
fors / Pt — / IVt = —Ecos(s) )

where FEj=Iyyy is called Josephson energy.

1.3 Introduction to superconducting flux qubits
Potential energy of the circuit

The superconducting flux qubit is a superconducting circuit which consists of a micron-size superconduct-
ing aluminum loop intersected by three, or more, Josephson junctions. In the following, we will consider the
case of four junctions: all are identical except one which is smaller by a factor « as shown In Fig.1a.

The potential energy of the circuit can be written as a sum of the potential energies of each junction
intersecting the loop ( see Eqn.2).

A DC magnetic flux ® is threading the circuit of the qubit, therefore due to Faraday law ¢1+w2+vs+v, =

2 and thus:
¥o
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U=-E; Zcos(goi) + acos((p— — 01— P2 — P3) (3)
i=1 0
When ® /¢y = 7, the potential energy U exhibits two degenerated minima (Fig.1b), the potential barrier
between these two minima being a function of the parameters of the junctions.
In order to determine the parameters of the circuit, we will first calculate the coordinates (o7, @3, ©3) of
the minimal value of the potential energy when ®/pg = m:

§ =0 = —sin(p}) + asin(p] + 95 +93) =0
2 =0 = —sin(p5) + asin(p] + @3 + ¢5) =0 (4)
L =0 = —sin (p}) + asin(p] + @3 +¢5) =0

From Eqn.4 we get that p] = ¢35 = ¢} [27] and sin(p] 5 3) = & — 4= These minima correspond to a

3
4
persistent current flowing clockwise or anticlockwise in the loop of the qubit - denoted as I, - and given

by Ip = Ipsin(p*) = £Ipy/3 — L.
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Figure 1: (a) 3D illustration of the flux qubit with four Josephson junctions. The unitary junction of Josephson energy E; is
represented in blue and the smaller junction of Josephson energy aE; is represented in red. (b-c) Normalized potential energy of a
3-junction flux qubit as a function of the phases across junctions with two degenerated minima at ®/¢o = 7 (b) and only one global

minimum at ®/pg = 47/5 (c).

Hamiltonian of the circuit

In addition to its potential energy, the circuit Hamiltonian has a kinetic part which should be calculated
in order to solve Schrodinger equation and get the eigenvalues and eigenstates of the system. To estimate it,
one writes the Lagrangian of the circuit:

L,

L=500C((#1+ 5 + @i+ al—1 — o — ¢3)*) = U (5)
The conjugate momenta g; of the variable ; are defined by:
oL 9 . . .
4 = % = ¢C ((1 +a) @i + iy + OZ%‘+2[3]) (6)

The Hamiltonian is given by H = Y, ¢;q; — £ which gives':

IThe general expression for the kinetic part of a circuit intersected by 4 different Josephson junctions ,r; is give by:

4Ec 2 2 2 _ .
TTraraFraira T Tars) [n2 (rars 4 rara + r3ra) + n3 (r1irs + rira 4+ rara) + n (rire + rira + rara) — 2ra (nanary + ninare + naners)|
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H:1+3a (1+2a);ni—a;;nmj +U (7)

where n; = ¢;/(2e) represents the number of Copper pairs tunneling via the junction ¢ such that [p;,n;] =i
and Fec = % . In order to solve the Hamiltonian we project it into the charge basis where #; |m) = m|m)
and cos@; [m) = ("9 |m) + e~ |m)) /2. In that basis, the operator 7; is diagonal and cos(¢;) is sparse :

0 1 0 - 0
10 1
cos(@)=35|0 1 0 . 0 (8)
. .. .. 1
0 .- 0 1 0]

In Fig.2a the first four eigenenergies are presented as a function of the external magnetic flux ¢ threading
the loop. In the vicinity of /¢ = 7, the system behaves as an almost ideal two level system: the two lowest
energy levels are far from the higher levels. The transition energy between the first excited state and the
ground state of the system at ®/¢y = 7 is called flux qubit gap and is denoted as A. The value of A is
given by the tunneling probability between the two degenerate minima of the potential energy (see Fig.1b).
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Figure 2: (a) Four first energy levels of a flux qubit as a function of ®. The energy difference E3 — E> is much higher than Es — E;.
Therefore, the qubit can be treated as a two level system. (b) E2 — E; in blue and the effective model of the qubit in red as a function

of ®/pp. The approximation of the effective model is correct only in the vicinity of ®/po = 7.

Effective Hamiltonian

As mentioned above, the system should behave as a two level system in the vicinity of ®/pg = 7. In this
region, the Hamiltonian of the system can be written using perturbation theory as:

H = Ho— aFE;0s GOS(QW%_Zi@”)@ - (@ — %0)
—0.5®
= Hy+ +~ |aFE sin ( )(Q_%> - _’_[A(q)_%) 9)
= Mg 20 Qg Pa ) = H, 5
f'sﬂo

When the current operator is projected on the eigenstates |g) , |e) of Hy we get:

(gl Tlgy=0 . (gllle)=1,
(elflg)=1, , (e|Tle)=0 (10)

Therefore, the Hamiltonian of the system can be written in this basis as:



h
Hepr = 5 Ao, + €0,] (11)
where ¢ = 22 (¢ — 20),
When € # 0 one can write the Hamiltonian as a function of the so-called mixing angle § = atan(e/A)and
it becomes:

Hes = wge [c0s(8)o + sin(0)o,]

where wge = VAZ 4 €2 is the 11 transition frequency between the two eigenstates |g’), |¢/) that are given
by:

|g"y = cos(8/2)|g) + sin(6/2) |e) (12)
le")=sin(0/2)|g) — cos(6/2) |e)

1.4 Flux Qubit Measurements techniques

In the following, we will briefly describe two different techniques usually used to perform the readout of
a flux qubit.

DC- SQUID Readout

The first technique for reading out flux qubits consists of using a SQUID in the configuration shown In
Fig.3b. The SQUID can be considered as a tunable Josephson junction with a tunable critical current given

by I, = 21y |cos ( 2= )|, where Iy is the critical current of the junctions, which form the SQUID and &, is
q 2¢0

the flux threading the loop of the SQUID.

As shown on Fig.3a , a SQUID is fabricated around the flux qubit. That architecture is chosen in order
to maximize the SQUID sensitivity to the magnetic flux generated by the persistent current I, of the qubit.
A DC current I, is applied on the detecting SQUID. In such a configuration, the potential energy of the
detecting SQUID has a shape of a washboard and can be written as [18-20]:

USQ(()O) = —Isq(,DQCOS((p) - Ibias(po(p (13)

When Ijqs is below the critical current of the SQUID (Iy;qs < Isq), the washboard potential has minimas
such that ¢ = 0 and therefore no potential drop V;, is observed. However, when the bias current is above
I, the potential energy has no minimas and the phase will start moving down the washboard potential: a
DC voltage Vs, appears.

The probability to switch between these two states depends on the value of the bias current as shown In
Fig.3c and on the state of the qubit (gray lines). When one apply a rectangular pulse current, the switching
probability can be described as:

Psw(Ibm57 Tm) =1- e_F(Ibms)Tm (14)

where 7,,, is the measurements pulse duration (see Fig 3b).

This probability depends on whether the qubit is in a state where the current flowing in its loop is rotating
anticlockwise (|L) = %), or in a state where the current is flowing clockwise (|R) = %) Therefore
the state of the qubit can be determined by the switching statistics.

This technique presents a major disadvantage: the dissipative current produced by the SQUID generates
heat in the vicinity of the qubit and may modify the probability to have a false switching by thermal
excitations.



Ibias
(c)

Figure 3: (a) SEM micrograph of flux qubit (inside) and DC-SQUID (outside), taken from [21,22]). The Josephson junctions are
located the constricted regions both in the qubit (three junctions) and the SQUID (two junctions). (b) Schematic drawing of the readout
circuit, taken from [23]. A current pulse of amplitude Ip;qs with a typical pulse duration 7, is applied into the measurement DC-SQUID.
The amplitude of this pulse is close to the critical current I. 4, such that the probability of switching event depends rather the qubit
is in |L) or | R) state - the switching events produce voltage drops that can be measured. The SQUID is shunted with a capacitor Cg,
to control the plasma frequency that effects the switching statistics. (¢) An histogram of the switching probability as a function of the
bias current I;qsthat flows in the DC-SQUID. The gray line represents the probability where there is no qubit inside the DC-SQUID.
This probability changes whether the qubit is in his |L) or |R) states for a given current I;;,s. When the qubit is in |L) state small
currents are needed to switch the state of the qubit. Therefore, by knowing the value of Ip;,s when a switch event occurred, one knows

with some probability the state of the qubit.

Circuit QED Readout

The second technique for reading out flux qubits consists of using a superconducting resonator in the
configuration shown in Fig.4a. The flux qubit is coupled inductively to the resonator such that its coupling
energy with the resonator is given by:

where M is the mutual inductance between the flux qubit and the resonator, IR is the current operator
flowing in the resonator and I the current operator of the qubit.

The current operator inside the resonator Igis given by Ig =41 (a + aT), where a' and a are the creation
and the annihilation operators respectively, 6ly = w,+/h/2Zy is the amplitude of the current fluctuations
inside the resonator w, is the resonance frequency and Z is the characteristic impedance of the resonator.
The current of the qubit , as shown in Eqn.10, can be written as I= L6y, =1I,(ct+07).

Finally, the interaction term can be written as:

Hint = hg(a‘ + aT)(O-Jr + 0'7) (16)

where g = %‘HU is the coupling constant.

The terms otaf and o~ a do not conserve the number of excitations and can be neglected if the detuning
AR = wge — wy between the qubit and the resonator is small enough Ap < w,,wge [24]. Therefore, one can
simplify the interaction term to the so-called the Jaynes-Cummings interaction. The total Hamiltonian of
the qubit resonator system can therefore be written as:

1 h
H = hw, [anr + 2} + 3 [Ac. + €0, + hg(aTo™ +ac™) (17)

The eigenenergies of this system are:

Ef:(n+1/2)ﬁwTig\/A%+492(n+1) (18)



where n is the number of photons inside the resonator.
The eigenstates of the system are:

|+, n) = —cos(6,,/2)]e,n) +sin(6,,/2) |g,n + 1)
|—,n) =sin(6,/2) le,n) + cos(0,,/2) |g,n + 1)

where 0,, = atan(2gv/n + 1/Ag) in the mixing angle.
In the limit where the detuning is large in front of g (Agr > g), the eigenenergies of the system can be
simplified up to first order as:

(19)

AL 2 (n+ 1)) (20)

+ _ =R
En—(n+1/2)hwrih<2 + An

As a consequence, the energy of the resonator shifts whether the qubit is in its ground state or excited
state. These frequency shifts A, and A, (see Fig.4b) are given by:

7E+ —E;ff g2

A = n+1 _ 21
g h Agr 1)

E. . ,—-E, 2
P = e N 22
c h Ag (22)

It is therefore possible to measure the state of the qubit by measuring the resonance frequency of the
resonator. A simple way to perform this measurement consists of applying a microwave tone wy,eqs close to
the resonance frequency of the resonator and measuring its transmission. The phase and the intensity of the
output signal are respectively given by the input-output theory [25] by:

£S21(f) = — arctan <2QtotW) (23)

Qtot ) ? 1
2
%) i ()

where Q¢ is the total quality of the resonator and @) .the one which is due to its coupling with external
lines.

