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Abstract

When laser shines on a superconductor optical photons can break Cooper
pairs into quasiparitcles and change resistance and kinetic inductance
of the superconductor. This kind of photo-induced change is called
photo response. Laser scanning microscopy of superconductors is a
measurement synchronizing photo response and spatial information
of the laser beam. The principle of laser scanning microscopy has been,
for instance, used to probe current density distribution in superconduc-
tors and build sensitive photon detectors. However, laser scanning mi-
croscopy has not been applied to lumped element resonators and super-
conducting circuits for quantum information purpose yet. In this thesis,
we developed theory of photo response of superconducting lumped
element resonators, developed measurement methods enabling us to
extract photo-induced changes in resonator properties, studied photo
response under different experimental conditions, and explored the
possibility of operating laser scanning microscopy at quantum limited
microwave powers.
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Chapter 1

Introduction

Optical photons are able to break Cooper pairs in superconductors into
quasiparticles (electrons no as Cooper pairs), and increase local resistivity
and kinetic inductance. Laser Scanning Microscopy (LSM) of superconduc-
tors measures the photo-induced changes in their electrical properties. Any
laser-induced change can be referred as photo response in the context of
LSM. LSM of superconductors is originally developed for probing the cur-
rent distribution in superconducting structures in 1993 [1, 2], based on the
fact that laser-induced changes are proportional to square of local current
density under laser probe [1, 3]. Using LSM as the probe for current, Zhu-
ravel and his colleagues studied the influence of geometry of superconduct-
ing microwave devices on the current distribution flowing through them
[4, 5, 6], and managed to engineer current distribution and magnetic field
by choosing specific designs [3, 7]. Photo response of a superconductor de-
pends on its composition of charge carriers and their dynamics. LSM was
also used as a tool for studying properties of superconductors, especially
high temperature superconductors [2, 8, 3]. Zhuravel and his colleagues also
developed a method to extract local resistive and reactive photo response in
terms of change in scattering parameters of a device [9]. This work inspired
our development of photo response measurement in this thesis.

Using the same working principle as LSM, superconducting resonators are
also used as highly sensitive photon detectors, called Microwave Kinetic In-
ductance Detectors (MKID) [10, 11]. Due to good scalability, MKID has im-
portant application in astronomy. Peter Day and his colleague first reported
detecting single X-ray photons using superconducting coplanar waveguide
array in 2003 [10]. Later, DC Moore and his colleague reported not-so-
reliable detection of single optical photons using photon induced kinetic
inductance change in 2009 [12]. Recently, integrated MKID chips, though
not in single photon regime, have been used to acquire images of celestial
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bodies with reasonable quality [11].
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Figure 1.1: Probe resonance mode of linear chain of coupled resonator using laser scanning
microscopy. Resonance mode of a coupled resonator system at different frequency has different
oscillating amplitude distribution throughout the resonators. In some mode, some of the res-
onators may have zero oscillation amplitude, like the middle resonator in the middle mode in this
figure. [13]

Superconducting circuits are promising candidates for quantum computa-
tion and quantum simulation. So far, coplanar waveguides are used for
circuit control and circuit state readout. However, more control and readout
lines result in more decoherence of quantum state. Without flux line, LSM
could be a powerful tool to probe and tune the properties of superconduct-
ing circuits. In the quantum limit, LSM could be used to characterize quan-
tum resonator (indirect measurement of quantum excitation). It could also
be used as a way to tune the resonance frequency of a resonator without flux
line. Even in classical limit, LSM has attractive applications. LSM could be
used to detect spurious modes, like ground current. The information could
be helpful for developing techniques to avoid these modes. LSM could also
be used to detect different resonance modes of a coupled resonator system.
Figure 1.1 shows an example of detecting resonance modes of a linear chain
of 3 coupled resonators using LSM. Closely related to resonance modes de-
tection, LSM provides the possibility to detect k vector in lattice of coupled
resonators [13]. Being able to measuring k vector could be a significant
contribution to quantum simulation using coupled resonator systems. How-
ever, LSM has not been used for superconducting circuits so far. The theory



of photo response of superconducting circuit is not well-established. The
potential of tuning circuit properties with laser is not clear. Moreover, the
possibility of detecting finite photo response at quantum limited microwave
power is not known. To make the points clear, LSM of superconducting
lumped element resonators at classical limited microwave and laser power
at liquid Helium temperature is a suitable starting point.

In this study, we developed theory of photo response of superconducting
lumped element resonators on the basis of general theory of photo response
of superconductors. We also developed measurement methods enabling to
extract photo-induced changes in resonance frequency and resistive energy
loss rate of lumped element resonators, studied photo response and laser-
induced changes in resonator properties under different experimental con-
ditions, and proved the possibility to operating laser scanning microscopy
at quantum limited microwave power.

The working principle of LSM is introduced in Chapter 2. The experimental
setup and implementation of photo response measurement are introduced
in Chapter 3. The experimental results are discussed in Chapter 4. Finally,
the possibility of operating LSM at quantum limited microwave power and
laser power is discussed in Chapter 5.






Chapter 2

Electrodynamics of Superconductors

Superconductors are lossless for DC current. However, when the current
frequency is finite, reactance in the superconducting circuit will guide a
part of current flowing through lossy channel of quasiparticles. The theory
describing high frequency properties of superconductors was developed by
C.J.Gorter and H.B.G.Casimir, even before the well-known BCS theory of
superconductivity was presented [14]. Based on this theory, previous re-
searchers and we derived the theory of photo response of superconductors.
In this chapter, the basics of electrodynamics of superconductors, the basics
of lumped element resonators, and the interaction between superconductor
and optical laser will be introduced.

2.1 Two-Fluid Model

Lkin R

Figure 2.1: Circuit model for piece of superconductor.
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There are two kinds of charge carriers in a superconductor at finite temper-
atures below critical temperature T.. One kind is Cooper pairs, current of
which is lossless (the current flowing through this channel is called supercur-
rent); the other kind is quasiparticles, which are free electrons not paired as
Cooper pairs. Current of quasiparticles dissipates energy due to scattering
of electrons on crystal lattice (resistive behavior). So, when the current is
direct (DC), all current will flow through the lossless channel as long as the
current density is below critical current density of the superconductor. How-
ever, when the current is alternative (AC), reactance of the superconducting
circuit will guide a portion of current flowing through the lossy channel. To
understand this, consider a circuit with an inductor and a resistor in paral-
lel, as shown in Figure 2.1. Impedances of the two channels are given by
Z;, = iwL and Zgr = R respectively, where L is inductance, R is resistance, i
is imaginary unit, and w is the angular frequency of current. When current
frequency is 0, Zr = R, while Z; = 0, so all the current will flow through in-
ductance channel. When current frequency is finite, the current distribution
between the two channels will be given by + : 27, such that current passing
through lossy channel R is not zero. This argument applies to arbitrary de-
sign of superconducting circuit, because the inductance in Figure 2.1 comes
from the inertia of Cooper pairs.

To model electrodynamics of superconductors formally, complex conduc-
tivity and surface impedance will be presented. According to Drude model,
conductivity of a conductor is given by [15]:

ne*t . netwt?

= — = —1 7 2.1
7 me(1 + w?T?) Zme(l+w2T2) 7 @D

where 1 is the charge carrier density, e is the charge of electron, 7 is relax-
ation time of the charge carrier, m, is the mass of electron, and i is imaginary
unit. For Cooper pairs, T goes to infinity, which leads to purely imaginary
conductivity

2 2
.2nce Mgl

os(ne) = —ion(ne) = —i e _ngw

= oy(ns), (2.2)

where 7. is the density of Cooper pair, and 7, is the density of supercon-
ducting electron (twice of n.). Within the two fluid model, the total complex
conductivity is given by [16]

o = o1(ny) —i(o2(ns) + o2(na)) (2.3)
_ nnez’cz - nnezwrzz _ nee? / 2.4)
me(1 + w?t?) me(1 4+ w?T?)  mew



2.1. Two-Fluid Model

where 7, is the density of quasiparticles. In normal metals (as quasiparti-
cles in superconductor), a typical electron-phonon relaxation time is around
10713 s [17]. Therefore, for w < 100 GHz, terms with w?t? and wT? vanish,
leading to only Cooper pair contribution to the imaginary conductivity. As
the interested angular frequency in this thesis is around 6.5 GHz, the total
conductivity can be rewritten as

npe*T . Nge

me(1 4+ w?t?) B ngw '

2

(2.5)

Q
|

Properties like n; and n,, are temperature dependent. One can absorb them
into temperature dependent London penetration depth Ay (T), determining
the characteristic depth for magnetic field penetrating into a superconductor
[18]. London penetration depth at zero temperature Ay (0) is defined by

i,
AL(O) = ns(o)ezl/l() ’ (26)

where ji is the magnetic permeability. Temperature dependence of n; is

given by
ns(T) = ns(0) <1 — <£>m) , (2.7)

where m is an approximate exponent given by two fluid model, ranging be-
tween 2 to 4 [19, 20, 8]. In our case, m = 4. Then the temperature dependent
London penetration depth A (T) is given by

=\ ﬁ 29

With this expression, one can rewrite complex conductivity as

1
=01 —1i0p = %’Un —1 (2.9)

whoAL(T)’

where 1 is the density of total free electrons, ¢, is the real conductivity of
normal metal with quasiparticle density .
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2.2 Surface Impedance

By definition, the surface impedance Z; of a conductor film is given by [21]

= f = -y, (2:10)

assuming a harmonic plane wave. The total impedance Z of a thin sheet is
thus

zZ=2Z,—, 2.11)

L
w

where [ is the length of the sheet, and w is the width. The aspect ratio % is
independent from the actual dimension of the conductor sheet.

Substituting Equation 2.9 into Equation 2.10, one can rewrite surface impedance
as

iw .
Z, = R R+iX,, (2.12)

1y .
non wpoA% (T)

which can be approximated with [8]
1 5503 .
Z,~ FW uoAL (T)oy + iwpoAr(T) . (2.13)

2.3 Kinetic Inductance

The well-known geometric inductance can be frequently found in any circuit,
even for a segment of strip line, but the magnitude of geometric inductance
is determined by the geometry of the circuit. Geometric inductance stores
energy in magnetic field and acts as an inertia of charge carriers to the time-
varying electric field. The delay of current phase relative to voltage can be
considered as a signature of inductive effect, and pure inductive reactance
delays the phase of current by 90°. The energy stored in geometric inductor
is given by

A2 1
E :/”02 d=Lul?, (2.14)

where H is magnetic field stored in the inductor.



2.3. Kinetic Inductance

As an analogy to geometric inductance, inertia of charge carriers can also
result in delay of current phase relative to time-varying electric field. This
effect is called kinetic inductance. Kinetic inductance is described by the
imaginary part of complex conductivity of a material. Recall Equation 2.1,
for normal conductors, relaxation time of charge carriers are very short,
therefore, the kinetic inductance will become significant only in THz fre-
quencies or above. Again, at the frequency we are interested in, the kinetic
inductance of quasiparticles can be safely neglected. However, the relax-
ation time of Cooper pairs is infinity, thus leading to finite imaginary part
of complex conductivity. Previous studies show that supercurrent has a 90°
phase lag relative to electric filed [11], which infers that the reactance of a
superconductor stripe is purely inductive. Then the surface impedance of a
superconductor can be written as

Zs = R + iwLs. (2.15)

By comparing the above equation to Equation 2.13, surface inductance can

be written as
/ m
LS — ]/lO)\L(T) — ]/lo m . (2.16)

As for energy storage, consider the kinetic energy of Cooper pairs with su-
percurrent density Js = nsety,

=2
mensT; m, /—2 1m, I , 1 ’
Exin = av = av = - — 17 = - Lg,I°, 2.17
kin / 2 2”562 ]S znsezA 2 kin ( )

where 7y is the average velocity of the charge carriers, | is the length of
the superconductor segment, A is the effective cross-section area, and Ly,
is kinetic inductance, defined as an analogy to magnetic inductance. The
above equation gives the definition of kinetic inductance:

me |

n=——>—. 2.18
kin 1’1562A ( )

The difference in n; dependence between kinetic inductance and supercon-
ducting surface impedance (Equation 2.16) comes from the effective thick-
ness of the film. Consider a film thickness much larger than London pene-
tration depth, in which case, the height of effective cross section is limited
by AL(T) (A = AL(T)w). Then Ly, can be rewritten as

>
=N
=

_ome L L
nse?Ap(T)w VO/\L(T) w

Lyin = (2.19)

l l
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The surface inductance of a superconductor is therefore related to the ki-
netic inductance. From this fact, one can conclude that the energy of kinetic
inductance is stored in kinetic energy of Cooper pairs. The total inductance
of a superconducting circuit is given by the sum of geometric and kinetic
inductances:

L=Ly+Ln. (2.20)

2.4 Introduction to Lumped Element Resonators

Lumped element resonators are RLC resonators of dimensions much smaller
than the wavelength of the electromagnetic wave at their resonance fre-
quency. In this limit, electromagnetic field over the resonators can be treated
as a constant. This is different from the varying electromagnetic field through-
out a coplanar waveguide resonator or a 3D cavity. Lumped element res-
onators can have dimensions of the order of several hundred micrometers
at GHz frequencies, while a coplanar waveguide resonator at the same fun-
damental resonance frequency has a length of several centimeters. Lumped
element resonators are therefore space efficient. Furthermore, lumped ele-
ment resonators also have higher order resonances far away from fundamen-
tal resonance, which reduces the possibility of coupling to these unwanted
modes. However, both of the advantages come with a price of a lower inter-
nal Q factor compared to coplanar waveguide resonators or 3D resonators.
A more detailed introduction to lumped element resonators can be found in
Antonio Abadal’s master thesis [22].