This technique presents several advantages. First, it is possible to measure several qubits with the same
detecting system [1].Second it is a Quantum Non-Demolition (QND) measurement. During the measurement
information about the system is preserved such that it is projected to an corresponding eigenstate of the
measurement. Furthermore, no heat is generated during the process which allows repeating the measurement
many time without modifying the state of the qubit due to thermal excitations [26,27].

1901 ()2 = ( (24)

:(E <

B 2g%A

E] 90
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Figure 4: (a) Schematic layout and equivalent lumped circuit representation of proposed implementation of cavity QED using
superconducting circuits, the flux qubit is placed between the superconducting lines and is coupled to the center conductor at a
maximum of the current of the standing wave, yielding a strong magnetic dipole interaction between the qubit and a single photon in
the cavity. (b) The resonance frequency shifts by i%due to the the state of the qubit |e), |g). (c) A phase shift of the transmitted

signal through the resonator. All the figures were taken from [25].



1.5 Coherence Time Limitations
Intrinsic relaxation rate

The relaxation of the flux qubit is due to several mechanisms. Quasiparticles in the superconducting
loop are in general considered as one of the major channel of relaxation. These quasiparticles exist even at
low temperatures. They give rise to a relaxation rate of the qubit which is directly proportional to their
density [1,28-32]. Another mechanism for relaxation is related to dielectric losses in the Josephson junctions
or in the substrate. It was shown in Ref. [33] that the value of tand;; for losses in the AloO3 barrier of the
junction is typically in the range of 3 - 10~7 while tandgupstrase [34] is typically much larger ~ 2 - 107°. This
last value gives rise to a typical relaxation time T; ~ 20us [35].

Relaxation due to surrounding cavity : Purcell effect

Another mechanism of relaxation is due to the coupling of the qubit with its readout resonator - the
so-called Purcell effect. This effect represents the spontaneous emission of the qubit to the environment via
the resonator (see Fig 5).

Flux )
. “~—" Resonator ~—" Environment
Qubit K

Figure D: Scheme representing Purcell relaxation mechanism. The energy levels of the qubit (resp. resonator) are represented in red
(resp. purple). The environment contiumum is shown in blue. The qubit and the resonator are coupled by coupling constant g. The

resonator is coupled via its ports with a loss rate k to the environment.

The qubit and the resonator are inductively coupled by coupling constant g as presented in Sec.1.4. In
addition the resonator is also coupled the external ports, with a loss rate x ~ w,/Q.
The rate of decay of an eigenstate of the system shown in Eqn.19 is simply given by:

Ftot = COSQ<9n/2) -y + Sln2<9n/2) ‘R

where ~ is the intrinsic relaxation rate of the qubit. The second term of this expression corresponds to the
so-called Purcell rate Tp. When 6, is small, sin?(6,,) ~ g?/A? and therefore Tp = g%/A? - k.

It is possible to relate I'p to the Rabi frequency of the qubit at a given power P;, by noting that
Qg = 2¢gv/n where i corresponds to the average number of photons at the frequency of the qubit in the
resonator. This number of photons is given by input output theory [36—38] and is given by:

I'iPi

n=_—""r 25
" 2w, (25)
Using this expression we get that
r,= Vihige (26)
P 2 Pzn




Pure dephasing rate

In an ideal system, the decoherence rate I's is limited by the energy relaxation rate of the qubit and
is given by: T's = T';/2 [39]. In practice, the decoherence rate of a qubit may be much larger than this
theoretical limit. There are several known sources of dephasing which are responsible for this. Among them,
flux noise [2] , charge noise [1], photon noise in the resonator [40]. The pure dephasing rate of the qubit can
be estimated by the so-called Ramsey sequence, where two identical /2 pulses are played consequently with
a time interval ¢. It is possible to dynamically decouple the noise responsible for this dephasing by playing a
more complex set of pulses. The most popular technique to achieve this is called Hahn Echo technique and
cousists of playing a m-pulse in between the two 7/2 pulses. This 7 pulse inverses the time evolution and
therefore cancels the contribution to dephasing of low frequency noise. As we will see hereinbelow, the noises
at high frequency cannot be reduced by this technique and therefore the comparison of Ramsey and Echo
dephasing rates gives us a way to better understand the noise power spectrum.

Ramsey sequence

The first 7/2-pulse raises the qubit initially in its ground state into a coherent superposition of |¥(0)) =
(l9) + le)) /v/2 . During time t, the qubit performs a free evolution and accumulates phase ((t) and becomes
U(t) = (l9) + e P le)) /V2.

The phase ¢(t) consists of two parts ¢(t) = wget+6(t), where §(t) is the phase due to the small ﬂuctuations

OA(t) which slightly modify the qubit Hamiltonian. At first order, §(t) is given by 6(t) = nge o OA(t")dt'.

The decoherence rate of the system corresponds to the decay of the expectation value (o, (t)) and is given
by [41]:

(0:(1)) = 1/2 (70 4 ¢~

When repeating the measurements, the value of (o, (¢)) is changed due to the varying environmental
noise §(t). Therefore, one should average the value of of e**(®) in order determine the influence of this
noise. If the fluctuations JA(') are small enough, they can be considered as a random variable with Gaussian
distribution®. Thus:

Fr(t) = <eii5<t)> ~ (1436 — 62/2) = e /2(5%)

The expectation value of (o, (t)) will therefore decay according to:

8:;?6) <(f(f 5>\(t’)dt)2>: exp | -5 (awge> / dw SA smc ( ) (27)

fr(t) =V

Where Sy(w) = 1/2m [~ "(t + 7)) exp(—iwt)dt.

Hahn Echo sequence

Like in the Ramsey sequence, the first 7w/2-pulse puts the state of the qubit in a coherent superposition
state |¥(0)) = (|g) + |e)) /v/2 . During the time ¢;, the qubit performs a free evolution and accumulates
phase ¢1(t1) = wget1 + 01(t1). The 7 - pulse flips the time evolution of the qubit such that during the time
ty it acquires an opposite phase @s(t2) = —wgets — d2(t2).

The phase accumulated by wget; and wgets is canceled when t; = t; = ¢/2 and the decoherence rate of
the qubit - corresponding to the decay fg(t) = (o.(t)) - is given by:

Fo(t) = < +i(81— 52)> ~exp (—1/2(87 + 65 — 6102 — 0261))

The expectation value of (o,(t)) will therefore decay according to:

Fi(t) = exp —(a“’-‘") /dwsA Jsin? () sine? (1)

2The average of § is zero due to the this assumption.



White & 1/f noise

In the previous sections we showed that fr(t) and fg(t) are functions of the noise spectrum Sy(w). In
the following we will present the dephasing rate of the qubit due to some usual noise power spectra, namely
white noise and 1/ f noise.

1. White noise:
In that case, we assume that Sy (w) =Sy(w = 0) is a constant.

Therefore, the Ramsey decay is given by:

B 2 [ Owge ? B b . o wt
fr(t) =exp —2( 8)\) Sx(w=0) / dw sinc (7)

— 00

Since ffooo sinc?(wt/2)dw = 27 /t, fr(t) decays exponentially at a rate 'Yy given by:

The Echo decay is given by:

. t? 8wg52 B y g Wb . 5wt
fe(t) =exp —2( 8)\) Sx(w =0) / dw sin (Z)smc (Z)

Since [7_sin?(wt/4) sinc?(wt/4) = 27/t, we obtain also an exponential decay , where I'yy, is given by:

oA

Owge \
'Yy = wS\(w =0) ( ge)

Hence, the Echo and the Ramsey sequences decay at the same rate.

2. 1/f noise:

The noise power spectrum is such that Sy(w) = A/ |w|. Therefore, the Ramsey decay is given by:

t2 (“)wge2oo A 5wt
fr(t) =exp —2< 8/\> /dwmsmc (?)

—00

since:
oo o

d t d t Fd t 1
aad sinc2(w—) -2 | ¥ sinc2(w—) ~o2 [ & sinc2(w—) ~2-In(
|w] 2 w 2 w 2 wWirt

—00 0 Wip

)

2
where w, ~ 1M Hz and w;, ~ 1Hz. Therefore, we get that fr(t) = exp { (tF;/f;) } is Gaussian and
the Ramsey dephasing rate is:

Ow 1
s — g9¢ ) Al 2
2R ( 6)\ ) nwirt ( 8)

0 2
For Echo decay, the integral [ dw ITA\ sin®(%) sinc?(4) = In(2) and therefore fp(t) = exp [— (tI‘;E) }
—00

is also Gaussian where F;/ ]f; is given by:



i = (85’?) VAIn2 (29)

For a typical coherence times in the range of ¢ = 1us the ratio of the decoherence between Ramsey and
Echo dephasing rates is:

F<P

Iy
In our system, the main source of 1/f noise is the so-called flux noise.

Owge _ Owge %_ \/e2 2 %
90~ 9 J9p _S/VETAXxT

At /¢y = 7, € = 0, thus, the derivative dw,./0® is equal to zero and therefore the qubit is immune to
flux noise up to first order. For this reason the point at which ®/py = 7 is called the optimal point.

Far away from the optimal point (e > A), agg = 2I,/h. Assuming, I, ~ 0.5pA and A = 2P, we get:

FQR ~30MHz
The coherence time of the flux qubit away from its optimal point is extremely short. Therefore, one
must work as close as possible to the optimal point if one wishes to get a long coherence time. Yet, the
frequency of the qubit at this point is difficult to control. In the following paragraph, we will explain
how we wish to control the qubit frequency while keeping long coherence times.

2 Methodology

As already mentioned, the flux qubit gap energy AA is given by the tunneling probability between the
two degenerate minima of its potential energy. Using W.K.B approximation [12], it is possible to estimate
the value of A [43]:

2 [¢
A o exp [_h / ‘ 2Megy - AU((p)‘ dap}
—p*

where m.rr = 2C03(1 + 2a), AU(p) = U(p) — U(p*) , ¢* being the phase of the degenerate minimum.
In the simple case of a three junction qubit AU (¢)=(cosp — 1/2a)2. Therefore, by integrating the expression
herein above we get:

sinp® — ;;
!

A o exp [—
c

E
do(1 + Za)EJ]

We see clearly that the gap is exponentially dependent on the parameters of the junctions (E;,E¢, «).
A slight change of these parameters will affect drastically the gap energy of the qubit. In addition to this,
the Josephson energy F; of the junctions is known to be exponentially dependent on the width of the oxide
which separate the two superconducting islands of the junction [19].

If one wishes to control precisely the gap energy, a good strategy may consist of replacing one of the
junction by a SQUID, which will act as a tunable junction. The advantage of this approach is that another
degree of freedom is added to the system; the flux ®g in the loop of the SQUID. ®g controls the critical
current, of the tunable junction formed by the SQUID and thus allows controlling the energy of the flux qubit
while keeping it at its optimal point. In Ref. [4], this kind of strategy was implemented: a symmetric SQUID
was introduced at the position of the a-junction of the flux qubit in order to control its gap energy. The
results of the experiments were positive in terms of control of the qubit gap but the coherence times of the
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qubit even at optimal point were rather poor. The origin of these extremely short coherence times relates
to the presence of flux noise in the SQUID loop, which leads to energy fluctuations even at the optimal point.

In this thesis, we would like to study how to control the gap of the flux qubit, while keeping its coherence
time in the range of a few microseconds.

2.1 SQUID’s Potential Energy

It should be possible to get some control of the qubit gap by using a highly asymmetric SQUID that
will replace one of the unitary junctions, as shown in Fig.6a. In the following section we will show how the
asymmetry of the SQUID allows controlling its Josephson energy via the magnetic flux threading the loop of
the SQUID ®g. First, let us write the potential energy Ug of the asymmetric SQUID, Fig.6b:

1+d 1—d
Ug = _TEJcos(gal) — TEJCOS((PQ) (31)

where d is the asymmetry parameter ,which can get any value in range of {0,1}. A DC magnetic flux ®g
is threading the loop of the SQUID such that @1 — ¢o = % leading to:

(14 d?) + (1 —d?)cos (1); d,
Us=—E; <¢ ) cos | P P2 + arctan [—d . tan<é)] (32)
2 2 2¢0

E;-B(®s) ¥3

The potential energy of the SQUID is therefore equivalent to the potential energy of a single Josephson
junction with tunable Josephson energy E;-3(®g) that varies between dE; to E, as shown in Fig.6c. When
the assymetry is large (d < 1), the Josephson energy of the SQUID varies slightly. Therefore, it will be less
sensitive to flux noise than for a symmetric SQUID (d = 0).

2.2 Tunability of the Flux Qubit

The introduction of the asymmetric SQUID presented in previous section allows tuning the flux qubit
gap A on a large range. In the following, we calculate this range by writing the new potential energy of the
system and diagonalizing the Hamiltonian. At the optimal point, the potential energy of the tunable flux
qubit can be written as:

U1, 2,03, Ps) = —Ej[cos(p1) + cos(p2) + B(Ps)cos(p3) — acos(p1 + @2 + ¢3)] (33)

The kinetic part of the Hamiltonian remains unchanged. The total Hamiltonian of the qubit is therefore
given by:

3 3 3

1B ,

= 171 30 (1 +Oé)zlnz - azlgnzn] +U(@17S02a803aq)s) (34)
= i=1 j#i

In Fig.7a we represented the transition frequency of three qubits with different asymmetric SQUIDs. As
expected, the tunability of the flux qubit gap increases strongly when d decreases. An asymmetric SQUID
with d = 0.75 is enough to be able to control the qubit gap on a range of ~ 3 GHz. The gap of the qubit
behaves as:

|A(d, @) = Ao + 6(d) coss /i |
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Figure 6: (a) A 3D illustration of the SQUID that replaces one of the qubits junction. (b) A 3D illustration of the asymmetric
SQUID. (c) Effective potential energy of the SQUID for different asymmetric parameters d = 0.65, d = 0.75, d = 0.85.The tunability

increases while d decreases.

2.3 Coherence Time
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Figure 7: (a) The tunability of the three tunable flux qubits intersected by different asymmetric SQUID d = 0.65, d = 0.75, d = 0.85
as a function of the flux threading the SQUID loop. The tunability of the flux qubit gap increases strongly when d decreases. (b) The
effect of the first order flux noise caused by the flux threads the loop of the different asymmetric SQUIDs as a function of the flux

threading it. The coherence time increases with the increase of d.

The coherence time of the system will be most likely dominated by first order flux noise inside the SQUID
loop. In the following, we calculate the pure dephasing time of our system due to flux noise in the SQUID.
This calculation was done using the approach described in Sec.1.5. Using the results herein above, the Echo
decoherence rate is given by:

. ®g
sin—=>
®o

Aln(2)
®o

Iop = 6(d) (35)

The decay rate I'y g ~ 100KHz, where 6(d) = 27 x 1.5GHz, VA =2 ud, and Ds/p =

In Fig.7b the pure dephasing times of the tunable flux qubit are shown for different values of d. As
expected, the coherence time increases when d increases. For d = 0.75 the typical Echo decay is expected to
be about 2us which is close to the best coherence times measured on flux qubits without SQUIDs [1].
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3 Design and Fabrication

3.1 Design of the microwave resonator

The design of the microwave resonator, used to measure the qubit, is shown In Fig.8a. This coplanar
waveguide resonator is fabricated by evaporation of a thin layer of superconducting aluminum (typically
150nm) on a sapphire wafer. Its designed parameters were chosen to be: f,. =11.6 GHz, Z; = 50Q and
Q@ ~ 3000.

Resonator Frequency

The coplanar waveguide geometry consists of a central conductor with ground planes on both sides. The
effective dielectric constant felt by an electromagnetic field in this waveguide is given by [14] &, = (1+¢,,,,)/2
where €, 54p = 10® is the dielectric constant of the sapphire wafer. As a consequence, the light velocity in
the waveguide is ¢ = ¢//&, ~ 1.278 - 10% m/sec

The resonator - defined as a A/2 segment of a transmission line- is terminated at both ends by capacitors
that act as open circuit terminations. The frequency of the first mode is given by: f, = ¢/2L. Therefore, in
order to have f. =11.6 GHz, the length of the transmission line is L = 5.5mm.

Characteristic Impedance of the Resonator

The characteristic impedance of the coplanar waveguide was chosen to be matched to the impedance of
the incoming coax Zy = 50Q2. To achieve this, we defined its geometry such that w.qs = 11/5d;4 [44] where
Wirqs 1 the width of the central conductor and dy, is the gap between the central conductor and the ground
planes. In our current design, the width of the central conductor was chosen to be 11 um and the gap d;g
was d pm.

Quality Factor of the Resonator

The quality factor of the resonator is fixed by the transmission coefficient of its open circuit terminations
and therefore by the value of the coupling capacitor C. represented In Fig.8a.
The reflection of an incoming wave is determined by the impedance mismatch and given by:

Zo — <Z0+jw}«cc> 1

r = = — 36
LR Zo + (Zo + #) 2iCowrZo + 1 (36)
Jwree
Since our resonator has a high quality factor, the transmission coefficient 77, /p =1 — |7"L / R‘Q < 1is:
1 2, 2,2
Tp/p=1- 14027z~ AC w2, (37)
The quality factor due to the capacitor on the left (resp. right) side is given by Qr/r = ff;f/z? ,where

k1R Tepresents the loss rate of the system on the left (resp. right) open termination. Therefore, the total
quality factor of the system is given by:

11,1
Q Qi Qr
We decided to have the same loss rates on both sides of the resonator and therefore
s
@= 4C2w2 73

The design parameter of the quality factor of the resonator is chosen to be @ = 3000, therefore we obtain
a coupling capacitor Cl:

3Sapphire is a uniaxial substance with Eraapz = 11.5 and ery,, oy = 9.3 where e, & (€r40p,2 + 26r,0,,2—y) /3 ~ 10.03
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Ce=,]/—

¢ 4Q Wy ZO
The dimensions of the coupling capacitor have been calculated with an electromagnetic simulator (Sonnet).
We found that two pads of 50 um width separated by a 5 um gap will give us the correct capacitance value.

~ 4.325fF

0 £
TEE
£ 0
1Imm
(a)
Zp = ZO ZC = 1/l(JJCC ZCPW = ZO

Region 1 Region 2

Figure 8: (a) Design of the resonator. (b) Zoom on the flux lines (in left) and on the coupling capacitor and an illustration of the

impedance of the components on the left side of the resonator in the vicinity of the coupling point.
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3.2 Design of the tunable flux qubit

1+d p——
p 2

5=~ 8/2m=105GH:
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S A/2m = 12.5GHz

A .[/lmZ]

uni
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Figure 9: (a) Design of the tunable flux qubit mask. The left loop is the SQUID, while the qubit area consists of the area of the
two loops. The width of the wires of the qubit was taken to be 400nm. In this design, we present all the junctions as a function of the
Josephson energy of the unitary junction E ;. The surface area of the unitary junction is Ay, = O.1145umz7 the small junction a was
chosen to be a = 0.495. The junctions of the SQUID have additional parameters, S and d. 8 = 2 is the multiplayer of the effective
junction of the qubit and d = 0.75 it the asymmetry parameter of the squid. (b) Iso-A and Iso—Ip curves for A = 11.5 £ 1 GHz and
I, = 250 £ 50nA.

Our qubit design, shown In Fig.9a, consists of two loops. The outer loop is the qubit’s loop and it is
galvanically connected to the resonator in order to increase the coupling (in the range of ~ 100MHz). The left
inner loop is the SQUID’s loop. The areas of the qubit/SQUID loops are chosen such that Sgupit = 3/2Ssquid-
Hence, when the flux qubit is tuned at the vicinity of one of its optimal points ®/py = (2n + 1), the flux
®g inside the SQUID is given by:

Dg/po = (2n + 1)WM =(2n+1)x27/3 (38)
qubit

The parameters of the flux qubit (A, I,) are controlled by the parameters of the junctions (E;, Ec,a)
intersecting its loop. For a given oxidation, the values Ej, Fo depend only on the surface areas of the
junctions A. Namely, F; x A and Ec « 1/A. Therefore, their product is a constant and depends only on
the parameters of the dynamical oxidation recipe. The square root of this product defines what is called
the plasma frequency of the junction. Using our standard evaporation recipe, this value is fpiasma =
V8E; x Ec/h =~ 87.71 |GHz].

In our qubit design, we control the Josephson energy F; and the capacitive energy F¢ of the unitary
junctions by changing the surface area of the junctions. In Fig.9b, we represent the parameters of the flux
qubits as a function of S and «. In order to get a flux qubit with A ~ 11.54+1GHz and I, ~ 250+ 50 nA, we
see clearly that the surfaces of the unitary junction should be A,,; ~ 0.11 4 0.04um? and a = 0.495 + 0.04.

3.3 Fabrication Process Recipe

In the following we will present our fabrication process in a table, step by step.

Parameters of the sample:

Our sapphire wafer is 2-inch wafer and 330um thin from Crystec. It is cut at the a-plane of the crystal and
double-sided epipolished. For convenience, we cut the wafer into rectangular coupons, each one containing
10 samples.

] Name | Shape | height | length
sapphire wafer circular 2 inch 2 inch
coupon rectangular | 21 mm | 23.1 mm
sample rectangular | 3 mm 10 mm
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Dicing - cut the wafer to coupons

It is more convenient to process square coupons than a full wafer. Therefore, we dice our wafer into
coupons before process according to the following recipe:

| Step # [ Process Name | About the process \

E-Beam-resist EL7. 500 rpm 2s, 2000 rpm 60s
Hot plate, 120°C, 1 minute

E-Beam-resist EL7. 500 rpm 2s, 2000 rpm 60s

1 Spin Coating Hot plate, 120°C, 1 minute
E-Beam-resist FL7. 500 rpm 2s, 2000 rpm 60s

Hot plate, 120°C, 5 minutes

9 Dicing Front dicing in three steps:

Every step remove 140um of sapphire
IPA, to remove the plastic cover from the samples
3 Cleaning Stream of acetone to remove big particles
NMP over night 90°, Water, IPA, N2 Blow Dry

* Note, the width of the dicing saw in the our machine has 300um width. The average width of the diced
canal is roughly 350um. Therefore, the space between the resonators cannot be smaller than 400um.