Figure 2.2 shows a typical design of lumped element resonator. The struc-
ture is a direct application of LC resonator, where shunt capacitor and mean-
der inductor contribute most of the capacitance and inductance respectively.
The resonator is coupled to feed line capacitively through a coupling capaci-
tor. For multi-resonator structure, resonators are typically coupled together
through coupling capacitors. When there is only one feed line coupled to a
series of resonators, only reflective measurement is possible. If one would
like to conduct transmission measurement, a transmission line is required.
The reflective design applies to all the samples in this thesis.

An RLC resonator coupled to an external circuit as shown in Figure 2.2 is
called a loaded resonator. The circuit model of a loaded RLC resonator is
shown in Figure 2.3. In this case, energy in the resonator can either dissi-
pated by resistive loss in the resonator or escape from coupling capacitor to
feed line. Energy loss rate is called < in the former case and « for the latter
case. Typically, the coupling capacitance C, < C, the shunt capacitance. In
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ground plane

feed line

shuntfinger meander
capacitor inductor

Figure 2.2: A typical design of a single lumped element resonator. Coupling between two
resonators is usually done by connecting the coupling capacitor of one resonator to the island of
another. [22]

Figure 2.3: Circuit model for a loaded RLC resonator, where R} is impedance of feed line, and
Cx is coupling capacitance. [22]

this limit, resonance frequency of a loaded RLC resonator is approximately

the same as the unloadedd case, which is wy :d 1/+/LC, while loaded Q factor
_ EnergyStore _ EnergyStore ) .
QL - 27-[EnergyDissipatedPerCycle = W0~ powerLoss descrlbmg the energy loss in

the resonator per resonance cycle is given by

1 1 1 07 K
- -, x 221
Qr  Qint Qext wo wo @21)

where Q;,y = wp/y is the internal Q factor, describing the energy loss per
cycle through resistive dissipation, and Q.+ = wo/« is the external Q factor,
describing the energy loss per cycle through coupling capacitor.

Reflection coefficient (I') is the ratio between reflected signal and input sig-

11
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am(t) —
- K
input line € > resonator A
aOUT(t)
Y
( loss modes )
/

Figure 2.4: Schematic of input-output theory of loaded RLC resonators. [22]

nal, which stores the information of proportion of energy dissipated in the
resonator and phase shift of the reflected signal relative to the input one.
Measuring reflection coefficient by measuring corresponding S parameter is
one of the most important ways to extract information of a reflectively cou-
pled lumped element resonator. The input-output theory of a loaded RLC
resonator help us derive I' theoretically. A schematic of input-output theory
is shown in Figure 2.4.

Consider the Hamiltonian of a resonator in linear regime:
U |
H=hwy | a a—i—i , (2.22)

where wy is the angular resonance frequency and 4, 4 are creation and
annihilation operators of the field in the resonator. Then the Heisenberg
equation of the system is

(a(t), 1) = 2 a(0) + Vi (1), 223)

after Fourier transform to frequency domain, we have

— iwh(w) = —iwed(w) — ¢ er Y a(w) + VKl (w) . (2.24)
Together with input-output relation
ﬁin ((U) + ﬁout<w) = ﬁﬁ(w) ’ (2-25)

the reflection coefficient can be derived as
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r_ﬁout(w)_\/ﬁl—ﬁm_ K 1 296
= fowd) VXAl -1, (26
fin(w) Ain —i(w — wp) + =5

Reflection coefficient depends on signal frequency, resonance frequency, cou-
pling to feed line and internal loss of the resonator. In practice, the deriva-
tion above is correct up to an arbitrary phase factor e'?.

inscreasing

frequency

Figure 2.5: Reflection coefficient on complex plane. In practice, there can be an arbitrary phase
shift.

Please notice that reflection coefficient I' is a complex quantity. When signal
frequency is infinitely far from resonance frequency, the amplitude of I is 1,
and corresponds to the point (—1,0) on the complex plane. When signal fre-
quency is at resonance, I' corresponds to the point at (%, 0). When « > v,
resonance point is on the positive side of real axis, then we say the resonator
is overcoupled, because leaking into feed line is the more important energy
losing channel. On the contrary, when x < -y, we say the resonator is under-
coupled. In the case x = 7, we call the resonator critically coupled, where
the reflection coefficient at resonance drops to 0. We can rewrite I into a
form of well separated real and imaginary part

=

k(k+y)/2 14 K(w — wp)

(W —wo)2+ Lk + )2 o+ i+ (2.27)

13
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The distance between any point on the path of I' on the complex plane

and the middle point between far off resonance and on resonance (1 (52 —

2 \k+7y
1),0) = (—f5,0) can be calculated as

Distance :\/<Re(1") - (—K 1 7))2 + Im?(T)

2
_ K(k+7)/2 R x(w — wp)
N (w%wmﬁ+iw+vﬁ ! ( K+7>>_%<@F%mﬁ+iw+7

_ K2 -l-l K2 (x + )2
(k+7)> 4 (w—wo)?+ §(x+ 7)2)2
K ((w—wo)® + 5k +7)%) N K2 (w — wy)? >%
(@ =@+ §(x+7)2)° (@ = w0+ s+ 7))
:K—tv'
(2.28)

which is a constant. Therefore, the path of I' on complex plane is an arc. In
addition, it is easy to see for w — co and w — —oo the phases differ by 27,
so the path of I is actually a circle. Figure 2.5 displays I' on the complex
plane.

In practice, we measure the voltage of reflected signal from sample V,,
and reflection coefficient can be calcualted by using equation I' = V1 / Vjy,.
However, due to phase shift and optical length difference between signal
arm and reference arm, measured reflection coefficient usually differs from
what is shown in Figure 2.5. The effect of phase shift and optical length dif-
ference can be summarized in a phaser ¢! (Wmopt¢) where Topt is the optical
delay due to finite optical length difference, and ¢ is the phase shift. Then
the measured reflection coefficient is

K .
r = —1 | e wmonte) 2.29
(—i(w —wp) + L ) @2)

The effect of finite optical length difference is shown in Figure 2.6. When 7,
is negative, the path of T is closed, and has two arms at frequencies away

_ k(xk+v)/2 K 2+ k(w — wop) 2\’
(0—wo) +5(k+7)> K+ (w0 —wo)? +1(k+7)

)

1
2
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from resonance. When 1, is positive, the path of T is open, and has two
arms, too. The connecting points of arm and circle correspond to a sudden
change in phase for both cases. Optical length difference has to be corrected
before analyzing complex reflection coefficient data.

1Q plot 1Q plot
Q
(b)
05} o
02 04 06 08
o5 e L
ek

Figure 2.6: Reflection coefficient with (a) negative and (b) positive optical length.

In practice, the amplitude of reflection coefficient (|T'|) is sometimes mea-
sured instead of complex reflection coefficient. Measuring |I'| does not re-
quire reference arm, and is free from any phaser problem. |T'| is given by

Tl= |1- = 5 (2.30)
(w — (Uo)z + <K+T’y)

where the second term in square root is a Lorentzian function. In the above
equation, the roles of x and 7y are symmetric, which forbids extracting <y
and « deterministically from |I'| data without extra information. Increasing
either 7y or x broadens the Lorentzian function, and thus broadens the dip
in |T'| spectrum around resonance frequency.

2.5 Interaction between Light and Superconductor

Laser scanning microscopy is based on laser-induced local changes of mate-
rials, in our case superconductor’s electric properties.

The laser used in this thesis has a wavelength of 405 nm, with single photon

15
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quasiparticles

i
Er for Eg
normal 7

state

Z(E)

Figure 2.7: Photons with energy above superconductor energy gap can be absorbed by super-
conductor, and breaks Cooper pairs into quasiparticles. Z(E) is density of state as a function of
energy. [23]

energy of 4.9 eV. The typical gap energy of pure superconducting Niobium
at zero temperature is 2.9 meV [24], which is much smaller than a single
photon energy. When the single photon energy is above twice of the gap
energy in the superconductor, a part of photons shining on superconduc-
tor will be absorbed and break Cooper pairs into quasiparticles. Due to
electron-electron, electron-phonon interaction and direct Stokes-like depair-
ing, the high energy quasiparticles generated by photon will subsequently
break other Cooper pairs quickly, until the energy of the absorbed photon
is evenly distributed to n quasiparticles. The maximum number of created
quasiparticles from a single photon with frequency v is n = hv/E,, where
h is Planck constant and Ej is the gap energy of superconductor [3]. Within
the model explained in previous sections, the effect of laser can be consid-
ered as a change of the density of Cooper pairs and quaisparticles either
by breaking the Cooper pairs or possibly by heating the sample. In the
latter case, the temperature dependence of superconducting gap and more
thermal energy will lead to change of number of thermally excited quasipar-
ticles as a function of temperature.

Both absorption of photon and heating of the sample increase the density of
quasiparticles and decrease the density of Cooper pairs. For Equation 2.5,
laser increases the real part of the complex conductivity, and decreases the
imaginary part. The increasing real part of complex conductivity leads to
the increase of electric loss, and thus the decrease of internal Q factor. The
effect of decreasing imaginary part of conductivity can be seen by looking
at the kinetic inductance given by Equation 2.16 and 2.17, which show that
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laser enhances kinetic inductance of a resonator, thus increases total induc-
tance. The shift of inductance can be detected by measuring the resonance
angular frequency of a resonator, which is given by

1
wy = ——,
" JLC

when L increases, the resonance frequency will decrease. Photo response in
a superconducting resonator can be summarized as decreasing of resonance
frequency and internal Q factor.

(2.31)

A significant usage of LSM is to probe current density distribution. Previous
researchers such as Newman and Zhuravel pointed out that inductive photo
response in terms of change in S parameter is proportional to J?, where ] is
local current density at laser probe [8, 1]. However, there is no formula avail-
able for the magnitude of laser-induced kinetic inductance change. In this
thesis, we developed a model of laser-induced kinetic inductance change
(resonance frequency shift) for general microwave superconducting devices.
Recall Equation 2.17, the expression of kinetic energy of Cooper pairs re-
lated to kinetic inductance, where the integration is overall volume with
finite super current density. If there is a laser shining on a position with
super current density, we can rewrite Equation 2.17 as

me 1 , M / 15 1
Evin = — [ —J:dV = — —JzdV — JzdV 2.32
kin 202 s ]s 202 ( rest s ]s + Vi 17 s ’ (2.32)

where the second integral is over the volume where #; is changed by laser,
the first integral is over the volume other than V) ., with finite current den-
sity. The laser-modified superconducting electron density is indicated as 7.

We can subsequently rewrite Ey;, as original kinetic energy of Cooper pairs
Ekino in the whole circuit, and the laser-induced change AEy;,

L= me (1 1 1y p
Ekm B 262 (/ ns ]S dV+ Viaser (7’1;( s ]s dV

m, Ang 5
— E, 7/ B gy p 4 AR,
kin0 202 Vi ns(”s — Ans)]s kin0 kin

(2.33)

where Ans; = ny — nj is the laser-induced change in superconducting elec-
tron density. Then the ratio between Ej;,o and AEy;, has the relation

(4 A S 2
ALkin _ 30Lin® _ ABtiy _ 502 Jviper - )54V 234)
Lo 3Lginol®>  Ekino s | J2dV

17



2. ELECTRODYNAMICS OF SUPERCONDUCTORS

We assume that change of 7, is uniform over the laser spot, then the local
change in n; will be independent from spatial position. We can take nﬁ’kns
out of the integral and get

ALy,  Ang fv,asg,, J2dv  Dng [ tfigse (x,y) J2dxdy
Liwo ns—Ang [J2dV  ng—Ang [ t]2dxdy
_ Ang fflaser(xry)]szdxdy _ Ang
" ng — Ang [ J2dxdy  ng— Ang

(2.35)

Flaser (x/ y) ’

where ¢ is the effective thickness of the film, fj,., is a function with value 1
in the area influenced by laser and 0 elsewhere, and F,,, is a position de-
pendent function. The numerator of F,,, is governed by local current den-
sity square fiue,(x,y)J2, which is consistent with the conclusion of previous
works. But the denominator renormalizes F (X, 1) with average J? over
the whole volume with finite current density. Assuming current density
distribution is independent of total current flowing through the supercon-
ductor, Fj,, is independent of total current, in this sense, Fjgeer (X, y) is the
participation ratio of the part of superconductor illuminated by laser. From
Equation 2.35, we can see that when laser probes on somewhere without cur-
rent density, there will be no change in kinetic inductance of the resonator.
This result not only holds for position on ground plane away from resonator,
but also holds for resonators in dark state of some certain resonance mode
of a chain/circle of coupled resonators. Equation 2.35 would be a crucial
guide if one would like to tune the resonance frequency of a resonator with
laser.

Previous researchers also pointed out that internal loss photo response in
terms of change in S parameter is proportional to J?, where | is the local
current density at the laser probe [3, 1]. Let’s call photo-induced resistive
change in S parameter PRg. As S parameter is proportional to energy, resis-
tive photo response in terms of S parameter is

PRg « J?(x0,0)0R(x0,Y0), (2.36)

where right hand side is photo-induced change in resistive energy dissipa-
tion, and dR(xp,yo) is position dependent photo-induced change in total
resistance. For a laser probe at position Iy, dR(lp) can be described by

A dR(lo) 9/ (o)

ORU) gt 1, " 31y) 0P

5P (ly), (2.37)
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where P, is laser power, JP; is the portion of laser power absorbed by su-
perconductor, integral is over a path /L along the whole inductor line, and
A is the characteristic healing length describing spatial decay of PRg(lp)
e~II=hl/A at a distance 1 from laser spot. However, Zhuravel and his col-

leagues did not give the formula of %I]{((llg)) aggf)’ which prevents us from

studying laser-induced change in resistance quantitatively using Equation
2.37.

Lm

— C L kin

Figure 2.8: The circuit model of an unloaded parallel superconducting lumped element resonator.
In the figure, C is capacitance, L, is geometric inductance, Ly;, is kinetic inductance, and R* is
effective resistance given by two-fluid model.