Alignment marks

For E-beam lithography, alignment marks are needed to align the qubits with the resonators. Niobium
marks are much more visible than the ones made out of aluminum. This process is done only once for each
coupon. Indeed, niobium is resistant to the Piranha acid cleaning.

’ Step # \ Process Name About the process
1 Cleaning Piranha acid 10min, water, IPA, Ny Blow-dry
2 Heating Hot plate, 180°C, 10 — 15 minutes (Inside the clean room)
3 Evaporation 150 nm Aluminum layer evaporation
4 Heating Hot plate, 180°C, 2 minutes
5 E-Beam-resist £L7. 500 rpm 2s, 2000 rpm 60s, 6000 rpm 2s
6 Spinning resist Hot plate, 180°C, 1 minute
7 E-Beam-resist £L7. 500 rpm 2s, 2000 rpm 60s, 6000 rpm 2s
8 Pre-bake Hot plate, 180°C', 15 minutes
9 Evaporation 60 nm Germanium layer evaporation
10 Spinning resist E-Beam resist CSAR. 500 rpm 2s, 4000 rpm 60s, 6000 rpm 2s

Hot plate, 100°C', 5 minutes

H Pre-bake Crestec 9000, 30pA, Dose = 666uC/cm?

12 Development MIBK - 4min, IPA - 1min

1 Etching 7 — 10 minuets with stirrer Al et(;h until homogeneous with eye + 20% waiting
1 min AZ726, Water

12 Evaporation 100 nm Niobium layer evaporation

13 Lift off NMP 90° until the Niobium layer is removed

14 Cleaning Piranha acid 10min, water, IPA, Ny Blow-dry

* Note, step 14 is recommended but not mandatory.

UV Lithography

In this step, we fabricate the coplanar waveguide resonator. The fabrication of the resonator is done by
evaporating a single layer of 150nm on the full sapphire coupon. After this, we etch this aluminum using
Al-etchant according to our photoresist mask.
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| Step # | Process Name About the process

1 Cleaning Piranha acid 10min,water, IPA, Ny Blow-dry
2 Heating Hot plate, 180°C, 10 — 15 minutes (Inside the clean room)
3 Evaporation 150 nm Aluminum layer evaporation
4 Heating Hot plate, 180°C, 2 minutes
5 Spinning resist Photo-resist AZ1505. 500 rpm 2s, 5000 rpm 60s, 6000 rpm 2s
6 Pre-bake Hot plate, 80°C', 5 minutes
7 UV lithography MLA150, Dose = 23 [mJ/cm?], CD(x,y) —600, —600
8 Development, A7726 45s, Water 45s, No Blow Dry 45s
9 Post Bake Hot plate, 120°C, 5 minutes
10 Residual removal O3 + N> ashing 50% 1 minute

. 7 — 10 minuets with stirrer Al etch until homogeneous with eye + 20% waitin
1 Etching T min AZ726, Wacer : :
19 Cleaning - NMP over night, Water

Sonication 80KHz, 50%, 50C"° - Acetone 30sec, IPA 30sec, No Blow Dry 45s

E-Beam Lithography

The fabrication of the qubits is made by ebeam lithography and with the so-called double evaporation
technique. Two thin layers of superconducting aluminum are evaporated through a germanium mask created
by Ebeam lithography/RIE technique. Before the evaporation, an ion milling step removes the oxide layer
from the central conductor of the resonator® in order to establish a good electric contact. A first layer of
20nm Al is evaporated in a direction of —25° relative to the sample axis. Then, a dynamical oxidation of
the Al layer is done by introducing a flow of O2/N2 in the sample chamber (typ. P~19ubar). This step is
followed by a second evaporation of a 30nm Al layer in the opposite direction with an angle of 4+25°.

’ Step # \ Process Name \ About the process ‘

1 Heating Hot plate, 180°C, 5 minutes

E-Beam-resist £L7. 500 rpm 2s, 2000 rpm 60s, 6000 rpm 2s
2 Spinning resist Hot plate, 180°C, 1 minute

E-Beam-resist £L7. 500 rpm 2s, 2000 rpm 60s, 6000 rpm 2s
3 Pre-bake Hot plate, 180°C', 15 minutes
4 Evaporation 60nm Germanium layer evaporation
5 Spinning resist E-Beam resist CSAR. 500 rpm 2s, 4000 rpm 60s, 6000 rpm 2s
6 Pre-bake Hot plate, 100°C', 5 minutes
7 E-Beam lithography Crestec 9000, 30pA, Dose = 666uC/cm?
8 Development MIBK - 4min, IPA - 1min

* You should do steps 1-3 with an additional dummy sample that will be used as a reference for the
Germanium etch during the RIE process.

4Only on specific location where the constriction are connecting to the resonator
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RIE and Cold Evaporation

| Step # | Process Name About the process \
Locate the real and dummy sample in the middle of the wafer
1 location Be sure that the samples are laying next to the other
Be sure that the samples are well pressed to the wafer
9 Calibration Set the software to interferometer mode
Focus the laser beam on the dummy wafer
Choose FS6 slow etch
3 Etching Count the time takes the sinusoidal shape to top
Wait more 80% of the time (180% of the time in total)
5 Residual removal Oy + Ny ashing 50% 8 minutes
20nm layer at —44°C
. dynamic oxidation —10° — +4°C at pressure of 0.019mbar
6 Cold Evaporation Y Second Tayer 4° — f0° c
Static oxidation for 10min
7 Cleaning NMP over night, Water, IPA, N2 Blow Dry

Dicing - cut the coupons to samples

As mentionned earlier, each coupon constains ten samples (10 x 3mm each). Therefore, we should now
cut the coupon into ten samples. During this process, we measured that the resistance of the junctions is
increased by ~ 12%.

| Step # [ Process Name | About the process \

E-Beam-resist £L7. 500 rpm 2s, 2000 rpm 60s
Hot plate, 120°C, 1 minute
E-Beam-resist FL7. 500 rpm 2s, 2000 rpm 60s

1 Spin Coating Hot plate, 120°C, 1 minute
E-Beam-resist FL7. 500 rpm 2s, 2000 rpm 60s

Hot plate, 120°C, 5 minutes

9 Dicing Front dicing in three steps:

Every step remove 140pum of sapphire
IPA , to remove the plastic cover from the samples
3 Cleaning Stream of acetone to remove big particles
NMP over night 90°, Water, IPA, N2 Blow Dry

* Note, the width of the dicing saw in the our machine has 300um width. The average width of the diced
canal is roughly 350um. Therefore, the space between the resonators cannot be smaller than 400um.

3.4 Room temperature characterization

At the end of the fabrication process we observe our sample by an optical microscope and by an Atomic
Force Microscope (AFM). The optical microscope has low resolution but allows us checking the sample for
unwanted shorts between elements and resist particles that we could not get removed. The AFM scan has an
ultra-high resolution and allows us to extract critical information concerning the RIE and the Ebeam step:
i.e. qualitative shape of the qubit, dimensions of the junctions, surface roughness of the wafer, remaining
particles of resist...

In Fig.10.a, we present a microscope picture of one sample. As explained in Sec.1.4, our resonator is
a superconducting coplanar waveguide made of 150nm thick of evaporated aluminum on a Sapphire wafer
connected to a cryogenic PCB connector. The resonator consists of three islands. The right and the left
are grounded and connected via an air bond in the middle of the sample. The third island is the central
conductor. It crosses the sample at the center and acts as a transmission line. The resonator parameters are
as explained in Sec.3.1 w = 11ym and d = 5um, such that the characteristic impedance is Z; ~ 50€2.
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In figure 10.b, we present an AFM micrograph of a one of the fabricated tunable flux qubits. The qubit
and the resonator (green) are galvanically connected to increase the coupling between them. These two
elements were fabricated together by using a double-angle evaporation technique as described in Sec.3.3.

(a)

Qubit 1 ->
Qul:;t 2 =

Qubit 3
- E,,;z(lubit 4

<= Qubit 5

Figure 10: (a) Microscope picture of the whole sample, showing the coplanar waveguide resonator inductively coupled to five tunable
flux qubits. The resonator is made of 150nm thick evaporated aluminum on a sapphire wafer laid on a PCB layer. The right and left
aluminum grid are grounded and connected via an air bond. The pads in the top left and bottom corners right are dedicated to test
junctions. (b) AFM micrograph of a tunable flux qubit. The qubit is galvanically coupled to the central conductor of the resonator
(green line). It consists of two loops sharing one Josephson junction. The Outer loop (yellow) is the qubit loop, having an area of
Sright = 43~71M“12~ This loop is is intersected by three Josephson junctions. Two of them are unitary Junctions having a surface area
of Aun; &~ 0.104 pm? £7.6% and one that has a Josephson energy of aE; having a surface area of A, ~ 0.0465 pum? +£9.9%. The qubits
loop is also intersected by a SQUID loop (purple), having an area of Ssquiq = 29.72 um?. The SQUID is intersected by two Josephson
junctions with surface areas are Ay;, ~ 0.192;1.1‘[12 +6.4% and Aga =~ 0.0338 ;Lm2 +12% for the big (dark blue) and the small (bright

blue) junctions, respectively. The area inside the yellow dashed line is the total area of the tunable flux qubit.

The outer loop (yellow) is intersected by two unitary junctions (gray) having an area of A,,; ~ 0.104um?+
7.6%. The smaller junction a-junction (red) having an an area of A, ~ 0.0465um?+9.9%, which corresponds
to a = 0.45 + 0.06. In addition, the outer loop is also intersected by a big junction that also intersects
the SQUID’s loop. It is the biggest junction having a surface area of Ap; ~ 0.192um? + 6.4% while the
second junction of the SQUIDs loop is the smallest junction of the qubit having a surface area of Agpqy ~
0.0338 pm? + 12% such that d ~ 0.7+ 0.03 and 8 ~ 2.17 £ 0.26.

At the limit where d — 1, most of the current, I,, will flow through the big junction. Therefore, the
qubit’s effective junction will be determined by the position of this junction, inner or outer line. In our qubit,
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the asymmetry of the SQUID was chosen to be high d ~ 0.7, and the big junction was located on the outer
loop. Therefore, the effective area of the qubit is in a good approximation the area of the outer loop.

As mentioned earlier, the area of the SQUID was chosen to be roughly two-thirds of the area size of the
qubit loop. We measure Ssoup = 29.72um? and Syupir = 43.71pm? and find that the ratio Ssquia/Squpit ~
0.68 in agreement with our design.

IV characterization of junctions

The IV characteristic of the test junctions is the second measurement we perform before putting the sample
into the dilution fridge. The test junctions are fabricated with the qubits simultaneously. Therefore, one
can assume that the resistance of these junctions would be similar to the ones of the qubit. The junction’s
resistance is related to its Josephson energy F; by the Ambegaokar-Baratoff relation [15] to the critical
current crossing the junction at 4K temperature.

A
IoR(T = 4K) = '=¢

~ 330uV

where Ay =~ 210ueV is the superconducting gap of a thin layer of aluminum as evaluated from Fig.11
taken from [46].

300 A 4
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Figure 11: Taken from [16] Observed superconducting energy gap of aluminum as a function of film thickness. Each point represents

a single junction whose gap energy was extracted via differential conductance measurements. Films were evaporated onto a substrate

in contact with a liquid nitrogen cooled stage at a temperature of ~ 173K.

The temperature dependence of the resistance is such that R(T = 300K) = 1.15 - R(T = 4K), therefore:

| IoR(T = 300K) = 286V |
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Figure 12: (a) An AFM micrograph of one of the unitary test junctions. (b) A histogram consists of bins with a 3 Ohms width,
representing the resistance distribution of 60 test junctions: 30 unitaries (gray), ten as (red), ten ﬂ%‘i (dark blue), and tenﬁ% (bright
blue). The variation of the resistance shrinks while the size of the junction increases. from the resistance of the qubit can give a good
approximation for the Josephson energy can be found from the expression E; = ¢o - Ay/R where Ay = 210ueV is the superconducting

gap of aluminum. (c) A sachem of the measurement setup. The diagram was drawn by using https://www.circuit-diagram.org web site.

The IV measurements have been performed using a probe station in a so-called two probe measurement.
The probe station is connected to a lock-in amplifier having an internal A.C. voltage source (local oscillator
- LO). The voltage getting out from the source is a sine wave. Its amplitude is 4mV, and it oscillates at 10Hz
frequency, as shown in Fig.12.c. The current passing through the junction is measured by the lock-in amplifier
by mixing it with the local oscillator, and integrating over 300ms. The integration process suppresses noise
and out-of-phase signals due to the orthogonality of the sine functions.

In Fig.12.b, we present a histogram showing the resistance distribution of the test junctions. Each bin in
the histogram represents a 3) width, and its height represents the number of junctions inside this range.

The statistics of the test junctions presented in Fig.12.b were taken from 60 test junctions where half of
them are the unitary junction (gray), and the rest alpha (red) , 8 %d (dark blue), and 6%‘{ (bright blue)
junctions are equally divided, ten each. We get deviations of the resistances in the range of 1.5% — 4.2%.
Using these measurements, we can extract the parameters of the qubit: o = 0.424+0.01, d = 0.79 £0.01 and
B =2.11 =+ 0.09.

This measurement in association with AFM scan, Fig.12.a, enables us to extract the resistance R, (T =
300K) = Rjun * Syun [Q.pum?] = 35[Q.pum?].

4 Experimental Setup

The sample is glued to a PCB holder , which is embedded in an OHFC copper box. This box is placed
inside a superconducting coil in the 20mK stage of a dilution fridge. In order to protect the qubits from
Earth’s magnetic field fluctuations, the superconducting coil is placed inside two protecting shields. An
external copper box covered with 10 — 15 pm of SnPb 60/40 acts as a superconducting shield. In addition,
this copper box is surrounded by a CryoPerm (mu-metal) 1 mm thick shield. The coil is connected to
superconducting twisted wires up to a Fisher 2pin shielded connector located at the 5K stage and then to
Phosphore bronze (AWG 27) twisted wires from 5K to 300K. Outside the fridge, a low pass filter is made out
of a a 5K() resistor placed in well-controlled temperature environment and connected to capacitors (see.5).
This filter is connected to a low-noise DC power supply [47] with noise power spectrum of 15nV/ VHz at
10KHz (generating 0.1u®/+/Hz of magnetic flux noise).

In order to probe the qubit, we use an OPX system from Quantum Machines. The OPX has two outputs
that can generate pulses modulated with an intermediate frequency (IF) fi,: < 250MHz. In each port, the
IF signal is mixed by an IQ modulator with a microwave LO signal coming from a Keysight microwave
generator [48], as shown in Fig.13. The amplitude of the RF signal is controlled by a fast ramping switch [49]
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Figure 13: A scheme of the experimental setup.
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(T30ns rise time) and a variable attenuator [50]. The noise temperature of these signals is about 300K. The
number of incoming thermal photons is given by the Bose-Einstein distribution:

. S (39)

exp(gdz) — 1

where T[K] is the temperature, Kp is the Boltzmann constant, and f is the frequency [Hz]. At 300 K
and fres = IOGHZ, n300 ~ 600.

A first attenuator of —20dB, located at the 5K stage of the fridge decreases this number by a factor 100.
The number of incoming photons is thus reduced to fizor, 55 = 7300k /100 + 75K ~ 16.13 photons, where nsk is
the number of thermal photons generated by the attenuator thermalized at 5K. At the entrance of the 20mK
stage, there is a second attenuator of —40dB that lowers this number to 16 - 10~* photons. The number of
photons that are thermally generated at 20mK is extremely low ~ 3.5 - 10711,

At the output of the resonator, we cannot use attenuators in order to prevent incoming thermal noise.
Therefore, we use a double circulator that passes the signal from the resonator but blocks by ~ —40 dB
incoming thermal noise from the amplifier.

The first HEMT amplifier is located at the 5K stage of the fridge. It has a gain of 38dB at the frequency
fr = 10GHz and a noise temperature of 5K. Consequently, we are limited by the thermal noise that is
coming from the environment with effective cavity temperature 7T.,, = 80mK. The signal to noise ratio
(SNR = 5;”%) of our measurement is fixed by the ratio of the input power P;, at the exit of the resonator
with the Johnson noise power Pisc = 4KpTAf [51] where Kp is the Boltzmann constant, Af is the
bandwidth in Hz and T = 10K is the sum of the stage and the noise temperatures of the amplifier. Hence,
the bandwidth required to perform a measurement with SNR = 1 and with a single photon in the resonator
(1~ 2Q/hw? X Ppeas = 1 [25]) is Af ~ 100KHz.

Outside the fridge, the signal is amplified again by 33dB. Then it passes through the I — @ demodulator.
Then the signals I and @ are amplified by 20dB, each, using FEMTO amplifiers [52] and is digitized and
demodulated (at the intermediate frequency) by the OPX.

5 Results

5.1 Anticrossing Scan:

The measurement of the resonator transmission is done by a Keysight PNL Vector Network Analyzer
(VNA) when the current flowing in the coil is zero. In Figl5.b we present the VNA scan (blue) and its fit
with a lorentzian behavior (orange) (see Eqn.24). We obtain w, /27 = 10.2246GHz, Q1+ = 3560 in agreement
with the design parameters.

In a second step, we sweep the current flowing through the coil. When the magnetic flux generated by
the coil is at the vicinity of the optimal point of one of the qubits, the resonance frequency of the resonator
w, will shift upwards (resp. downwards) when the qubit gap A is lower (resp. higher) than w,. When A
is lower than w, we observe an anticrossing pattern and the resonance frequency wy, sp; ¢+ will reach w, F 2g.
This allows us to measure precisely the value of the coupling constant g for each qubit.
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Figure 15: (a) A 2D figure of S2; as a function of coil current and resonator frequency for two different coil current regimes that are
translated into magnetic fluxes of ®/¢po = —m and ®/po = 7 (left and right respectively) for different qubits. The resonator’s resonance
frequency remains constant while the current in the coil is changing till the generated magnetic flux falls in the vicinity of the optimal
point of one of the qubits, then the resonance frequency will shift. The direction of the resonance frequency shift is controlled by the
detuning of the frequency gap of the qubit A from the resonance frequency w,, Ar = w, — A. For positive values, an anticrossing
appears, and for negative, a deep appears. Here we get four distinguished anticrossings that are associated with the qubits as appear
on the graph. (b) Scan of the resonance frequency (blue) and fitted function (orange). (ec-d) Zoom around the anticrossing (c) and the
deep (d) regions of qubit 2. The blue carves are the error bars, and the oranges are the fits, which are obtained by fitting the coupling

constant using the full Hamiltonian of the system.

In Fig.15.a, we present a 2D scan of the VNA scan as a function of the current flowing through the
coil. For different qubits, the anticrossing appears at different values of magnetic fields due to magnetic field
inhomogeneities and slight changes in the size of each qubit loop. This scan shows four qubits, where qubit
one is too close to qubit three on the negative side and did not appear on the positive side during this scan.

In Fig.15.c and Fig.15.d, we present a close-up scan when the magnetic flux is near the optimal points
®/py = m and ®/py = 31 of qubit 2. In the first figure, an anticrossing is observed, which means that the
A < w,. In the second figure, A > w,. In both figures, the blue lines are the error bars of fitted resonance
frequency as fitted In Fig.15.a, and The orange line is obtained by diagonalizing the full Hamiltonian of the
system and fitting the coupling parameter g. From this fit, we obtain the value of the coupling between the
resonator and the qubit (¢ = M1,01y/h).

5.2 Qubit Spectroscopy

The qubit spectroscopy allows us to extract the parameters of each qubit A and Ip for different values of
the flux &g threading the SQUID. In order to detect the qubit, we sweep the pump frequency of a saturation
pulse of 23 us length and power of Ppyymp =-100dBm. When the pump frequency is in resonance with the
qubit, this pulse puts the system into a statistical mixture such that the probability of measuring the qubit
at excited or ground state is equal. Right after the pump, a measurement pulse of ~ 4us length and tuned
at frequency 10.2246GHz and power P,,..s = —133dBm is sent in order to detect the state of the qubit
according to the mechanism described in 1.4. For each point, the measurement sequence is repeated and
averaged over 2500 times in order to obtain an SNR of 30dB.

In the following we will present a spectroscopy scan of qubit 4 while the flux threading its loop was at
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Figure 16: (a) Spectroscopy scan of qubit 4 in the vicinity of different optimal points. The red curve represents the measurement
around ®/¢po = —m, the yellow is around ®/¢o = 7 and the purple is around ®/¢o = 37 (b-c) The qubit gap frequency A (b) and
persistent current I,, (c) for different optimal points ®*/po = m(2n 4 1) where n € {—1,0, 1,2}. The green dashed line is a fit with our

model.

In Fig.16 we present a spectroscopy scan of qubit 4 around three different optimal points. The red and
the yellow curves are the measurements around ®*/¢y = —r and ®*/pg = 7, respectively, and the purple is
around ®*/pg = 3.

When ®/py = 37, the flux threading the SQUID ®g/pg ~ 27. It means that is effective energy of the
SQUID becomes SE;, and the qubit gets its non-tuned gap A3z, = A}, and persistent current [ 5 = I .
For n # 1 the magnetic flux inside the SQUID is no longer an integer number of 27, therefore the gap of the
qubit decreases and the current increases.

In table 1 we present the measured values of the qubits gap A (top) and the persistent current I,(bottom)

of the qubits at each optimal point.