In this thesis, we developed a model of laser-induced change in resistive loss
specifically for superconducting lumped element resonators, using similar
procedure as kinetic inductance case. In an RLC resonator, resistive loss is
: _ _PowerLoss : : :
characterized by energy loss rate v = FrergyStored’ a5 defined in Section 2.4.
Our model primarily describes 7 instead of resistance, as -y is a more rele-

vant quantity in the context of resonators.

Figure 2.8 shows the circuit model of an unloaded parallel superconducting
lumped element resonator. R*, the effective resistance given by two-fluid
model, is determined by real part of Equation 2.13 and aspect ratio, and Ly;y,,
the kinetic inductance, by imaginary part and aspect ratio. The equation of
motion of this circuit can be derived using voltage crossing every element.
The voltage equation is

Ve + VL,,, + VLkin + Vg« =0. (238)

By substituting Ve = Q/C, Vi, = LI, Vi, = Liinl, and Vg- = R*I, we
have
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%+Lmi+LkinI’+R*I =0. (2.39)

Taking derivative once with respect to time, we get equation of motion

I+ R I+ !
L+ Lgin (L + Liin)C

I=T+4+yI+wil=0. (2.40)

Then we have loss rate of the unloaded circuit. In the regime of C, < C, we

have ¢ ~ ﬁ as total internal loss rate of the resonator. For a film with
thickness larger than London penetration depth, we have

L

|
R* = EwWZV%A%(T)Ul
L1 59,3 (n —ng)e’t 3/2 @41)
=25Y VO/\L(T)W o ng > (n —ns),
where % is the aspect ratio of the lumped element resonator, and
l _
Liin = VO)\L(T)a xn;1/?, (2.42)
So energy loss rate 7 is
VM@ (T)uless iy
y = 2w e (1+w?t?) s (2.43)

o< 7
Ly + poAr(T) L L1324 ang

where a = 4/ %% 7 is a monotonically decreasing function of 7;.
Laser-induced change in 7 is more complicated than simply taking a deriva-
tive of ¢ with respective to ns, because of the position dependent laser-
induced change. To see this, we refer to the definition of energy loss rate
v = %. As the energy stored in resonator is independent from laser
probe, the ratio between Ay and 7 is

Ay  APr
—=—, 244
Y Pr (2.44)
where Py is energy dissipation power, given by
Pr = R*I? = ‘%(]A)2 = p*lJ?A = 0*J*V, (2.45)
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where A is cross section area, [ is resistor length, and p* = R*I/ A is effective
resistivity. Rewrite Py in the form of integrating p*J? over the whole volume
with finite current density, we have

Pp = / 02V = /V PPV / 0" 2V, (2.46)

‘/IﬂSBT'

where p*/ is laser-influenced resistivity, Vj,s, is the volume influenced by
laser probe, A, is the cross section of laser-influenced volume, and Vs
is the volume free from laser influence. Assume small laser-induced change
in ngz, we have

Pr :/p3]2dv+/v Ap*J*dV

laser
1 1
- b/ g n)Pav —b [ A (3:5 - 1> Pay (247)
laser
= Pro + APg,

where pjj is unmodified effective resistivity, Pro is unmodified energy dis-
sipation power, f is effective film thickness, b = % msﬂolfi‘,;zrrz is a factor
independent from n;. Then the ratio between Ay and 7y is

1 — 2
Ar)/ APR _ _bfvlasr’r EAnSnS V2 (3’% o 1) ] dV

Y Pr b [ 1ng®2(n —ns)2dv
_ Mny(3n—ny) Js,,, Jdxdy
2ns(n —ns) [ Pdxdy (2.48)

Ang (37’1 — 7’15) fflaser(xl y)IZdXdy
2ns(n — ns) [ Pdxdy

= SRS (),

where Sy, is the area of laser spot, and fis.r(x, ) and Fir(x,y) are de-
fined the same as in Equation 2.35. A<y shares the same position dependence
as ALy;,. Please notice that Fipeer & [ fiaser(, ) J?dxdy, which is consistent
with Equation 2.36. However, similar to ALg;,,, Ay is independent from total
current flowing through inductor to the first order.

21






Chapter 3

Measurement of Photo Response

In the first part of this chapter, the general experimental setup will be intro-
duced. The second part introduces 4 possible methods of measuring photo
response, where the theory and implementation of which are discussed
in detail. Not all of the methods are suitable for extracting laser-induced
changes in resonance frequency and internal Q factor of resonators at cur-
rent stage. At the end of this chapter, noise analysis of reflection coefficient
measurement will be discussed.

3.1 General Experimental Setup

Laser scanning microscopy combines measurements with both microwave
and optical setup. For some of the measurement tasks, the microwave and
optical parts are independent from each other, while for other tasks synchro-
nization of the two parts is required. In this section, microwave and optical
setup are introduced separately.

3.1.1 Optical Setup

Optical setup for LSM provides intensity modulated laser, required for the
photo response measurements. Optical setup can also get optical images of
sample, which is helpful for identifying position of the probe.

Figure 3.1 shows a schematic of the optical setup. Laser generated by
a commercial laser diode CS4051205X has wavelength 405 nm. After re-
flected by two mirrors (due to historical reason, the first mirror is a dichroic,
which reflects short wavelength light and transmit long wavelength one), the
laser beam is fed to an acousto-optic modulator (AOM). In AOM, a piezo-
generated acoustic standing wave changes the refractive index of the optical
media periodically in space. Then the Bragg diffraction splits incoming laser
beam into several beams with angle 6 from Oth order beam given by
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Figure 3.1: The schematic of optical setup of LSM experiment. Laser generated by the laser
diode is split into Oth order and higher order beams by AOM. By modulating the voltage amplitude
driving AOM, we can modulate the intensity of higher order beams. In our case, beams of order
higher than 1 are dim enough to be neglected. PDF and PDA are avalanche photon detectors.
The signal from PDA is fed to a PID controller to stabilize laser intensity by tuning the modulation
amplitude of AOM. PDF is used to detect reflected light from sample. The percentages indicated
besides laser beam specifies the ratio of laser power at current position to the power before the
first laser coupler.

. mA
sinf = N (3.1)

where m = ..., -2,—-1,0,4+1,+2,..., A is the wavelength of laser light, and
A is the wavelength of sound. By modulating the amplitude of acoustic
wave, one can modulate the laser intensity with a frequency up to 100 MHz
[25]. In general, the amplitude of laser intensity of the first order beams can
range from 0% to 80% of total input intensity, while the maximum intensity
of higher order beams are much lower. In this thesis, we use 1st order beam
only, and Oth order beam is discarded and blocked at a half mirror. The first
order beam is subsequently coupled to a fiber coupler, which helps filtering
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out higher oder beams. Then the laser beam is split at a 50:50 beam splitter.
The transmitted beam is fed to an avalanche photon detector PDA 10A-EC.
The signal from the detector is fed to a PID controller, which controls AOM
in order to stabilize the laser intensity. The reflected beam at the beam
splitter goes into the fridge, where the beam shines on the sample through a
confocal lens system, whose X, Y, and Z position are controlled by Attocube
piezos. One can thus move laser spot in plane and out of plane for focusing.
Reflected light from the sample propagates back to the beam splitter. The
transmitted part is attenuated and fed to a highly sensitive avalanche photon
detector PDF 10A /M, whose signal is fed to ASC 500 box (Attocube Scanner
Controller), and subsequently passed to Daisy software in lab computer.
With the reflection signal, one can conduct optical mapping of the sample.
ANC 350 box is the position controller for the confocal lens system. ASC 500
box is the scanning controller, which via ANC 350 performs a 2D scanning.

There are two modes of Attocube positioners. One is stepper, designed for
wide range movement of the object attached to the positioner. X and Y
Steppers cover a 4 mm X 4 mm area. The other is scanner, designed for fine
movement. X and Y scanner cover a 40 ym x 40 ym area. The working
principle of stepper is shown in Figure 3.2. The confocal lens system is
attached to the clamped table. A sawtooth voltage is used to control the
position of the clamped table. From Time 1 to Time 2, the piezoelectric
actuator expands slowly, with the clamped table following the motion of the
guiding rod. From Time 2 to Time 3, the piezoelectric actuator contracts
suddenly. Due to inertia, the clamped table stays at position at Time 2,
while the guiding rod goes back to the position at Time 1. In a period
of sawtooth voltage, the clamped table is moved to the right by Ax. The
working principle of scanner is more straightforward. By applying unipolar
DC voltage on the piezo elements, the scanner controls the expansion of the
piezo element. The expansion is amplified by integrated flexure structures,
so that scanners can cover a much larger area.

3.1.2 Microwave Setup

A schematic of microwave setup is shown in Figure 3.3. The correspond-
ing attenuation or gain of a device is indicated in unit dB. Two SMB 100A
low noise RF microwave signal generators are used to as microwave signal
source. One is connected to LO port of an IQ mixer, acting as LO signal.
Microwave generated by the other generator is fed to sample in fridge. The
reflected signal from sample is fed to RF port of the IQ mixer, after a lin-
ear amplification chain. The RF frequency and the LO frequency differ by
Af. After the down conversion at the IQ mixer, IQ quadratures have fre-
quency Af. I or Q quadrature is then amplified again and fed to either field-
programmable gate array (FPGA) or ASC 500 box, where it is measured and
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Figure 3.2: The working principle of Attocube Stepper. From Time 1 to Time 2, the piezoelectric
actuator expands slowly, without relative movement between the clamped table and the guiding
rod. From Time 2 to Time 3, the piezoelectric actuator contracts suddenly, and pulls out the
guiding rod from the clamped table. The clamped table stays at the position at Time 2 due to
inertia. From Time 1 to Time 3, the position of the clamped table moves to the right by Ax.
[26]

analyzed. We will choose Af = 250 MHz, if we use FPGA. Because in Virtex
6 FPGA, the 250 MHz signal is digital down-converted to DC with a build-
in LO signal. We choose Af = 0 if we use ASC 500 box to measure photo
response. In this case, I or Q quadrature carries a signal with frequency of
laser modulation (due to photo response).

DC blocks are used to prevent ground loops. The directional couplers in
the fridge are used to separate incoming and outgoing signals from the res-
onator, or incoming and outgoing signals will form standing wave in the
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Figure 3.3: The schematic of microwave setup of LSM experiment.
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cable, which is harmful to measurement. To reduce thermal noise, the at-
tenuator, the directional coupler, and the high-electron-mobility transistor
(HEMT) are thermalized to 3 K. A detailed calculation of noise can be found
in Section 3.4. The attenuators on amplification chain are used to reduce the
effect of standing waves. In frequency domain (which is the case for spec-
trum measurement using FPGA), standing waves with different frequencies
act like harmonic oscillators as a function of frequency, which significantly
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influences measured spectrum. Attenuators can reduce the standing waves
(an analogy of increasing 7 in reflection coefficient), so that the base line be-
comes effectively flat in the region we are interested in. Low pass filters on
amplification chain connected to FPGA are used to filter out high frequency
noise. The band pass filter built in the low noise preamplifier connected to
ASC 500 box filters out both high frequency and low frequency noise. The
Rb clock is used to synchronize devices, so that they have the same time
reference. The trigger generator (an arbitrary waveform generator (AWG))
is used to trigger the FPGA measurements.

3.2 Signal Processing in FPGA

A field-programmable gate array (FPGA) is an integrated circuit designed
for fast measurement and processing of data. As indicated by its name,
the function of FPGA is programmable by the user. In Qudev Lab, the
labview file used to control FPGA is called Cleansweep. There are several
applications in Cleansweep, in this study we used ”“Correlator” only. More
detailed introduction to FPGA and Cleansweep can be found in Qudev wiki
in FPGA section.

| ADC1 H Mixer H FIR H Math |—| Decimatorl-— Correlator —{ Averager H RAM ‘
| ADc2 H Mixer H FIR H Math H Decimator |H

Figure 3.4: The schematic of signal processing pipeline in our FPGA design.

Figure 3.4 shows the signal processing pipeline in our FPGA design. The
input signal is detected and converted to digital number by ADCs (analog-
to-digital converter) at the beginning of the processing chain. At the mixer,
the signal is digital down-converted, with a local oscillator at frequency 250
MHz in our case. Digital down conversion is able to recover amplitudes of I
and Q quadratures with just one input. After the down conversion is the real
symmetric finite impulse response (FIR), which is a digital filter, designed
to filter out noise at undesired frequency. Though the properties of the first
three steps can be controlled from Cleansweep, they were kept the same
during the study. The digital down-conversion produces two quadratures
from one input signal. Signal math function (indicated as "Math” in the
pipeline) determines how the two quadratures are mixed to get a single
signal.

Figure 3.5 shows a screen shot in Cleansweep and schematic in FPGA of
the signal math control tap. In the tap, one can choose the definition of
signal a and b, the product of which is the output of the signal math section,
which are named s4 and sp for signal from different ADCs. Please notice
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Figure 3.5: Schematic of SignalMath v01 tap in Cleansweep, which controls how FPGA proceeds
I and Q quadratures from digital down-conversion. DDC is an abbreviation of digital down-
conversion.
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Figure 3.6: Schematic of correlator and averager.

that s4 and sp are complex in general. The decimator following signal math
processing allows one to discard some of the data in a series of repeating
measurement. In this thesis, all data points are kept. The Correlator and
Averager do the final signal processing before it is written in to RAM.

Figure 3.6 shows the schematics of Correlator and Averager. In the Corre-
lator, the two signals from signal math section are first fast Fourier trans-
formed, and then sp is converted to its complex conjugate. The two signals
are then multiplied at a multiplier. The Averager sums up the result of N
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repeating measurements, where N is specified by “averageLengthExp” op-
tion under the Correlator tap in Cleansweep. One can choose to turn on
and off some functions of the Correlator and Averager on the control panel
in Cleansweep. “dfactor” and ”“ZeroPadding” are used to control decima-
tor. When "DiffMode” is on, FPGA flip the sign of the product of s4 and
sp every other repetition, so that the summation in Averager is the summa-
tion of differences between two adjacent measurements. ”DiffMode” is the
key to measuring photo response by FPGA. When " AveragingMode” is on,
sp is discarded, and Averager calculates the average of N repetitions of s4,
instead of the summation. As we only have one input signal to FPGA, ”Av-
eragingMode” is always on during the study. If there is input to the ADC
2, it is possible to measure first order and second order correlation function.
This is where the name of the application “Correlator” comes from.