Magnetic Qubit 1 Qubit 2 Qubit 3 Qubit 4 Qubit 5
flux A[GHz| Ip[nA] | A[GHz] Ip[nA] | A[GHz] I,[nA] | A[GHz] I,[nA] | A[GHz] I[,[nA]
—Py/2 - - 6.76 418 7.06 364 4.35 463 7.81 362
Dy /2 7.12 380 6.88 369 6.77 366 4.39 456 7.88 362
3Dg/2 12.26 245 12.41 239 12.62 244 9.35 291 13.5 232
5@ /2 8.00 323 7.04 318 8.25 357 - 9.61 287

Table 1: evaluated A and I,, of all the qubits presenting the tunability of the qubit as a function of the flux threading the qubit. We
see that all the qubits has the same behavior in terms of A and I, while the magnetic flux that threading the qubit changing.

From table 1, we get that all the qubits have qualitatively the same behavior. At ®/po = 37, the gaps A
of all the qubits is sensibly larger than at ®/po = w. This indicates that all the qubits are tunable. Yet, the
tunability of the qubits seems bigger than what was predicted by the model described in Sec.2.2 We attribute
this mismatch to the kinetic inductance of the SQUID loop, which was up to now neglected.
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Kinetic inductance

In the model shown in Sec.2.1, we neglected the kinetic inductance of the SQUID L;. But the SQUID,
in our qubit, consists of long and thin wires such that Lj is not negligible in front of Josephson inductance
L,,,of the big junction. Hence, the kinetic inductance should be added to the potential energy of the SQUID
as will be shown below. The value of the kinetic inductance is given by:

R(T = 4K)

L =
K Ty

where Q, = 320 x 10° rad s~! is the angular frequency corresponding to the superconducting gap of a
25nm-thin film of aluminium and Rg is the resistance of the SQUID’s loop. At T' = 4K the resistance per
square of aluminum is Ry = 3Q/0 [53]. The SQUID has a total number of 73 squares and therefore we can
estimate its kinetic inductance to be Ly ~ 0.22nH.

In our model, we treat the SQUID loop and the big junction as an effective junction with an effective
Josephson junction:

i
Edvgmess /0= g g /= S8TGHz
In figure 16.b-c we present the gap A (top) and the current Ip(bottom) as a function of the magnetic
flux threading the qubit and compare it with our theory. Since all the qubits were fabricated together, we
assume that F, = 0.96GHz and E; = 660GHz are the same for all the qubits. In table 2, we present the
qubit fitted parameters. The average values of the qubit parameters are « = 0.37 + 0.01, d = 0.67 + 0.02 in
relative good quantitative agreement with our AFM and room temperature IV characterization 3.4.

Qubit 1 | Qubit 2 | Qubit 3 | Qubit 4 | Qubit 5
@ 0.375 0.362 0.37 0.397 0.357
153 2.1 2 2.13 2.16 2
d 0.68 0.68 0.7 0.64 0.65
Li[nH] 0.44 0.45 0.45 0.45 0.45

Table 2: Table of fitted parameters of the qubits. In order to fit these parameters, we used the new model, including the kinetic

inductance of the SQUID, and compared it with the values of A and I, we got from the measurement.

5.3 Rabi oscillations

The frequency at which a qubit is rotating in the Bloch sphere under a resonant drive is the so called
Rabi frequency Qg. From this frequency we can extract the length of the = and 7/2 - pulses, which will be
used in the next sections to analyze the relaxation and dephasing properties of the qubits. The length of the
7 pulse is the time it takes the to perform a half-period of the Rabi oscillations. At this time, the probability
of finding the qubit is at |e) is P. = 100%. The 7/2 pulse introduces the qubit into a coherent superposition

state (|0) + |1))/v/2.
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Figure 17: Rabi oscillations of qubit 4 where the blue 4+ markers are the measurement points and the orange solid line is the fit.
The probability of been in the exited state periodically oscillates between |0) and |1) at frequency Qr = 27 x 8.4MHz. For long time
the qubit exponentially decays, with a typical time I'g, = 1110KHz into a symmetric mixed state such that the probability of been in
states [0) or |1) goes to 50%.

In figure 17 we present Rabi oscillations of qubit 4. The power in this experiment was set to be —83dBm
and the measured Rabi frequency was Qgqp; = 27 x 8.4MHz. The Rabi oscillation exponentially decays due
to relaxation and decoherence mechanism of the qubit.

5.4 Relaxation Rate 'y

The relaxation rate I'; corresponds to the rate at which the qubit emits spontaneously an excitation to
the environment and relaxes from the excited state |e) to the ground state |g). The probability of finding the
qubit at the excited state at time ¢ goes as [27]:

P, = exp(-Tt)

At the beginning of the experiment, the qubit was initialized at the ground state ¢ = |g). At time t = tg
a m-pulse is sent and flip the qubit to exited state ¢» = |e). In this experiment, we change the waiting time
between the 7w-pulse and the measurement pulse.
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Figure 18: Relaxation experiment of qubit 4 at the optimal point ®/po = 7 (blue) and ®/po = 3 (yellow). The qubit is initialized
at excited state |e) by a m-pulse. We present the probability of finding the qubit in the excited state at time ¢ and fit the experimental

curve to an exponential decay P.(t) = exp(—I1t).

In Fig.18 we present a relaxation experiment we performed on qubit 4 at two different optimal points
®/pg = 7 (blue) and ®/py = 37 (yellow). At short waiting times the probability of finding the qubit at the
excited state is P, ~ 100% for both experiments. At longer waiting time the qubit starts to relax, and the
probability decreases. We see that the relaxation rate I'; is much shorter at /¢y = 7 than at ®/¢y = 3,
with fitted values of I'{ | = 161KHz and I'f 5, = 431KHz. The main reason for this is the Purcell decay as
explained in Sec.1.5.

At ®/py = 7w the Purcell rate 1"‘}3,7r = 0.84KHz is experimentally determined by injecting the values of
wge = A% = 21 x 4.3GHz, P;,, = —83dBm and Q% = 27 x 8.4MHz, obtained from the Rabi oscillations, into
Eqn.26. When the qubit is at ®/¢y = 3w, where the parameter are P, = —115dBm, Q% = 2.9MHz, and
wge = A3, = 21 x 9.35GHz the Purcell rate become I'} 5, = 325KHz.

Magnetic Qubit 1 Qubit 2 Qubit 3 Qubit 4 Qubit 5

flux I'i[KHz] Tp|KHz| | T'1|[KHz] T'p|KHz| | I'|[KHz] T'p[KHz| | I'1|[KHz] Tp|KHz| | I'i|[KHz] TI'p|KHz|
—®g/2 - - 276 32 268 32 214 0.8 313 51
Do /2 306 45 297 28 295 37 162 0.84 332 -
3Py /2 - - 2273 33 737 623 431 325 - -
5®0/2 313 211 187 43 322 85 - - - -

Table 3: I'; and calculated Purcell decay rate I'p of each measured qubit at different optimal points.

In table 3 we present the values of I'y measured for each qubit as a function of the magnetic flux threading
the qubit loop. The relaxation rates of qubit 2 and 3 are high, especially qubit 2. We believe that this anomaly
is due to the mismatch between the frequency range of our 8-12 GHz circulator and the frequency of these
qubits. An additional measurement is currently performed to assess this question.

5.5 Dephasing Rate - I';

'Y » - Ramsey pure dephasing rate

As mentioned earlier, the decoherence rate of a qubit I is determined by the relaxation rate I'y and the
pure dephasing rate I'Y and given by: I'y = It + T,
Therefore, we fit the probability of finding the qubit in |g)/ |e) state to:
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Figure 19: Ramsey experiment of qubit 4 for two optimal points ®/po = 7 (top) and ®/po = 37 (bottom) showing the probability
to find the qubit at the exited state. The + signs are the measured data points and the solid line is the fit as given in Eqn.40

In Fig.19 we present the Ramsey experiment of qubit 4 at the optimal points ®/pg = 7 (top) and
®/¢po = 3m (bottom). At ®/pg = 7, the pure dephasing rate (I‘gl’-iw = 1055KHz) is higher than at ®/¢p¢ = 37
(T%3 5, = 672KHz).

In the following table we present the Ramsey pure dephasing rate of each qubits for different optimal
points.

Ff,R[KHZ]
Magnetic flux | Qubit 1 | Qubit 2 | Qubit 3 | Qubit 4 | Qubit 5
—Py/2 - 1025 1622 875 1194
Dy /2 1684 - 1091 1055 1084
3Dy/2 - 1867 868 672 -

Table 4: F;R[KHZ] of each measured qubit at different optimal points.

F;E - Echo pure dephasing rate

Here we follows the steps presented in Sec.1.5.
In order to take into account possible contributions of white noise and 1/f noise at first order shown in
Sec.19, we fit the results by using a Voigt model:

Pe = % [1+ exp (—1T'1 /2) exp(—yt)exp(—0%t?)] 41

Having obtained fit parameters v and 4, the total Echo decoherence rate I'sp corresponds to the rate at
which the probability of being in state |e) is:
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Figure 20: Echo experiment of qubit 4 at two optimal points ®/po = « (blue) and ®/po = 37 (yellow) showing the probability to
find the qubit at the exited state as a function of time. The inset extracts the pure dephasing I'y. When ® /¢ = 3w the pure dephasing

rate I'fp . = 307KHz is much lower than at ®/¢o = m, where I'{p = 474KHz.

In Fig.20, we present two Echo experiments performed on qubit 4 at different optimal points, namely
®/pg = 7 (blue) and ®/¢g = 37 (yellow). The decoherence rates are almost equal, where I‘%Em = 555KHz
and F%E’sﬂ = 523KHz. However, the pure dephasing rates change significantly with F%m = 474KHz vs

Ffé’% = 307KHz. This behavior is due to the ratio between the SQUID and the qubit areas, as explained
before.

1“2"7 | KHz]
Magnetic flux | Qubit 1 | Qubit 2 | Qubit 3 | Qubit 4 | Qubit 5
—Py/2 - 370 593 432 370
Dy/2 384 424 408 474 493
30y/2 - 1604 727 307 -

Table 5: FfrE [KHz| of each measured qubit at different optimal points.

Table 5 presents the pure dephasing rates of the qubits at various optimal points. We see that at
® /g = £, the dephasing rates are similar and much lower than the ones we got from the Ramsey sequence,
(T2,r/T2 g < 4.5). Unlike in qubit 4, the dephasing rate of qubits 2 and 3 does not decrease as expected.

5.6 Flux noise amplitude

Away from the optimal point, the first order flux noise inside the qubit is the main decoherence source.
Therefore, in order to evaluate the amplitude of the flux noise v/A, one should fit the dephasing rate found
from the echo experiment and fit them with the expression given in Eqn.29.

In Fig.21 we present F;E of qubit 4 as a function of ¢ at the vicinity of ®/¢pg = 7 and ®/pg = 3,

presenting flux noise amplitude , /Ai‘l?,w = 2.76uPy and A‘}E’gﬂ = 1.94u®P(, respectively.
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Figure 21: Decoherence rate 'Sy vs € of qubit 4 at the optimal points ®/po = 7 (blue) and ®/po = 3w (yellow). Away from the
optimal point, the dominant noise source is the first order flux noise at the qubit, consequently allowing finding the amplitude of the
flux noise by using 29. When decreasing ¢, the dephasing rates linearly drop to a constant higher than zero due to other decoherence

mechanisms such as first-order flux noise inside the SQUID, second-order flux noise inside the qubit, photon noise, and charge noise.

Table 6 presents the flux noise amplitudes we got for each measurement.

] Magnetic flux \ Qubit 1 \ Qubit 2 \ Qubit 3 \ Qubit 4 \ Qubit 5 ‘

—®,/2 - 1.01 2.23 1.95 1.12
®o /2 1.94 5.15 3.27 2.76 1.92
300 /2 - - - 1.943 -

Table 6: Flux noise amplitude: VA[u®o] of each measured qubit at different optimal points.

When ¢ — 0, i.e., at the optimal point, the dephasing rates I'§ are not going to zero, due to several
mechanisms that become dominant at this point. These noise mechanisms can be divided into two categories:
flux-dependents and flux-independents. The first category includes the first-order flux noise inside the SQUID
and the second-order flux noise inside the qubit. The second category includes the photon noise and the charge
noise, which we will not discuss.

In the following, we will evaluate the decoherence rates of qubit 4 at the optimal points due to the
mechanisms mentioned above and try to determine the dominant source noise we have in our system.

1. Flux-dependent noise
In the following we chose the amplitude of the flux noise to be /A ~ 2.33u®, like we got before.

(a) First order of flux inside the SQUID:
By using the expression of the dephasing rate presented in Eqn.35

. ®g
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0
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Qubit | Magnetic First order flux Second order Photon I‘f’ B
number flux noise in SQUID [KHz| | flux noise [KHz| | noise [KHz] [KHz|
1 Dy/2 377 49.7 5.7 384
3D /2 127 12.0 3.9 -
) Dy /2 373 485 32 424
33,/2 208 113 26 1604 (7)
3 Dy /2 397 48.5 6.4 408
33, /2 16 116 0.9 727 (7)
4 Dp/2 293 116.2 24 474
3P /2 130 22.2 50.8 307
5 Dy/2 438 48.3 20.2 493
3D /2 102 9.8 1.6 -

Table 7: Dephasing rates due to several mechanisms while the qubit is at the optimal point.

we get that the relaxation rates of the qubit at the two optimal points shown in Fig.21 are
[$79M" = 293KHz and T30 91" = 130K Hz.

(b) Second order flux noise inside the qubit:

The dephasing rate, due to this noise is given by:

(1pA] VALu®,
A[GHz|

2
)
I = 451.7-107¢ - [KHz]

we get that I'§5 2" ~ 116KHz and 535" = 22KHz.

2. Flux-independent noise

Photon noise:
The dephasing due to thermal noise in the system is given by [54]:

2
photon __ 92 Qc N7
Iyp =4 An) 2w ZNth,i(ﬂ)

where Ny, ;(T;) is the average number of photons, generated at temperature T} having the frequency
of the qubit wye, which can be evaluated from the Bose-Einstein distribution, Eqn.39.

The dephasing of the qubit due to the thermal noise coming from all parts of our system are F’Z’ijff" =

2.4KHz and %" = 51KHz.

From table 7 we learn that while the qubit is at the optimal points ®/¢py = (2n 4+ 1)7 the qubit is
dominated by the first order flux noise threading the SQUID’s loop, as we expected it to be.

6 Discussion and Conclusion

The transmon qubits are today the most popular architecture for building superconducting quantum
processors [15] [16], especially due to their long coherence times [10] and ease of use [17]. Yet, as one scales
up the system, the large eigenvalue manifold of each transmon generates issues related to frequency crowding
and gate fidelity. In contrast to transmons, flux qubits have intrinsically a huge anharmonicity: the higher
energy levels of the system are very far from the qubit transition. Consequently, the flux qubit behaves as
"true" two level systems, which limits frequency crowding issues. Moreover, they can be manipulated on
a much shorter timescale and therefore could exhibit better gate fidelity. However, a good control of the
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transition energy of the flux qubit is required if one wishes to build a scalable system. The aim of the thesis
was to solve this issue. To date, the best published measurements of tunable flux qubits were performed by
MIT in 2011 [55]. They exhibited relaxation rates and pure depahsing rates in the range of 1 MHz.

In this thesis, we design, fabricate, and measure a new design of tunable flux qubits. The tunability of the
qubit is typically around § ~ 5 GHz and is obtained by replacing one of the Josephson junctions of the qubit
by an asymmetric SQUID. The measured relaxation rates are I'y ~ 280 KHz and the pure dephasing rates
'Yy ~ 410 KHz. These decoherence rates are much smaller than the state of the art [1,55—(1]. Moreover,
we show that these decoherence rates are limited by first order flux noise in the SQUID loop and thus by the
amplitude of the tunability §(d).

In future experiements, we believe we can further increase the coherence properties of the qubit by
reducing its tunability to the level of § ~ 500 MHz. To achieve this, we will reduce the effect of the SQUID’s
kinetic inductance by exchanging the positions of the big and small junctions of the SQUID. This exchange
will reduce the effective area of the qubit since the current I, is flowing mainly through the big junction of
the SQUID. Moreover, we will be able to increase the effective ratio d: the small junction will be less affected
than the big junction by the kinetic inductance. Direct and fast control of the qubit gap will be possible by
passing a well-filtered DC line in the vicinity of the SQUID. To filter this line, we will use the homemade
Eccosorb filters described in detail in Appendix 7 and a Purcell filter in order to protect the qubit from
relaxation into the flux line. We believe that implementing these ideas will allow us to control the qubits gap
on short time scales without affecting the flux qubit coherence properties.
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7 Appendix

Fabrication and Characterization of Microwave Absorbing Low Pass Filters

In order to protect our qubits from high frequency noise, we must have a low pass filters. The I.R fillers
we used in order to protect our samples inside the fridge were fabricated in this way. The second filter -
eccosorb filter- will be in use when we will move foreword to next step of our experiment as described in the
conclusions part.

I.R Filters:

The design of our low pass filter is based on a coax transmission line filled with an absorbing medium. In
this section we will derive analytical expressions for the characteristic impedance and the power attenuation
of a cylindrical coax filled with an absorbing medium as a function of frequency.

Poynting’s theorem

Let’s assume that we have a volume V enclosed with surface S filled with a medium characterized by
its electric permittivity € = ¢ — i¢” and magnetic permeability p = p’ — ip” in presence of a conduction
current J = oE. Using Maxwell equation, it is possible to show [65] that the divergence of the Poyting vector
P=ExH*is given by:

— — — 2 — 2 —
v (ExH) = w (e*IEI _M‘H‘ ) _EJ*
By integrating this equation over the full volume V', we get:

g~ - 1 2 L2 1
2éBExH -dS—LwQ/V<5 |E| —,u‘H’)dv—2/v

2

E| -odv

1 N - 1 - 2 |2 1 - 2 2 1 412
fgSExH*.ds = 1w 7/ e\El —u H’ dv —wf/ '|E| + H‘ dv—{—f/ E| -odv
2 3 2 )y 2 )y 2 )y
. energy stored in the system of volume V power lost by the system of volume V
power flowing
through the system
(42)

The first term on the right hand side of the equation are the capacitance energy and the second is
inductance energy of the volume:

12

We =44’ [, |E]

Wi = 3¢ [, [H]
m 2 14

Assuming an homogeneous medium in the volume V', we can separate the energy loss term of previous
equation into dielectric, magnetic and conductance losses as follows:

" L9 " 12 1 12
PZ:Pd+Pm+P:£/ |E| dv+%/ ‘H) dv—l—f/ Bl odv (43)
2 Jy >/, 2/

dielectric loss magnetic loss conductance loss
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Figure 22: A 2D Illustration of the TEM mode inside a cylindrical coax filed with magnetic/dielectric medium.

Characteristic impedance:

The characteristic impedance of a coax is determined by the geometry of the coax, the electric permittivity
¢ and the magnetic permeability p of its filling medium. It is defined as Zy = /L/C, the ratio between the
inductance and the capacitance per unit length of the coax. For low loss medium the value of the characteristic
impedance should be matched as much as possible to 50€ if one wishes to avoid reflections of the filter back
to the transmission line. In the following, we

will evaluate the characteristic impedance of an infinite cylindrical coax filled with an homogeneous
medium as represented in Fig.22.

As shown In Fig.22, the TEM mode of a cylindrical coax is such that the electric field is radial while the
magnetic field is azymutal [65]. Inside the medium, the charge density is zero, therefore by writing Gauss
law with cylindrical coordinates we get:

10

o (ﬂ?) —0— Ey=A/r

which implies that
b —
V= / E-dl = A=Vy/In(b/a)

The magnetic field can be found by using Ampere’s law [ H-dl =TI

In order to express the inductance and the capacitance of the coax, we shall remember that the energy
stored due to inductance and capacitance is:

We = lc |VO|2
Therefore, we get that the inductance and the capacitance per unit length of the coax are:

, L2
L':L/z:u“Tlgfs H

g/ “2
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The characteristic impedance is given by®:

Zo=+/L/C = ;T\/Zln (2) (44)

Absorption of a coax cable

Due to the loss mechanisms mentioned herein above, the power of an incoming electromagnetic wave will
decrease exponentially as the wave progresses in the medium:

P(z) = Pye 2%

where P, is the power of the incoming electromagnetic wave at z = 0 and « is the attenuation constant.
The incoming power P, corresponds to the flux of the Poynting vector at z = 0.

T 1 1
ReUErxﬂe] fRe // Vo lop a0 VOIO—fV—O

Tln(b 2rr 2 Z()

CL

Now, we will find an expression of the attenuation constant . The power loss per length unit P(z) is
given by:

P(z) = —% = 2aPye 2% = 2a.P(2)

therefore we can write:

~2P(2) 2P(z=0) 2P

In the following we will evaluate the contribution of the different loss mechanisms mentioned in Sec.1.2
for the case a cylindrical coax.

The conductance loss of the filter are due to the current flowing at the surface of the metal surrounding the
coax. The metal used to fabricate the filters is copper and can be safely considered as a good conductor.
The skin depth given in table 8 corresponds to the region where the electromagnetic field can penetrate
in the metal. For copper at 10 GHz, §, ~ 6.6 - 10~ "m which is very small compared to the wavelength
we consider. Therefore, at high frequencies, one can consider that the current density J is uniform in the
segment 0 < r < §, and zero outside.

7 5J—7“ 0<r<ds
0 T > 0,

Therefore, we get

5
s RS 12
:5// E drds——// :—/’H‘ ds
2 S Jz=0 r=0 2 S

where R, = /3 is the surface resistance of the metal. At 10 GHz, this resistance is R, = 0.026 Q2.
For a cylindrical coax, we get

- 12
Js

3. drds =

2m 2m

1 1
Ry [|~2 Rs R ? Rs|VE| (1 1
P =2 ‘H’:—// d6d —// bdfdz = —2 1201 -
le= 3 /S ) tnza) 04zt ooy Tz a7y
0 0 0 0

5In high losses coax the characteristic impedance is complex Zg = i,/ “/ii’;,/ In <a>
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] Quantity \ General lossy medium \ Good conductor (o > we’)

Complex propagation constant Lw/LUE (1+ L)\/ wpo /2
skin depth 1/Refw /p€] V2 wpo
Relative dielectric permittivity (e —ie") [eo e
Relative magnetic permeability (b + 1) /o 1
Table 8

For a cylindrical coax, the dielectric losses per unit length can be calculated straightforwardly :

1 b
(C.J/ //
0

a
The same can be done for magnetic losses per unit length and we get:

2 //1
w
d:

o= |

0

And therefore we get the following loss rates’:
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Eccosorb filters

The Eccosorb filters have widely used on the field of superconducting qubits [66-69]. In our system, their
goal is to eliminate any high frequency noise coming from the environment to the flux line. We control the
flux qubit using a DC current flowing inside the flux line, therefore, a low pass filter is needed.