It is beneficial to clarify the concept “one measurement of FPGA” at this
point. When FPGA receives a trigger, it measures 8192 points in 8.192 us,
i.e. 1 ns per point, and processes the data before the next trigger. The action
corresponds to one trigger pulse is called a “measurement”. Limited by the
proceeding time, the period of a trigger cannot be as short as the length of
the measurement time window. The lower limit of trigger period is around
10 us in case of Virtex 6 FPGA.

3.3 Measurement of Photo Response

In the previous sections the general experimental setup and the signal pro-
cessing of FPGA are introduced. Now, we discuss here the measurement
of photo response of the lumped element resonators. As pointed out in
Chapter 2, irradiation of laser increases the number of quasiparticles in the
resonator, thus increases loss rate () and local kinetic inductance. The in-
creasing 7y will broaden the dip in resonance profile, and the increasing
kinetic inductance will red-shift the resonance frequency (i.e. shift the dip
of reflection coefficient to lower frequency). The photo response can be ob-
tained by measuring the changes induced by laser irradiation. Based on
changes in reflection coefficient measurement, we developed 4 methods of
measuring photo response. 3 methods use FPGA, the FPGA settings of
which are listed in Appendix A, while the other uses ASC 500 box. This
section will introduce and compare the four methods.

3.3.1 Static Photo Response Measurement

The most straightforward way of measuring photo response is to compare
the reflection coefficients with and without laser irradiating on the inductor.
The reason for choosing inductor as the target for the laser is because it has
the largest current density and then yields maximum photo response. The
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laser is turned on and off through AOM. If it is done by turning on and off
the laser diode, it will take a long time for the laser to be stabilized.
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Figure 3.7: (a) Frequency sweep of |T'| with laser on and off. (b) Difference in |I'| between laser
on and off.

Figure 3.7 (a) shows the frequency sweeps of |I'| with laser on and off. The
difference between the two cases is very small. To make the difference more
apparent, one can subtract the two data sets. The result is shown in Figure
3.7 (b).

This method enables extraction of changes in resonance frequency and in-
ternal Q factor. By fitting the |I'| curves using the model introduced in
Section 2.4:

w0/ Qext

K
‘ —i(w — wo) + 3w0(1/ Qext + 1/ Qint)

—i(w — wp) + 52

T = ' . (32)

One can extract the values of wy and Q;,; in laser on and off case separately,
and the laser-induced changes are the differences between the results. Al-
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ternatively, the same information can be extracted by fitting the difference
curve shown in Figure 3.7 (b) using model

‘roff| - |r0n| = | . |
—i(w — i) + 1 (17 +1/QY])

. n/Qext
_l<w w(o)n) + w (1/Qext + 1/ant)

(3.3)

7

where the subscripts and superscripts “on” and ”off” stand for the cases of
laser on and off respectively. In principle, Qc’s in the two cases are the
same. When the laser-induced changes of resonance frequency and internal
Q factor are small, the fitting model can also be written as

AL (@)] 5 o + AL @)]

PRS B ow wo ant

Aant s (34)

where PR; stands for ”static photo response”.

There are two main drawbacks of this method. The first one is relatively
longer measurement time, because two frequency sweeps are required for
each photo response measurement. The second drawback is related to laser
heating. If laser heating is not negligible, the photo response measured by
this method will be composed of the effect of heating and the photo re-
sponse due to direct breaking of Cooper pairs optically. However, only the
later component is interesting in most cases.

3.3.2 Lock-in Amplification Measurement Using ASC 500

Lock-in amplification measurement using ASC 500 is a method developed
by previous group members working on LSM project, aimed at acquiring
spatial dependence of photo response. This is achieved by lock-in detection
of the photo response in microwave signal as a function of position. The
result is a surface scan of photo response signal in addition to optical reflec-
tion signal.

The key of this photo response measurement method is lock-in amplifica-
tion. A lock-in amplifier can extract and amplify a signal at the modulation
frequency from a noisy background. Consider a lock-in amplifier with sine
reference at angular frequency Wref, and an input waveform U, (t), a DC
output signal Uy (), then the output signal can be written as [27]
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1

uout(t) - ?

—

sin(Wrers + @) Uiy (s)ds, (3.5)

t—

~

where T is averaging time, ¢ is the phase of reference signal. If the averaging
time T < j—”f, the period of reference signal, any component of angular

frequency other than wy,¢ in U;,(T) will be averaged out, leaving the output
signal

Uout = Apefcost, (3.6)

where A,f is the amplitude of the component of U, (t) at frequency w;,¢ /27,
and 6 is the phase difference between input signal and reference signal. The
amplitude A, is the photo response measured by lock-in amplifier.

To measure photo response with ASC 500, the frequencies of two microwave
generator should be the same, making the IQ quadratures of the IQ mixer
DC in the absent of laser intensity modulation. When the laser intensity is
modulated by AOM, IQ quadratures will carry a frequency the same as the
frequency of laser modulation due to photo response. After band-filtering
centered at modulation frequency and pre-amplification, one of the quadra-
tures goes into a built-in lock-in amplifier in ASC 500 with a reference signal
at the same frequency as laser modulation, where the quadrature will be con-
verted to DC signal.

Measuring photo response using lock-in amplifier depends on the projec-
tion of complex reflection coefficient on a user-chosen quadrature axis. In
the limit of small changes induced by laser, the model of complex photo
response (before projection) in this case is given by

ol (w) Aw al'(w)

PR, =
‘ a("JO 0 aQint

AQint 3.7)

which appears on complex plane in a heart shape as shown in Figure 3.8 (a).
The projection on real and imaginary axes are shown in Figure 3.8 (b) and (c)
respectively, which are I and Q quadratures of the complex PR, the absolute
values of which are the photo response given by ASC 500 depending on the
chosen quadrature. The theoretical ASC 500 photo response can be found
in Figure 3.9.

However, the experimental data shows deviation from the theoretical predic-
tion. As lock-in amplifier only returns absolute value, the IQ data of photo
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Figure 3.8: Frequency dependent complex PR projected on (a) complex plane, (b) on real axis,
and (c) on imaginary axis.

response is folded in the first quadrant of IQ plane. After assigning an ar-
bitrary sign, the IQ data can be expanded to the whole IQ plane, which is
shown in Figure 3.10 (b). The absolute projection of PR on I and Q axes is
shown in Figure 3.10 (a).

The experimental data differs from theoretical model in various ways. The
measured complex PR winds around origin of IQ plane twice, which is not
observed in theoretical model. The orientations of the heart shape are also
different. Finally, the experimental result is clearly asymmetric, while the
theoretical data is symmetric. The asymmetric peaks in ASC 500 photo re-
sponse are given by the orientation and asymmetry in complex PR data,
and the non-monotonic tails away from resonance are caused by the addi-
tional winding around the origin in complex PR. So the theoretical model
described above is not complete.

The reason for the extra winding around the origin is the non-zero opti-

cal length of microwave components. The optical length and phase shift can
be modeled by an extra phaser of the complex reflection coefficient

34



3.3. Measurement of Photo Response

Absolute Projections of Complex PR
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Figure 3.9: Theoretical ASC 500 photo response, i.e. the absolute projection of complex PR on
real and imaginary axes.
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Figure 3.10: (a) ASC 500 photo response from | and Q ports of the IQ mixer; (b) expanded PR
on the whole 1Q plane.

[ = ¢i(otTopw) wo/ Qext (3.8)
_Z(w - C(J()) + %wO(l/Qext + 1/Qint)

where ¢ is phase shift and 7, is optical delay due to finite optical length.
When we are measuring the amplitude of T, the phaser ¢/(?* %) cancels out
by taking absolute value. However, ASC 500 measures the projection of com-
plex PR on I or Q axis, where the phaser plays a significant role. The phaser
can be canceled by multiplying Equation 3.8 with e~ #(?*%n«)  Figure 3.11
(b) shows the phaser-corrected complex PR, where there is no additional
winding around origin. In the absolute projection of complex PR, as shown
in 3.11 (a), there are no non-monotonic tails away from resonance frequency.
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Figure 3.11: (a) Absolute projection of experimental complex photo response after optical length
and phase shift correction. (b) Experimental complex photo response after optical length and
phase shift correction.

However, as shown by Figure 3.11 (a), the asymmetry in the shape of com-
plex PR still leads to significant asymmetry in absolute projection, which
prevents us from extracting information like shift of resonance frequency
and shift of internal Q factor by fitting the curves. The origin of the asymme-
try is not clear yet, but a possible explanation lies in the time of performing
I and Q measurement. We observe more asymmetry when the time between
I and Q measurement is longer. If we can develop a method measuring I
and Q quadratures simultaneously, we might be able to solve the asymme-
try problem.

The uncertainty in phase shift and optical length are also problematic. Calcu-
lating PR amplitude from I and Q quadratures helps overcoming this prob-
lem. PR amplitude is given by

PR| = \/|PR/[2 + |PRg[?, (3.9)

where |PR;| and |PRg| are absolute projection of complex PR on I axis and
Q axis respectively, which are the frequency sweep results given by ASC
500 box. The theoretical PR amplitude given by this method is a squared
Lorentzian peak centered at resonance frequency. However, the asymmetry
in complex PR makes the peak slightly asymmetric as well, which is shown
in Figure 3.12.

However, even if the peak is symmetric, the one peak photo response cannot
distinguish between the shift of wy and Q;,;. The amplitude of resonance
frequency response is given by
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PR Amplitude
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Figure 3.12: PR amplitude calculated by summing up square of | and Q responses, and the best
fit given by mathematica.

ar (=1 - 35.) 6"
PRl = |50 000] = 2000 |, (310)
“o dwy ((w = wo) —izwo( g+ g))?
and internal Q factor response is given by
or 1 w2/Qext
PRo,,| = |5 AQiut| = = - AQint| -
’ er| 'aQint int 2 int((w — CUO) — l%wo(ﬁ + Q}m))z "

(3.11)

Both of the | PR| are Lorentzian peaks centered at resonance frequency, which
are indistinguishable in the one-peak experimental result. The usage of this
calculated PR is to determine total photo response amplitude without being
affected by the phaser.

3.3.3 Voltage Photo Response Measurement Using FPGA

Subtracting |To,| and |T,f|, and calculating |PR| = \/|PR;|? + [PRg|? re-
quires two measurements to get meaningful photo response result. By using
DiffMode in FPGA, it is possible to perform the task in one measurement.
This subsection introduces the method of measuring voltage photo response
using FPGA. The name comes from the fact that this photo response signal
is proportional to ADC voltage at FPGA.

As introduced in Section 3.2, when DiffMode and Averaging Mode is on,
FPGA will subtract the results of two consecutive measurements, and take
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the average of N /2 differences, where N is the number of total measurement.
When the laser intensity is modulated, triggering FPGA at maximum and
minimum laser intensity alternatively gives the photo response. The pulse
pattern of FPGA trigger and laser modulation is shown in Figure 3.13. The
trigger frequency of FPGA is set to be twice the laser modulation, so that the
rising edge of triggering pulse can be located at maximum and minimum
of laser intensity. The measurement time of 8.191ns for FPGA is negligible
compared to the period of laser modulation 200 ys, so that the whole FPGA
measurement can be considered as conducted at the same laser intensity.

Figure 3.13: The pulse pattern of FPGA trigger in oscilloscope. The green channel is FPGA
pulse, the yellow channel is laser intensity, and the blue channel is output signal from ASC 500
box, controlling AOM. FPGA is triggered at rising edge, so the measurement starts at maximum
and minimum laser intensity alternatively.

The relative phase between FPGA trigger and laser modulation will drift
if AWG triggering FPGA and ASC 500 box (or other device used to gener-
ating signal to AOM) is not synchronized. The drifting prevents the mea-
surements conducting at maximum laser intensity difference. ASC 500 box
cannot receive external time reference, so the ways to synchronize the two
devices are triggering AWG with output signal from ASC 500 using a digital
delay generator, or modulating laser with another AWG, which receives the
same external time reference as the FPGA triggering AWG.

The theoretical model of voltage PR measurement is

PR, = \/|Re(AT)[2 + [Im(AT)[2 = /|Re(PR) + [Im(PR)[,  (3.12)

which is exactly the same as PR amplitude given by lock-in amplification
method as in Equation 3.9. For the same reason, it is impossible to extract
information like shift of wy or Q;,; from the data acquired by this FPGA set-
ting. However, again, the data is a faithful measure of PR amplitude. Figure
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3.14 shows an example of PR amplitude given by FPGA measurement and
its fitting curve.

Voltage Photo Response
0.015} -

0.010 | ]

PRy (mV)

0.005 | ]

0.000 ! ]

6.510 6.515 6.520 6.525 6.530 6.535

Frequency (GHz)

Figure 3.14: An example of PR amplitude acquired by FPGA, where the red curve is the fitting,
and blue dots are the data points. The data is acquired in the condition of 10.66 yW laser on
sample, -94 dBm microwave power and 4 K temperature.

To confirm the claim that voltage PR and lock-in amplification PR ampli-
tudes are in principle the same, we measured photo responses using the
two methods at different input RF power and compared the peak value at
IQ mixer (where the amplification chain become different). The results are
listed in the following table:

RF power (dBm) | FPGA PR amplitude (mV) | Lock-in PR amplitude (mV)
-50 1.15 1.15
-54 0.7 0.73
-58 0.44 0.46

So the voltage PR and PR amplitude are truly the same, as predicted by
theoretical model.