In the previous section we derived analytical expressions for a cylindrical coax. In the following we will use
these expressions in order to estimate the expected attenuation values and compare them to the experiment.

We use is “FEccosorb - CRS117” by LAIRD RE&F products INC. It is a dark-gray epoxy, magnetically
loaded, with high loss at the high microwave frequencies range. It has high flexibility properties due to RTV
silicone rubber materials floating inside the mixture.

The electric properties of Eccosorb-CRS117 are given in table 9 and in Fig 23a (23b) .

6Tn high losses ag, aum, acare taken to be the of real prat of complex expressions. This complex term is a direct result of
using the complex characteristic impedance
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parameter\GHz | 1077 [10°° [10° [10°* [10° [102[10°' [ 1 [ 3 [ 86 | 10 | 18.0 |

& /eo 105 | 158 | 120 | 58 | 62 | 48 | 38 | 28 | 229|214 21 | 206
& Jeo 35 | 33 | 28 | 20 | 14 | 86 | 46 | 2.5 | 1.4 | 042 | 0.42 | 0.41
m 5 5 5 5 5 5 | 48 | 41 | 34 | 12 | 1.1 | 1.0
T 0 0 0 0 0 0 | 048 |0.82] 133 13 | 138 2
So1[db/cm] 0 0 0 0 0 | 003 | 027 | 28 | 11.0 | 46 | 56 | 119

Table 9: The Electric and magnetic properties of the Eccosorb CRS117 as given in [70]. The real and the imaginary parts of

permittivity € are given by ¢’ and €’’. The real and the imaginary parts of permeability p are given by u/ and p'’.
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Figure 23: (a) The values of the relative permittivity of Eccosorb CRS117 as a function of frequency. The blue represents the real
part (¢') and the orange represents the imaginary part (¢”’). (b) The values of the relative permeability of the Eccosorb as a function

of frequency. The blue represents the real part (u') and the orange represents the imaginary part (pu’).

Eccosorb filter fabrication recipe

[ —&=r]

Y]
w
S

6,50

Figure 24: Cross sectional view of the Eccosorb filter.
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Our filters consists of a 50 mm-long box made out of oxygen free (OHFC) copper coated with gold (3
microns copper + 0.7 microns gold). The height of the box is 10mmand its width is 5mm as shown in the

figure below. The internal conductor of the coax is made out of a copper wire of 0.4 mm diameter.

Fabrication recipe:

Step #

Process
name

About the process

Additional figure

Filter
preparation

Close the edges and shut the holes with duct
tape to prevent the Eccosorb from escaping.

Prepare the
connectors

Remove the cover from the copper wire.

Solder the copper wire to the SMA
connector.

Mixture
preparation

Pour 20g per filter of resin (Part A) on a
plate.

Add the catalyst (Part B) using a syringe to
a plate, such that the weight ratio between
them is W, : Wg =1 : 118.

The total weight of the mixture after you will

add part B is Wior = Wa (1+ :48)

Blend until the mixture has a uniform
texture.

Insert the plate into a vacuum chamber for
710 minutes at 10~3mbar.

Filling the
Filters

Fill the filters with the Eccosorb mixture,
until it covers about 2mm above the metal
surface.

Air removal

Insert into a vacuum chamber for 30-45
minutes.

Take out the filters and tap them on a flat
surface.

It helps to increase the density of the
Eccosorb.

Mixture
drying

Leave the filter on shivering plate over a
night.

It releasing the bubbles that are still stuck
inside the Eccosorb mixture.

Cleaning

Remove the leftovers from the filter. But
keep the middle strip 100um higher than the
metal surface.

Close the
filter

Add the SMA connectors one on each side.

Close the box with its complementary half.
It is recommended to use clamps in order to
achieve a good closing.

Characteristic impedance

In the following we compare the characteristic impedance of the Eccosorb filters with what is expected
from the electromagnetical properties provided by LAIRD company.

Since our filter has a rectangular shall shape, there is no analytical expression for the magnetic field inside
it. Therefore, in order to detemine the parametres of the coax, hight, width, and internal core we use HSFF
(3D numerical microwave simulator).
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Figure 25: (a) Siias a function of the frequency of the incident wave. (b) The characteristic impedance Zo of the coax as a function

of the frequency.

In Fig 25 we show the reflection coefficient and the characteristic impedance of the Eccosorb filters versus
frequency.

Power attenuation

In Fig.26a we show the attenuation coefficient determined Eq. 43 and using the parameters of Eccosorb
given in table 8. We see that the magnetic losses are the major source of loss.

In Fig.26b, we show the data summarizing the attenuation of 11 filters measured at room temperature
and compare with its theoretical estimation. Although the attenuation is very strong, at high frequencies,
its much smaller than the expected attenuation presented in the datasheet 9.

After measuring and estimate the filling fraction of the air inside the mixture (about 2%) and running
a numerical simulation of our square coax using HSFF, which perfectly matched the expected attenuation.
We suggest that, the inconsistent is a result of some curvature in the inner core of the coax. As a result, the
propagating waves are no no longer TEM waves.

Copper Powder filters

Copper powder filers are commonly used on the CQFE D filed and especially on the field of superconducting
qubits readout [71-73]. These filters are usually connected to the input and output ports of the resonator and
are used in order to attenuate very high frequencies, correspond to higher mods of the resonator. Therefore,
in our situation, we should design a filter that have small attenuation up to 10GHz frequencies and strong
absorbance on the

The copper powder filter’s internal medium consists of (epoxy) mixture of black stycast (Henkel) and
copper powder. The stycast is non magnetic substance 1, /pto = 1, and having an almost constant permittivity
e /eo ~ 6 for frequencies < 25GHz [74,75]. The copper, however, is a good conductor, therefore, its
permittivity is purely imaginary (¢ = %) As a result, a penetrating electromagnetic field, into the copper,
is quickly absorbed after a typical distance called the skin dept ds (See table 8). Therefore, copper grains
with an average diameter d > dg will fully absorb any incoming electromagnetic flied. Accordingly, there is a
linear relation between the absorption capability and the filling fraction of the copper grains in the volume. In
our case, we want to absorb high frequencies > 10GHz, so the maximal skin depth is 65 = /2/wpo ~ 0.6um.
Thus, we are working with copper grains with average diameter of few microns < 45um.

In order to estimate the effective permittivity of the stycast-copper powder mixture, we used Mazwell-
Garnet’s effective medium theory [76] [77]:
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Figure 26: (a) Attenuation of an Eccosorb filter due to conductance loss (blue), dielectric loss (brown), and magnetic loss (
(b) Average attenuation of the 11 filters fabricated in the lab and the theoretical curve expected from the datasheet of LAIRD.

Figure 27: In the figures we can see the shells of the short (left) and the long (right) filters. In (a) the outer shell of the filters shaped

as a box. And in (b) the internal shell of the filters shaped as a cylinder.

Eeff —€n Ei — Ep
= 46
Eeff + 2ep g; + 2¢ep, ( )

where f is the filling fraction of the inclusion medium (copper powder) , ¢; is the permittivity of the
copper powder, ¢, is the permittivity of the stycast and e.ss is the effective permittivity of the mixture. In
this section, we will use the analytical expressions for a cylindrical coax derived in Sec.7 and the calculated
effective permittivity of the mixture in order to determine the expected attenuation values and compare them

to the experiment.

Copper Powder filter fabrication recipe

Our long (short) filters consists of a 60 mm-long (20mm-long) cylinder made out of oxygen free (OHFC)
copper coated with gold (3 microns copper + 0.7 microns gold). The its diameter is 5mm and its internal
conductor of the coax is made out of a copper wire of 0.4 mm diameter. It has two different connectors for

the input and the output signals: SMA male-male and SMA male-female connectors.
In the following we will describe our recipe in order to get a filter with characteristic impedance of 50€2.
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Technical details:

Object name Company Mass density Additional information
lg/cm’]
Stc};;zi;sztgggLE/T ggﬁtﬁi 214 The mass mixing ratio is 100:8 [74]
Ecka kupfer AK | ECKA Granules 8.96 Grain size < 45um
Germany
GmbH

In order to get 502 filter, the filing fraction (in volume) of the copper powder

inside the media is need to be 15%.
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Fabrication recipe:

| Step # [ Process name |

About the process

| Additional figure

1 Check Make sure that the diameter of connectors is
perfectly fits to the one of the shell of the
filter.
If not, carve the shell to the right diameter.
Remove the cover from the copper wire.

9 Connectors Solder the copper wire to the male-male

preparation | connector.
Solder the second edge of the copper wire to
the male-female connector.
Place the connectors inside the shell without
the holes.
Make sure that everything is clean.
First determine the minimal total volume of
the filters you make: Vi, = n(0.25)%7 * 6.
. where n in the number of filters you make.
Mixture - -
3 . Pull some stycast into a plastic cup and
preparation . .
measure its weight:
The volume is calculated as:
Vo 108ttt
Add catalyst 24LV to the cup such that the
total mass will be:
Mpyscat = Mory—a + 155 - 0.85-1-V
Add the copper powder such that the total
mass will be: Mtot = Msty+cat +0.15-8.96 - 14
Mix it well, until you get uniform texture .
Enter the mixture into a vacuum chamber
(10~3mbar) for about 10 minutes
Put the mixture into a syringe.
Fill the half having the connectors with the
. . mixture.

4 Filter filling Close the filter, carefully add the second half
of filters and thigh with screws.

Fill the filter, from one of the centered holes,
using the syringe.
shut the holes with screws.

) Imgﬁijlr{l e Check that you get characteristic impedance
around 4092 — 50Q2. If not, clean everything
and redo all over again.

6 1\2{;};2? Let it dry over night.
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Figure 28: (a) Reflection and characteristic impedance of the long copper powder filter.(b) Reflection and characteristic impedance
of the short copper powder filter.

Characteristic impedance

In the following we will discus on our experimental results for the two kinds of copper powder filters,
short (20mm) and long (60mm). Using Eq. 46 we founded that a filling fraction of 15% should give us an
impedance close to 502 with the geometry described herein above.

In Fig.28 are given the typical reflection and the characteristic impedance of our long and the short filters.
We see that the characteristic impedance is close to 5082 as desired, especially at the frequencies below 10GHz.

Power attenuation

In the following we present our experimental results for the power attenuation of the two kinds of copper
powder filters, short and long. In Fig 29 we present both theoretical attenuation and experimental results.
We see that there is a roughly 1db deference between the theory and the experimental results. It can be
explained by some milligrams deviation of the mass ratios of the the copper and the stycast.
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Figure 29: (a) Sa1 of the long copper powder filters. (b) Sa; of the short copper powder filters.
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