3.3.4 Power Photo Response Measurement Using FPGA

DiffMode in FPGA not only provides the possibility to measure voltage
photo response in a single measurement without phase and electric delay
effects, but also enables extracting laser-induced changes of resonance fre-
quency and internal Q factor. Similar to the method introduced in Subsec-
tion 3.3.3, this method also requires the AWG triggering FPGA being syn-
chronized to laser intensity modulation. The difference in FPGA settings
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between power PR measurement and voltage PR measurement is that the
former case measures microwave power at FPGA, while the latter case mea-
sures ADC voltage. The theoretical model of power PR measurement is

PR, = A[T|?

(3.13)

= ‘r<w0 + AC‘JO/ Qextz Qint + AQint) ‘2 - ’r(w()/ szt/ Qint) ‘2 ’
where PR, is the power PR, and Awg and AQ;; are laser-induced changes
in resonance frequency and internal Q factor respectively. In practice, Clean-
sweep takes the absolute value of PRy, and exhibits a two-peak profile as
shown in Figure 3.15.

Power Photo Response
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Figure 3.15: A frequency dependent PR, curve measured at 3.2 K.

Unlike the one-peak curve in PR amplitude case, the difference between two

peaks reveals the proportion of wp and Q;,; contributions in the total photo
2 2

response. To understand this, plotting % and % against frequency is

beneficial, because when the laser induced changes are small, PR, is given
by

R, A
dwo 0 0Qim

so that the partial derivatives determines the shape of corresponding PR con-
tribution. The partial derivatives with small internal loss in lumped element

resonators are plotted in Figure 3.16, which is the case at low temperature.

ar? . . . AT . . . . .
In general, Jw, 18 anti-symmetric and 30, 18 symmetric with w = wy being

PR, AQint, (3.14)
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the line of symmetry. Zhuravel and his colleagues developed a method to
extract resistive and inductive photo response in terms of S parameter based
on this fact [9]. In their method, resistive photo response at a frequency f
away from resonance is given by

_ |PR(f+) + PR(f-)]

PRR(f) > , (3.15)

where PR(f+) is the total photo response at frequency f above resonance
frequency and PR(f—) below. Similarly, inductive photo response is given

by

PRI(f) — |PR(f+);PR<f_)’ ) (3.16)

Though the basic ideas are the same, we analyzed our data slightly differ-
ently. In Chapter 2, we concluded that the sign of laser-induced changes in
wo and Q;,,; are both negative, so the two contributions on the low frequency
side sum up, and on the high frequency side compensate each other, result-
ing in asymmetric peaks in the absolute value. The difference in two peaks
reveals the proportion of the two PR contributions as we claimed.

o drPAee dIr|?dQm
? | 0.0005 : -
003 (a) | (b)
o 0.02 | = : :
2 0.01] ! ¢ 0.0000 - |
20,00 2 ! |
L -0.01! |  © -0.0005
© -0.02 . ;
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Figure 3.16: Simulation of partial derivatives of \F|2 with small internal loss in lumped element
TPy 2P
resonators. (a) o (b) 0.

Although the PR, method enables laser-induced change extraction, its signal-
to-noise ratio is much lower than other methods, which will be discussed in
Chapter 5.
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3.4 Signal-to-Noise Ratio of Reflection Coefficient Mea-
surement

Signal-to-noise ratio is crucial for any precise measurement, so is it for laser
scanning microscopy, especially, when we consider that the ultimate goal
is to operate LSM at 20 mK and quantum limited RF power. Before doing
any investigation, it is necessary to evaluate the possibility of detecting any
signal with target condition. Estimating signal-to-noise ratio of reflection co-
efficient is the first step, which is directly related to the main noise sources:
thermal noise and quantum noise. Signal-to-noise ratio of PR, which will
be discussed in Chapter 5, can be estimated on the basis of noise estimation
presented here. A detailed introduction to thermal noise calculation can be
found in Christopher Eichler’s PhD thesis [28].

Consider the sample with HEMT as cold amplifier as shown in Figure 3.3.
The initial noise comes from thermal noise at room temperature and noise in
signal generation. Because the signal generation noise of Rohde&Schwarz
SMB 100A RF generator is very low (down to —128 dBc [29]), we can esti-
mate the initial noise by the thermal noise given by black body radiation
at room temperature. (We will see later that the initial noise has little influ-
ence on the final result, so the estimation is still valid even if the noise from
RF generator is not small compared to thermal noise.) If we write noise in
terms of number of noise photons, then the initial number of noise photon
ng=1/ (eh“’/ kpTroom 1) =~ 150 per Hz per second for Ty, = 300 K. Then the
input signal propagates into the fridge, and is attenuated by a thermalized
20 dB attenuator (the power drops to 10720/10 = (.01 time of the original
value), then the noise becomes 1 = 0.01ng + 1/ (/ksTatenuator — 1. Similarly,
the thermalized directional coupler attenuates the signal and noise by 20 dB
subsequently, then the noise photon number

Mg :0'01(0'011,10 + 1/(ehw/kBTutt8nuutor _ 1)) + 1/(ehw/kBTcoupler — 1)

(3.17)
~1.58 per Hz per second.

The noise photon number at this stage is the noise photon number reflected
from sample at an off-resonance frequency, for convenience, here, we name
it 5. By far, the noise from room temperature setup has dropped to 10~* of
the initial value, i.e. around 0.01 noise photons per Hz per second, which
is ignorable compared to the total noise photon number. The reflected sig-
nal with noise ns is amplified along an amplification chain from sample
to FPGA. Because the amplification chain amplifies noise and signal at the
same time, the amplifiers have little effect on signal-to-noise ratio if the sig-
nal after amplification is much larger than the noise added by the amplifier.
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Similar to the effect of attenuation on noise along the input line, the noise
added by an amplifier along the amplification chain is more significant if
the amplifier is closer to the sample, because the added noise is amplified
more times by amplifiers at later stage. For this reason, it is enough to es-
timate the noise added by HEMT thermalized at 3 K (Tggmr = 3 K) along
the amplification chain before IQ mixer. According to the data sheet of the
HEMT, its noise temperature Tygemr = 4 K. To keep our final noise pho-
ton number comparable to the photon number reflected by the sample, the
total number of noise photons is normalized by keeping 1 the same, any
amplification (attenuation) to signal is treated as attenuation (amplification)
to the noise added by microwave elements at later stage. Then the number
of noise photon after HEMT is

n +1
ziHEquT +ns+1

1 1 1
_Z(ehw/kB(THEMT) —1 t ehw/kg(Tnuemt) — 1

(3.18)

+1)+ns+1,

where A is the attenuation from sample to HEMT, nypumr is the thermal
noise from HEMT, the 1 added to nppmr and ns accounts for amplified
vacuum fluctuation [30]. If we substitute the variables with typical value
A = 0.5, Tgemr = 3 K, and Tygemr = 4 K we will have n ~ 55 per Hz
per second. Neglecting the effect of other amplifiers on signal-to-noise ratio,
Equation 3.18 gives the noise at IQ mixer as well. If one of the I or Q port
of the mixer is not in use and terminated, the noise will effectively double
due to backfolding of noise at frequency higher than LO frequency [31]. In
our case, both of I and Q ports are in use, then Equation 3.18 gives the final
number of noise photons. So the final normalized number of noise photon
per second detected by FPGA is

n +1
Nooice = B (H“f: g+ 1)

1 1 1
=B (A <ehw/kBTHEMT -1 T ehw kg THEMT — ] + 1) + 15+ 1) ,
(3.19)

where B is the ADC bandwidth of the FPGA. Taking B = 1 GHz, the total
normalized noise power detected by FPGA is about 5.5 x 10'° photons per
second.

Consider an input RF power of -46 dBm, a typical value in this study, then
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the signal power at sample is -94 dBm, where one 20 dB attenuation comes
from attenuator, another 20 dB attenuation comes from directional coupler

and 8 dB attenuation comes from losses in cables. Then the number of signal

S Power AtSampl (~94-30)/10
photons per second is given by Nsi¢ua = ower f ampre — _2mlo

T 6.63x1039x65+10°
9.2 x 10'° photons per second. The signal-to-noise ratio 75, in FPGA is then
given by

Nsignul

Tn Nnoise ’ (320)
where the square root comes from the fact that voltage detected by FPGA is
proportional to the square root of power, and power is proportional to the
photon number per second. With the estimated results, the final estimated
signal-to-noise ratio of I' at -46 dBm RF input is calculated to be about 1.3.
The experimental result with the same condition gives a signal-to-noise ratio
around 1.3, which agrees with our estimation. To check the validity of our
estimation, the comparison is conducted at different RF powers. The results
are shown in Figure 3.17, which show the agreement of estimation and ex-
periment is not an coincidence.

__Signal to noise ratio of ||
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Figure 3.17: Experimental and estimating signal-to-noise at different RF powers.



Chapter 4

Experimental Results of Photo
Response and Discussion

In Chapter 3, we have seen how to measure photo response and extract laser-
induced resonance frequency and internal Q factor change. In this chapter,
the effect of different experimental condition on photo response amplitude
and laser-induced changes will be discussed. The varying parameters are
laser, microwave power, temperature and focus of laser beam. These studies
help us understand the origin of photo response signal, and shine light on
optimal operating conditions.

The position of laser beam on sample changes slowly with time even with-
out signal input to the piezos. The uncertainty of laser beam position is
around 1 ym, while the inductor stripe width is 2 ym. The drifting of laser
beam position has the potential to significantly influence experimental re-
sult. To avoid the effect of position drifting, we performed a part of our
measurement with defocused laser, because the photo response induced by
defocused laser is spatial-insensitive (see Section 4.5 for detail).

4.1 Extraction of Laser-Induced Change of Resonator
Properties

It is beneficial to start with the simplest and the most well-understood mea-
surement, the static photo response measurement introduced in Subsection
3.3.1. Although static photo response measurement records both effects of
photo response and laser heating, it can provide estimated laser-induced
changes of resonance frequency and internal Q factor, which can be used as
references.

Figure 4.1 (a) shows the data and fitting of |I'| measurement with laser on
and off at 10.66 yW laser and -94 dBm microwave power at sample, and 4 K
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Figure 4.1: (a) |T'| measurements with laser on and off. The experimental condition is 10.66 yW
laser and -94 dBm microwave power at sample, and 4 K temperature. (b) The plot of Torf—Ton

and the plot of amAw +3 am Ath with parameters given by fittings in (a).

temperature. The results of fitting parameters are listed as follows:

Laser Status Qext Qint fo (GHz)
Off 2920+20 | 3724 +19 | 6.51824 £5 x 10°°
On 2927 +22 | 33324+20 | 6.51794 +4 x 10~°

where the uncertainties are given by built-in fitting routine. The changes
Afo = —300+71 kHz and AQ;,; = — 92 :I: 27. Figure 4.1 (b) shows the plot

of I'yrf — I'on and the plot of j \F\ Awg + Ath with parameters given by

fittings of |T|. The deviation of Toff — Fon from alf\ Awg + Ath comes
from the fact that Awp and AQ;,,; are not infinitely small

In our experiment, most laser-induced changes of resonator properties are
extracted by measuring PR, and fit the result with model presented in Equa-
tion 3.13. Figure 4.2 shows the PR, data measured with the same condition
as Figure 4.1. The deviation of fitting curve from experimental data will
be discussed in Section 4.4. The values of fitting parameters are listed as
follows:
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Figure 4.2: PR, data and fitting. The experimental condition is 10.66 yW laser and -94 dBm
microwave power at sample, and 4 K temperature.

Qint ‘ fO (GHZ) ‘ AQint ‘ AfO (kHZ)
3755+27 | 65161243 x 10 ° | —21+£1 | —124+04

Comparison between the results of two methods shows that the laser-induced
changes in resonance frequencies are of the same order, while the change in
internal Q factor given by |I'| measurement is one order of magnitude larger
than that given by PR, measurement. The difference could come from dif-
ferent experimental conditions and laser heating in |T'| measurement. The
time separation between the two measurements is more than one month.
During the time, experimental conditions like laser power on sample and
temperature may change. The different resonance frequencies in the two
measurements are a signature of different temperature. Moreover, as ex-
plained in Chapter 2, heating has similar effect on resonator properties to
photo response, which enhances the laser-induced changes in static photo
response measurement.

We can also compare theoretically estimated values of resonator proper-
ties and photo responses with experimental data. Due to better fitting, we
choose PR, data at 3 K instead of 4 K. Figure 4.3 shows the data and fitting
of PRy, under condition 10.66 yW focused laser and -94 dBm microwave
power at sample and 3 K temperature.

The key of photo response theory is change in superconducting electron den-
sity ns. Here we estimate 7, by extracting kinetic inductance and London
penetration depth. As shown in Section 2.3, in thin film limit (f < AL(T)),
wy follows the following relation with temperature
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Figure 4.3: PR, data and fitting. The experimental condition is 10.66 W laser and -94 dBm
microwave power at sample, and 3 K temperature.

1 1
 VC(Ln+Liin)  V/C(Lw + Liino/ (1= (T/To)%))

wo , (4.1)

where Ly, is the kinetic inductance at zero temperature; while in thick film
limit (t > AL(T)),

1 1
 VC(Lu+ L) v/ C(Lm+ Ligno/ (1 — (T/T)H)1/2)

wo

(4.2)

Figure 4.4 shows the temperature dependence of wy with fitting using the
above equations and condition T, = 922 K, C = 35 x 1073 F and L, +
Liino = 1.7 x 107° H, from which the approximate kinetic inductance of
the resonator Lj;,0 can be extracted. By applying Equation 2.18 and film
thickness t = 150 nm, thick film limit fitting gives A1 (T) = 193 nm, and thin
film limit A7 (T) = 109 nm. Neither of the limits satisfies their assumption.
The actual penetration depth could be a value in between; we fix it as 150
nm for the following estimation.

According to Equation 2.6, the charge carrier density n = 1.25 x 10 m?,
and superconducting electron density at 3 K n; = 1.24 x 10¥ m>. Laser-
generated quasiparticle number N, can be calculated using the following
equation

dNy _ N P

o - nE—g , (4.3)
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Figure 4.4: Temperature dependence of wy with fitting in (a) thick film limit, and (b) thin film
limit. Critical temperature T, = 9.22 K.

where T, is the life time of laser-induced quasiparticle, 7 is the efficiency of
photons absorption, P is laser power, and Ej is superconducting gap energy.
At equilibrium, we have

Nyp = , (4.4)

by substituting P = 10.7 yW, n = 0.1 [32], 75p = 10 ns [33], and E, =
29(1 — T/T)Y4(1 + 2.17T/T.) meV [24, 34], where T = 3 K and T, =
9.22 K, the maximum number of laser induced quasiparticle is 3 x 10”. The
laser-influenced area of focused laser spot Sy, is approximately 4 um? (due
to diffusion of quasiparticles, this value is larger than the laser spot size),
then one can estimate the number of superconducting electron to be N; =
NstS10ser = 7 % 108, which is 1 order of magnitude larger than Nj,. Thus, the
small laser-induced change estimation is valid in this case. We have

11 ALy,
Avpgp= ————5——" . 4.5
"= "2/ (T + L PP *3)

Assume the laser-influenced area is a rectangle with width W = w = 2 ym
and length L = 2 ym (refer to Figure 4.5), then the total kinetic inductance is
the sum of the kinetic inductance of the laser-influenced area and that of the
uninfluenced part. Thus the laser-induced kinetic inductance change ALy,
can be calculated from Equation 2.19 in thick film limit:
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Figure 4.5: Sketch of laser-influenced area for laser focused on meander inductor in a simplified
model for photo response estimation, where the laser-influenced area is a square with side length

W =2 um.
dLy 1 m, L _ 1 , L
ALan = dn;n AT[S 2‘1/[0 82;0 Wns 3/2A1’ls = —E % eW/\%AnS
-+ A - A 4.6
2Mmow LTy T M WA WL (4.6)

Substituting this expression to Equation 4.5, the laser-induced change in an-
gular resonance frequency is calculated to be Awy = —40 kHz.

By Equation 2.43, energy loss rate oy can be written as

_ R A (D) e 47)
Lm + Lkin Lm + VO/\L(T)é

v

By substituting 1/c07 = 0.58 x 10~7 Qm [35], the theoretical energy loss rate
v ~ 1 MHz. Laser-induced change in energy loss rate A7y can be estimated
similar to Aw. As L, < Ly, at 3 K, we can ignore the laser induced change
in the denominator of Equation 4.7. Then we have

AR*

S 48
Lm + Lkin ( )

Ay

where

50



4.1. Extraction of Laser-Induced Change of Resonator Properties

1/2
B 1wz£V0 (71(311_5/2 1 —3/2)%115 (4.9)

Substituting this expression to Equation 4.8, the estimated laser-induced
change in loss rate Ay ~ 2 kHz. The experiment and theoretical results
are summarized in the following table:

¥ (MHz) | Awg (MHz) | Ay kHz
Experiment 2.6 1.2 152
Theory 1 0.04 2

The theoretically estimated values are smaller than experimental ones. Among
which, estimated « is of the same order of magnitude as experiment, Awy is
one order of magnitude smaller, and A is two orders of magnitude smaller.
As estimated Ay is calculated from estimated <y, which is smaller than ex-
perimental value, a factor of 3 will be added to the deviation of estimated
A7y from the experimental one. After this correction, we can conclude that
the theories of both Ay and Awy give values one order of magnitude smaller
than the experimental ones with the parameters used above. The deviation
between theory and experiment may come from three sources. The first
one is using the inaccurate assumption of thick film limit in the calcula-
tion of AL;,. The second aspect is related to inaccurate parameters. Due
to different geometry of Niobium film and different purity, the parameters
like recombination rate of quasiparticles, the conductivity, and the absorp-
tion efficiency of photon can be very different from the chosen values. The
third reason lies in our simplified model. In our model, density of super-
conducting electrons is uniform in the laser-influenced area. If the spatial
distribution of quasiparticle density is taken into consideration, there will
be an effective temperature distribution in the laser-influenced area with the
highest temperature at the laser spot. When quasiparticles created by laser
diffuse away from laser spot, the effective temperature decreases, which will
cause a significant increase of 7;, the recombination time of quasiparticles,
due to the exponential relation of 7;, and temperature [33]. This increase
of 75, would increase photo response. Other simplification will also affect
the accuracy of the theoretical model, so one order of magnitude difference
between theoretical and experimental values is reasonable.
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4.2 Microwave Power Dependence of PR

Operating LSM at quantum limited microwave power is one of the long term
goals for this thesis. Understanding how resonator and its photo response
behaves at different RF power is crucial. The theory of current density de-
pendence of photo response is presented in Section 2.5. The microwave
power dependence of photo response can be derived from the current den-
sity dependence.

The theory states that photo response magnitude in terms of energy should
be proportional to the local current density at the laser probe, however the
laser-induced changes in resonance frequency Awg and internal energy loss
rate A7y are independent of the total current passing through the inductor.
Our photo response is proportional to voltage of the reflected signal (Vju¢),
which is given by V,u; = V/RP, where P is the microwave power indicated
on ADC in FPGA, and R is the ADC port resistance (R = 50 (2). As Ris a
constant, any change in V,,; (voltage PR) is given by change in microwave
power reflected from the sample. Equation kE = Prr gives the relation
between energy stored in resonator and input/output RF power in equi-
librium case, with which we can transfer microwave power problem into
energy problem. Energy stored in lumped element resonator can be writ-
ten as E = (L + Lin) 2, where I is the root mean current flowing through
inductor. Then unperturbed reflected RF power from sample is given by
P = x(Ly + Lgin) I2, which is proportional to I? in the resonator. From Chap-
ter 2, there are two sources of energy change generated by laser, resistive
and inductive. The inductive one is given by AE; = ALy, [?, where ALy;,
is the laser-induced change in kinetic inductance defined in Equation 2.35.
The resistive one is given by AEg = ARI?1, where AR is the laser-induced
change in effective resistance as defined in Section 2.5, and 1/« is the char-
acteristic time for a photon in resonator leaking into feed line. Then with
laser perturbation, microwave power reflected from the sample is given by

1
P =«(E+ AEL — AER) =« ((Lm‘f‘Lkin)Tz"‘ALkinI_z_ARI_zK) (4.10)

= («(Lm + Liin + DLgin) — AR)IZ.
Then we have laser induced change in reflected microwave power

AP = (kALy, — AR)I?, (4.11)

which is proportional to I? as well, so it is proportional to input power P.
Then the photo response is given by
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PR = AV = ,/ \F o< T « Pz (4.12)

So we expect a square root dependence of PR on microwave power.

Theory also predicts that laser-induced changes in resonator properties should
be independent from microwave power. The resonance angular frequency

wy = ﬁ, where L, and C are constants during the LSM measure-
m kin
ment. Assuming small laser-induced change, the laser-induced change in

wy is

1 ALy
Awg = —=————75, 413
* 7 VC (L + Liin3? (19
which, by Equation 2.35, is proportional to
An
ALgin = _TSFlaser(x/ y)Lkin ’ (4.14)
S

where function F,,(x,y) is a sort of current participation ratio, defined in
Equation 2.35, which is microwave power independent. As Ly;, is microwave
power independent so is Afy. Similar argument applies to AQ;;.

PRy MW Power dependence

11
0.50 ¢t

PRy (mV)

0.10¢ Exponent=0.499
0.05¢

10;14 10‘—13 10;12 10;11 10;10
MW power @ sample (mW)

Figure 4.6: Log-log plot of microwave power dependence of voltage PR measured at 10.66 W
defocused laser power at sample and 4 K temperature. x axis is the RF power at sample in micro
Watt. The red line is the power law fit, which gives an exponent around 0.5.

Figure 4.6 shows the voltage PR measured at different RF power under the
condition of 10.66 uW laser power at sample, defocused laser and 4 K tem-
perature in log-log plot, where RF power at sample is expressed in micro
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Watt. The straight pattern on log-log plot in Figure 4.6 is a signature of
power law, and the power law fitting fives a power very close to 0.5, which
is exactly the value predicted by theory.

200 RF power dependence of Afg RF power dependence of AQint
: 200 : ]
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Figure 4.7: Laser-induced changes in resonator properties as a function of microwave power
measured at 3.5 K, and defocused laser with 10.66 W power at sample. (a) Afp; (b) AQjy;

We also extract Afy, the laser-induced shift of resonance frequency, and
AQiys by measuring PR, under the condition of defocused laser, 10.66 yW
laser power at sample, and 3.5 K temperature. The result is shown in Figure
4.7. Neither Afy nor AQ;,; shows clear dependence on microwave power,
which matches theoretical prediction.

4.3 Laser Intensity Dependence of PR

Photons break Cooper pairs into quasiparticles. The changes in Cooper pair
and quasiparticle density result in photo response. The more photons are
absorbed by superconductor, the bigger the laser-induced change. So in-
creasing laser intensity is a straightforward way to increase magnitude of
photo response. However, laser-induced heating might be harmful to our
experiment at low temperatures, which motivates us to reduce laser power.
To understand the effect of laser intensity on PR, we conducted measure-
ments on laser intensity dependence of PR.

Figure 4.8 shows the laser power dependence of voltage PR under the con-
dition of -94 dBm RF power at sample, 3.5 K temperature and focused laser.
An unexpected saturation behavior at high laser power is observed. As
shown in Section 4.1, this laser power with focused laser beam cannot break
all Cooper pairs locally, so the saturation is not an effect of breaking all
Cooper pairs. There is also some non-trivial structure at low laser power.
The slope of PR as a function of laser power increases from 10 yW to 15
W before saturation. The reason may be related to the detailed dynamics
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Figure 4.8: Laser power dependence of voltage PR measured at -94 dBm RF power at sample
and 3.5 K with focused laser. The laser power in the plot is laser power at sample.

of quasiparticles and Cooper pairs at the edge of stripelines due to some
geometric effects [11].

We also extracted the laser-induced change of the resonator properties at
different laser power under the condition of -94 dBm RF power at sample,
3.5 K temperature and defocused laser. In this study, no saturation was ob-
served. The result of extracted Afy and Ay is shown in Figure 4.9, where
both of them show linear dependence on laser power. So we can conclude
that in the laser power range of this experiment, the ratio between photo
response components does not change.

laser power dependence of —Afg laser power dependence of Ay
: : : ‘ ‘ : 150 F ‘ : : ‘ : ‘
200 |
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Laser power (uW) Laser power (uW)

Figure 4.9: Laser-induced change of lumped element resonator vs laser power, with defocused
laser at 3.5 K. (a) Afy; (b) A7y.

The fitted slope of laser power dependence of —Afj is 18.2 kHz/uW, of Ay is
12.2 kHz/uW. From the fittings, one can estimate some of the fundamental
properties of the illuminated superconductor, like characteristic quasiparti-
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cle recombination time 7;,. According to Equation 4.5 and 4.6, the slope of
laser power dependence of —Awy can be written as

dDwy 11 uge A3y

—_— = - . 4.15
aPluser 4 \/E Egmewz(Lm + Lkin)3/2 ( )

Solving this equation, the estimated 7;, = 300 ns. The accuracy of this
value is limited by the accuracy of theoretical model and the accuracy of
parameters other than 7.

4.4 Temperature Dependence of Photo Response

Operating LSM at quantum limited microwave power requires putting the
sample into dilution fridge, which has a typical temperature of 20 mK,
which is much lower than the operating temperature in this thesis. To es-
timate the effect at low temperature, measuring temperature dependence of
photo response is necessary.

Temperature has multiple effects on photo response. The first effect of tem-
perature is changing density of superconducting electrons, which is valid
even when laser is absent. Please recall Equation 2.8 for the temperature de-
pendent London penetration depth. Compared to Equation 2.6, the London
penetration depth at zero temperature, we can conclude the temperature
dependence of density of superconducting electrons

no(T) = 15(0) (1 - (TT>4> , (4.16)

where 15(0) is the density of superconducting electrons at zero temperature,
which is simply the density of free electron in Niobium, and T is the critical
temperature. n; decreases and quasiparticle density n,, = n — ns increases
as temperature approaches T, which will increases both real and imagi-
nary part of surface impedance of superconductor given by Equation 2.13,
that is, increases both resistive loss and kinetic inductance. Thus, increas-
ing temperature decreases Q;,; and wp even without applying laser. The
second effect of temperature is changing the gap energy E of superconduc-
tor. Actually the temperature dependence of superconducting gap energy
is closely related to the temperature dependence of 15, because temperature
influences both thermal energy available to break Cooper pairs and the min-
imum energy required to break one. Superconducting gap energy is the
order parameter of superconductor, which is maximum at zero temperature
and monotonically decreases as temperature increases, and finally vanishes
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at T;. Increasing temperature in LSM means increasing the number of quasi-
particle produced by one photon, which is directly related to An, in photo
response theory. Temperature also has influence on optical length, but as
we are not interested in complex photo response in this study, we will not
discuss this here.
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Figure 4.10: g(‘gﬂ and 3|£|0 at overcoupled and undercoupled condition. All the plots share

the same ¥ = 10 MHz, and the same wy = 6.5 GHz, but with different internal Q factor: (a)
2

25 ‘ with Qi = 1000; (b) 2 ﬂ with Qi = 300; () 4Lk with Qpyr = 1000; (d) 9 a'r' with

Qint = 300.

Among the effects of temperature, influence on #; has various effects on PR
amplitude. Different 1 lead to different Q;,;, and different Q;,,; gives differ-
ent behavior of partial derivatives of |T'|>. Figure 4.10 shows the behaviors
of ggi th and aa| ‘0 at overcoupled and undercoupled condition. In the simula-
tion, wy = 6.5 GHz for all the plots, and x = 10 MHz for all the plots, which
leads to an Qe = 650, wy = 6.5 GHz for all the plots. Then (a) and (c)

with Qj,; = 1000 shows overcoupled case, while (b) and (d) with Q;,; = 300
a\r|

shows undercoupled case. There is no significant difference between s,

but two a‘ /s behave quite different around resonance frequency. In under—
2

coupled case, the value of ﬂ is always positive, while in overcoupled case,

the value of ; ‘ ‘ around resonance drops below zero. a' i ( 0) = 0 when
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the resonator is critically coupled.
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Figure 4.11: %FWF and % as functions of oy and w. All the plots share the same ¥ = 12.6 MHz,
2
and the same wy = 27t x 6.5 GHz. (a) 3D plot of %; (b) frequency slice of (a) at w = wy;
(c) 3D plot of aal—il;; (d) frequency slice of (c) at the frequency where %‘—ﬂ: has maximum value.

Apart from the feature of the two partial derivatives, the magnitudes of
them are also different. Figure 4.11 shows the 3D plots of %I;'Z and %. If

we ignore the temperature related change of resonance frequency, we can
consider 7y axis in 3D plots as a measure of temperature. The higher the

temperature is, the higher the 7. Then from the plots, we can conclude that
o|r|? o|rp?

at high temperature, =~ is suppressed, while 55~ is still finite (the -y at 8
2
K is around 250 MHz in our case, where % is still finite). The magnitude

2 2
of "’|8L| has a dramatic increase at low temperatures, while % vanishes.
Because of the different behavior of partial derivatives, temperature depen-
dence of PR has complicated feature.
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We can predict the behavior of Awy from theory. As wy = 1/+/C(Ly + Liin),
assuming small laser-induced change in Ly;,, we have

Awgy = _EL% — _li ﬁFMser(x/y)Lkin
2C(Lu+Liin)¥?  2/C (L + Liin)??
. 11 ﬁﬁaser(%y)%
__5% (Lm_i_n%%)g,/z (4.17)
_ _li AnSFluser(x/]/) Zi
2V/C (1 — Ang/ng)(n8/3Ly, + ni/3 1 )3/2”

From this equation, if Ans < n; we expect a monotonically increasing behav-
ior of |Awy| as ns decreases, which is equivalent to a monotonically increas-
ing behavior of Awy as a function of temperature, and Awp should diverge
at the temperature where An; = ns.

We can also predict the behavior of Ay from theory. According to Equa-
tion 2.46, 2.47 and 2.48, not necessarily in small An, limit, we have
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Figure 4.12: Temperature dependence of different resonator properties and photo response with
focused laser. (a) fp and its thick film limited fitting; (b) 7 and its power law fitting in log-log
scale with exponent 4.7.
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Figure 4.13: Temperature dependence of different resonator properties and photo response with
focused laser. (a) Afy; (b) —A7g, where the points pointed by arrows are below the lower bound

of plot range; (c) —Ay/Afy.
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(4.18)
where a = 4/ %% as defined in Section 2.5. In the equation above
A 32 (n— (ng — A
14 20 (n=(ns=Ang)) 4 (4.19)
ns — Ang n—ng

for all temperature, because Ang > 0 in our convention and n — n; > 0. Then
A+ is a monotonically increasing function of temperature and diverges at the
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temperature where Angs = ns. In summary, theory states that both Awy and
A+ are monotonically increasing function of temperature, and diverge at the
temperature where Ang = n;.

Now we can have a look at experimental results. Figure 4.12 shows the tem-
perature dependence of resonator properties, and 4.13 the photo response
with focused laser. Temperature dependence of wy has already been dis-
cussed in Section 4.1. Figure 4.12 (b) shows the temperature dependence
of v and its fitting using temperature dependence law given by two fluid
model

T\ -3/2 T4
7y n;32(n - ng) (1— <TC> ) e (4.20)

The fitting matches experimental data well, except the points at temperature
below 3.2 K and above 7 K. The deviation comes from the inaccuracy of
temperature dependence given by two fluid model. The temperature depen-
dence of superconducting electron density predicted by BCS theory can by
found in reference [36], which is more complicated.

The case is a bit different for laser-induced changes. Both —Afy and —Ay

blow up at high temperature as expected, but the decreasing behavior of

—Afy as a function of temperature at low temperature and the non-monotonic
behavior of —Av at temperature from 4 to 7 K are not predicted by our

model. The behavior of —Afj at low temperature can be explained by longer

recombination time of quasiparticles. Interestingly, Ay drops to zero from 6

to 7 K, due to the constrain Ay > 0 in the fitting. If we fit the data without

constrain, Ay will drop below zero, which can never be true if our basic

theory holds in general, because it means breaking Cooper pairs using laser

reduces the loss in resonator.

It is helpful to look into the fittings at this point, which can reflect more
about experimental data and our model. Figure 4.14 shows the |A|T'|?| data
and its fitting at different typical temperatures. From 3 K to 4 K, the lower
frequency peak is higher than the higher frequency peak, due to the addition
of two PR components (see Chapter 3 for detail). In this temperature range,
the model fits data well. From 4 K to 5 K, the higher frequency peak is
higher than lower frequency peak. However, this cannot be reproduced by
our model with positive Ay and negative A fy. Thus resistive contribution to
PR is highly suppressed in fitting result. In Figure 4.13 (b), points are close
to zero in this temperature range. From 5 K to 6 K, the higher frequency
peak is still higher, but the model is able to fit this feature with a positive
A7 as in the temperature range from 3 K to 4 K. From 6 K to 6.75 K, the
relative height of the peaks reversed again. This time, the fitting returns an
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Figure 4.14: |A|T|?| data (blue dots) and its fitting (red curve) at different typical temperatures.
(a) 3K; (b) 5K; (c) 5.5K;(d)6.5K; (e) 7.4 K; (f) 8 K.

unphysical negative A+, if there is no constrain on fitting condition. When
temperature is above 7 K, the higher frequency peak is higher again, and can
be fitted with physical laser-induced changes. Finally, at 8 K, resistive like
contribution dominates the shape of PR,. From Figure 4.14 (b) and (d), it is
clear that the unphysical laser-induced changes are given by experimental
data, not only poor fitting process. If the data is trustworthy, it will infer
physics beyond our model. In fact, the data has reliable reproducibility.

Among the peak height reversals around 4 K, 525 K, 6 K, and 7 K, our
model only captures the one around 5.25 K. To see the reason, we simulate
PR, with v =2.6, 27, 47, and 92 MHz, which correspond to 3 K, 4.75 K, 5.5
K and 6.5 K respectively. The simulation results are shown in Figure 4.15.
In the simulation, we take ¥ = 13.5 MHz, which is close to the real value,
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Figure 4.15: Simulation of PR, at different .

fo = 6.5 GHz, which makes little difference on the properties we are inter-
ested in. Awp and A+ are take some reasonable values with Aw < 0 and
Ay > 0.

In the simulation, there is only one peak height reversal, the one between
simulations with v = 7 MHz and y = 47 MHz, corresponding to the rever-
sal around 5.25 K. Noticeably, in Figure 4.15 (d), the higher frequency peak
of |PR,| is higher, which is a clear difference from Figure 4.14 (d). The rea-
son for the inconsistency might be poorly calibrated FPGA, which prevent
us from extracting the correct x and <, large laser-induced change, which
makes derivative method shown in Figure 4.15 a poor estimation, and laser
heating, which modifies 7.

4.5 Defocus of Laser Beam

So far, all the studies in laser scanning microscopy use highly focused laser,
which is able to resolve the details of the microwave elements. However,
in some cases, detailed current distribution is not significant for known el-
ement (e.g. when we are measuring the resonance modes of coupled res-
onator systems). Shining highly defocused laser on the whole inductor al-
lows performing the measurement faster.

Defocused laser beam yields spatial-insensitive photo response. This is valu-
able for wide range scanning study, because there is non-negligible error in
the position of step scanner of Attocube piezos, and one would need the po-
sition data to optically inspect for line alignment. By comparing the position
given by the step scanner and the optical image of a resonator, we conclude
that the errors in step scanner position can be up to 6 ym, which is twice
of the stripe width. However, the spatial profile of photo response given by
a highly defocused beam (shining on the whole inductor) is spatially insen-
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sitive. The photo response profile of an inductor acquired by ASC method
using Q quadrature can be found in Figure 4.16, where photo response on
the narrower vertical direction has a range of relatively flat spatial depen-
dence about 50 ym, which is much larger than the step scanner position
error. So the error in step scanner position is not a problem for defocus
beam study.

100 um 100 um

(€) (d)

Figure 4.16: The defocus PR profile measured by ASC method using Q quadrature at frequency
of maximum Q quadrature PR. Maximum PR is normalized to 1. (a) The red line shows the
position of horizontal cut on the inductor; (b) the red line shows the position of vertical cut; (c)
photo response along the horizontal cut line; (d) photo response along the vertical cut line.

Figure 4.17 shows the spatial scanning of PR and reflected light at different
defocus distance. As defocus distance becomes larger, the contrast between
inductor line and gap between them becomes more blurring. Due to differ-
ent color scale, inductor lines become indistinguishable in reflection scan at
smaller defocus distance than PR scan.

One would expect voltage PR changes with defocus distance, because some
of the laser light from defocused beam shines into gap between stripes,
which will reduce photo response. Let’s refer to Equation 2.17 for a formal
argument. The laser induced change in Ej;, is given by
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Figure 4.17: Spatial scanning of PR signal (on the left) and reflected light signal (on the right).
(a), (c), (e) are PR scan at Z position 0, 40, 51 um from focus; (b), (d), (f) are reflected light
scan at the same position as corresponding PR scans on the left.

A =2 -2 1
AEyin = / %dV = @ AndV = ~ANgm, 73 . (4.21)
spot Vspot 2

Where V;por is the volume where n; is changed by laser, and AN; is the
change in total number of superconducting electrons. Similar argument ap-
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plies to laser induced change in dissipated energy. If we assume defocusing
does not change the ratio of laser photons absorbed by the superconductor,
we would expect AN; dropping to half of the focused case when the laser
is highly defocused, because half of the laser light shines on inductor lines.
However, in practice, though the voltage PR changes with defocusing dis-
tance, it does not behave as expectation.

Figure 4.18 shows the defocusing distance dependence of ASC PR ampli-
tude of Q port under the condition of 4 K temperature, -94 dBm RF power
and 10.66 uW laser power at sample. From the plot, PR amplitude first
drops to half of the focused value as defocusing increases, as expected; then
it slowly increases to maximum value at around 200 ym from focus; then it
starts to decrease slowly at higher distance. The decrease of PR amplitude
at small defocusing distance can be explained by shining light into the gap
between inductor lines, and the decrease at large defocusing distance is a
result of shining laser out of inductor area. The increasing of PR amplitude
in between is anti-intuitive.

PR vs defocusing
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Figure 4.18: Defocusing distance dependence of PR amplitude measured by lock-in amplification
method through Q port with 10.66 pW laser power.

A possible reason for the differences between focused and defocused laser is
that they gives different proportion of wp and Q;,,; response. We measured
A|T|? and extract Afy and AQ;,; at different defocusing distance at 4 K in
order to verify the hypothesis. Figure 4.19 shows the frequency dependent
|A|T|?| curve at 4 K and its fitting with focused and highly defocused laser,
where the two peaks in both (a) and (b) are of the same height and sym-
metric. This feature results from negligible Q factor contribution to the total
photo response. |A|T'|?| curves at different defocus distances have the same
feature, and the only evident difference is the height of the peaks. Then it is
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enough to fit all the data with finite Afy and zero AQjy;.

The result of defocusing distance dependence of Afy is shown in Figure
4.20 (a). The general shape of Afy is similar to that of PR amplitude in Fig-
ure 4.18, except some structures at small defocusing distance, which come
from different starting points of defocusing. Afy determines the magnitude
of PR, under this condition. To see this, we normalized every Afy value in
Figure 4.20 (a) by dividing it with the maximum value of the corresponding
frequency dependent |A|T'|?| curve (e.g. a curve shown in Figure 4.19 (a)).
The result is shown in Figure 4.20 (b), where there is no apparent defocus-
ing distance dependence of normalized Afy. So at all defocusing distance
at 4 K, photo response is determined by resonance frequency response, and
resistive response is negligible.
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Figure 4.19: |A|T|?| at 4 K with (a) focused laser, and (b) laser defocused by 144 um.
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Figure 4.20: Defocusing distance dependence of (a) Afy with almost invisible error bars given
by mathematica fitting, and (b) normalized Afy with error bars given by mathematica fitting.

We did not observe any defocusing distance related changes in the propor-
tion of wp and Qj,; contributions to total PR at least at 4 K. The result might
be biased by the fact that AQ;,; is close to 0 at this temperature. Similar
study at different temperatures is required to have a more complete under-
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standing of defocusing, and the temperature study shows some evident of
different PR proportion at temperature close to T,. However, the increase in
PR magnitude in the defocusing process is surely not a result of different
proportion of contributions, because the effect is observed at 4 K.

Another possible explanation to the increase of PR magnitude in defocus
study lies in dynamics of quasiparticles. If the laser is strong enough to
break all the Cooper pairs around the laser probe, defocusing (i.e. increas-
ing the area of laser spot) will increase the number of Cooper pairs broken
by laser. However, as shown in Section 4.1, under our experimental condi-
tion, we estimated that laser cannot break all Cooper pairs locally.

Large current density passing through a superconductor can also break su-
perconductivity. Here we estimate the current density in inductor lines, and
compare the value with critical current density of superconducting Niobium
film. The maximum current in the inductor is given by

2P,
Lnax = | —————, 4.22
where P, is microwave power at sample. Then the maximum current density
in the inductor is given by

Ipax 1 2Py,

N 42

where S is the effective cross section. By substituting P, = —94 dBm,
L, = 1.7 x107° H, Liin = 2.2 X 107 H, t+ = 150 nm, and w = 2 pum,
we have J,..x = 3 x 107 A/m?, which is 2 orders of magnitudes smaller than
3 x 10 A/m?, the critical current density of a superconducting Niobium
film at liquid Helium temperature [37]. The current density in the inductor
therefore does not significantly change Cooper pair density. We can now
conclude that focused laser with power used in this study cannot break all
the Cooper pairs locally even when the laser is focused. In fact, even if
focused laser does break all the Cooper pairs locally, the number of laser-
induced quasiparticle will saturate fast as we defocus the beam. Saturation
of Nyp locally is not a solution to the increasing in PR magnitude during
defocusing.

The final proposal of explanation is that focused laser heats the area under
the laser spot, changes the local temperature. When laser is defocused, the
heating effect becomes less significant locally, and the difference in tempera-
ture causes the difference in PR magnitude. We have seen in the temperature
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dependence section that, at 4 K, when the temperature increases a bit, the
magnitude of PR will decrease, which matches the general tendency of our
defocusing plot. The drop of PR at small defocusing distance can again be
explained by shining laser into the gaps. To be able to explain the amount of
revival at large defocusing distance, dramatic laser-induced change in tem-
perature is required (more than 1 K), which is larger than our expectation.
However, this explanation is the best so far.

Defocused laser also has effects different from focused one in laser inten-
sity and temperature dependence of PR.

Defocused laser PR vs laser power
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Figure 4.21: Laser power dependence of voltage PR measured at -94 dBm RF power at sample
and 4 K with defocused laser. The laser power in the plot is laser power at sample.

Figure 4.21 shows the laser power dependence of voltage PR under the con-
dition of -94 dBm RF power at sample, 4 K temperature and highly defo-
cused laser. The data points show a saturation feature at high laser power
the same as the focused laser data. However, at low laser power, there is no
increase of PR slope observed.

Figure 4.22 and 4.23 show the results of PR temperature dependence ex-
periment with -94 dBm RF power and 10.7 yW defocused laser on sample.
Compared to focused laser case shown in Section 4.4, the basic properties of
defocused laser behave the same. Laser-induced changes behave similarly
at low temperature as well. However, at temperature close to T,, defocused
laser does not give prominent divergent behavior at high temperature as fo-
cused laser does, and the data points are noisy due to weak photo response
magnitude. The differences come from the factor of nqA—ans in laser-induced
changes of wy and 1y (refer to Equation 4.17 and 4.18), where both 1 and An,
are superconducting electron density and laser-induced change of it respec-
tively in the laser-influenced region. The total numbers of broken Cooper
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pairs are of the same order of magnitude in both focused laser and defo-
cused laser cases. However, the focused laser generates all the quasiparticles
in a small volume, leading to large Ans;. When temperature approaches T,
A_”S diverges as laser breaks all Cooper pairs locally. When the laser is de-
focused laser-induced qua51part1cles are distributed in the whole inductor,
leading to small Ans. Thus, ;=% does not diverge in the experimental tem-
perature range for defocused laser and Afy and A7y do not diverge either.
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Figure 4.24: PR, and its fitting for defocused laser at 8 K.
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Chapter 5

Conclusions and Qutlook

In this chapter, we will discuss the possibility of detecting photo response at
20 mK temperature with quantum limited microwave power or laser power,
conclude the work in this thesis, point out possible experiment to improve
our understanding of photo response, and possible application of LSM with
current setup.

5.1 Possibility of Detecting Photo Response at Quan-
tum limited Microwave Power and Laser Power

Operating LSM at quantum limited microwave power or laser power is one
of the long term goals for LSM on superconducting lumped element res-
onator at this stage. With dilution fridge and quantum limited parametric
amplifier, detecting photo response at quantum limited microwave power is
achievable, while detecting optical photon quanta is not realistic with our
current sample design and technique.

5.1.1 Laser Power and Microwave Power Map of Photo Response

In this section, we plot the map of PR as a function of both laser and mi-
crowave power. The data was acquired at 4 K, with defocused laser. The
result is shown in Figure 5.1, which is just a smooth extension of Figure 4.6
and Figure 4.21.

As one of the long term goals is to operate LSM at quantum limited mi-
crowave power, we are interested in the question ”at which microwave
power do we still observe a photo response with current setup”. To an-
swer this question, we plot microwave power dependence of PR amplitude
on several laser power slices. The result is shown in Figure 5.2, where the
horizontal line is noise level at FPGA with 1024 averages, below which we
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PR MW Power and Laser Power Map

Figure 5.1: Laser power and microwave power map of photo response amplitude, measured at
4 K with defocused laser.
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Figure 5.2: Microwave power dependence of PR amplitude at different laser power. The hori-
zontal line is noise level at 1024 FPGA averages.

consider photo response is overwhelmed by noise. The power fit of the data
points shows exponents close to 0.5 in all cases, which matches theoretical
prediction very well. Quantum limited microwave power for our sample is
2.7 x 107> mW, which is smaller than any microwave power of the inter-
sections in Figure 5.2. The result shows that in current setup, pr signal is
dominated by noise at quantum limited microwave power.
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5.1.2 Estimate Signal-to-Noise Ratio of Photo Response Measure-
ment at 20 mK

In the previous subsection, we have seen that at 4 K, noise will overwhelm
photo response signal at quantum limited laser power or microwave power.
In this subsection, the possibility to detect photo response signal at 20 mK
will be discussed.

For both microwave power and laser power calculations, we need noise level
at 20 mK with quantum limited parametric amplifier, which has essentially
zero amplification noise. In our lab, a typical detection chain gives 3 to 5
effective noise photons in a resonator at 20 mK [28, 38]. For reflection coef-
ficient measurement at quantum limited microwave power, there is 1 signal
photon in the resonator, which gives a signal-to-noise ratio around 0.25 in
terms of photon number, at which detection of reflection coefficient is possi-
ble with reasonable number of averages.

With noise level at 20 mK, we can now estimate the noise of photo re-
sponse measurements. Here, we estimate noise in |PR| = [T¢| — [Ton| mea-
surement, introduced in Subsection 3.3.1 and Subsection 3.3.3, and noise
in |PR,;| measurement introduced in Subsection 3.3.4. Noise propagation
equations used in estimation can be found in reference [39]

For |PR|, error estimation is straightforward:

_ 2 2 _ 2
OpR = \/U\r\o/f + (7‘1"\0” - \/2U|F| , (51)

by substituting o|r| = 4 photons, we have opr = 6 photons.

For |PRgy| = |Tyff|* — |Ton|?, the case is more complicated, because error
propagation in multiplication is involved. The usual equation for multipli-
cation error propagation is for small error compared to signal. However, in

our case, the error of |I'| measurement without averaging is comparable to
signal. Then for z = xy, we have formula

240, = (x+0x)(y + 0y) = xy + X0y + Yyox + 0y0x, (5.2)

which leads to formula

R e AT 5 (5.3)
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where we cannot conclude the exact noise or signal-to-noise without infor-

mation about signal level. However, due to the additional term Ugy, we
would expect a smaller signal-to-noise ratio in this case.
IMat20mK
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Figure 5.3: Sketch of |T'| at 20 mK in laser on and off case.

Now, we are ready to estimate signal-to-noise ratio at quantum limited mi-
crowave power and laser power. At first, we discuss the possibility of de-
tecting photo response at quantum limited microwave power. At 20 mK, a
typical value of internal energy loss rate is y = 40 kHz. To make the res-
onators close to critically coupled to feed line, x should be of the same order.
Here, for simplicity, we take x = 40 kHz. Then the resonance dip of reflec-
tion coefficient has a half bandwidth (x + )/2 = 40 kHz. According to ref-
erence [33], the characteristic quasiparticle recombination time increases ex-
ponentially as temperature decreases, thus photo response should increases
exponentially as well. However, as laser illumination gives an effective tem-
perature and a quasiparticle lifetime, we only observed a modest increase
of laser-induced change when temperature decreases from 4 K to 3 K, as
shown in Figure 4.13. Here, we estimate the lower bound of signal-to-noise
by assuming laser-induced change of resonance frequency and internal en-
ergy loss rate is the same as the case at 3 K, which are Ay = 152 kHz and
Awg = 1.2 MHz with 10.66 uW laser power at sample. Please notice that in
this case, the half bandwidth of reflection coefficient (x + y)/2 = 40 kHz <
Awy = 1.2 MHz, where photo response amplitude is limited by the depth
of the dip of |T'| at resonance frequency (refer to Figure 5.3). When the res-
onator is critically coupled to the feed line, the maximum photo response
signal is equal to the baseline of I', which is one signal photon. Compare
this value with noise of |PR|, the signal-to-noise ratio of |PR| at 20 mK in
terms of photon number with quantum limited microwave power is 0.18,
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which can still give reasonable contrast if proper filter and averaging is ap-
plied. The above estimation is valid with smaller laser power, as long as
Awgy > HTAY, which provides the possibility of reducing laser intensity while
still detect the same amount of photo response. We can estimate the mini-
mal laser power with the power at which Awy = HTA’ = 40 kHz. According
to the linear relation between Awy and laser power shown in Section 4.3,
the minimum laser power P, = 10.66 x 40 <1200 = 0.36 yW. We can con-
clude that it is possible to detect photo response with averaging and filtering

at quantum limited microwave energy.

2
As for PRy;, we can estimate ‘Ur‘—% by substituting x and y in Equation 5.3

with one photon, and substituting ¢, and ¢, by 4 photons. Then we have
2
IUF‘% = 16. Similar to |PR| case, Awy > ”TV, so the maximum PRy, signal
is given by square of |I'| baseline. Then we have signal-to-noise ratio of
2

PRSq tobe 1/ ( 2%‘2) = 0.044, where \/Q comes from error propagation in
subtraction. The signal-to-noise ratio of PRy, at quantum limited RF power
is one order of magnitude smaller than that of |[PR|. However, detecting

reasonable contrast is still possible with averaging.
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Figure 5.4: Partial derivatives of |T'| with -y = 40 kHz as a function of . (a)aal—l;‘; (b) ngl;)l

The possibility of detecting single optical photon can be estimated similarly,
with the assumption that laser-induced changes at 20 mK are 4 times of
those at 3 K. Optical photon energy is quantized, so the effective laser
power of a single photon is not single photon energy divided by one sec-
ond, but divided by an effective time scale. There are two time scales
playing an role in single optical photon detection, which are quasiparti-
cle recombination rate 7;, ~ 100 ns and FPGA single shot measurement
time trpca = 8192 ns. The effective laser power is given by the longer
time scale, which is Eppoton/trpca = 4.9 X 10719/8192 x 107% = 6 x 10714
W. To increase the sensitivity of photon detection, we need to optimize «.
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Figure 5.4 shows and % with o = 40 kHz as a function of x. In
0

both cases, the absolute values of the partial derivatives are maximum at
x = 7 = 40 kHz, at which value 4l = 12.5 MHz" and 35| = 19.8 MHz".
Apply the linear relation between laser power and Awg and Ay and our as-
sumption, we have Awy = 1.2 X 10° x 6 x 10714/10.66 x 10~? = 7 Hz and
Ay =150 x 10 x 6 x 10714/10.66 x 10~? = 0.8 Hz. Single-photon-induced
changes of resonator properties are much smaller than half bandwidth of re-
flection coefficient dip, so the photo response amplitude detected by FPGA

can be calculated by b aa‘—,ry'A’)/ + %
of ADC response at sample. Averaging is not allowed for single photon de-
tection, so we assume photo response signal from a single optical photon

should be at least 2 times of the noise level for a plausible detection event.

ar
3

Awy|, where b is the effective baseline

In the case of weak optical light power like single photon detection, sta-
tistical fluctuation of quasiparticle number at finite temperature due to gen-
eration and recombination can be a significant source of optical noise. The
noise equivalent power is given by [40]

IN
NEP,_, = Eg\| =%, (5.4)
Tap

which is proportional to the square root of quasiparticle number in the film
volume interacting with optical light. At low temperature, a equation more
accurate than 2.7 for quasiparticle density is given by [36]

o0 0 E
ngp = ns(0) — ns(T) = 2n4(0) /Eg/z (—a]j;> (2= (Eg/Z)Z)l/sz' (5.5)

where f = 1/(ef/%T 4 1) is the density of state of fermion. At 20 mK,
ngp is essentially zero, so generation recombination noise is not crucial in
this case. Then, ignoring resistive response, the minimum baseline b,,;, =
20pRr/ (Awpd|T'|/dwp) = 0.01 mV, which is equivalent to -87 dBm microwave
power at sample. -87 dBm microwave power at sample is achievable, which
indicates that single optical photon detection using superconducting lumped
element resonator might be possible. However, one needs to make sure that
the current density flowing through the resonator does not exceed the crit-
ical current density of Niobium film. For the current design of sample, as-
sume the current density is distributed evenly through out the cross section,
-87 dBm RF power gives a current density 2 x 10° A/m?, which is smaller
than the critical value 3 x 10? A/m? of a Niobium thin film.
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Some measurements like PR measurement without averaging require higher
signal-to-noise ratio. Signal-to-noise ratio can be further improved by reduc-
ing superconducting film thickness [11].

5.2 Conclusions and Outlook

Laser scanning microscopy provides ways to probe and tune the properties
of superconducting resonators, which has the potential to become a pow-
erful tool when encounters quantum information processing. In this the-
sis, the work on understanding and developing laser scanning microscopy
on superconducting lumped element resonator is presented. Laser-induced
change in kinetic inductance and internal loss rate of the superconducting

resonator were found to be proportional to a participation ratio Fi., (x,y) =

“’”Sef’(%w. Four ways of measuring photo response using FPGA or lock-

in amplifier were developed and modeled. Two methods using FPGA al-
low extracting laser-induced changes in resonance frequency and internal
quality factor at current stage. Laser power, microwave power, and tem-
perature dependence of photo response were studied. Photo response and
laser-induced changes in resonance frequency and internal loss rate are pro-
portional to square root of microwave power, and increase with laser power,
but the dependence is not trivial. The temperature dependence of photo
response is not monotonic, but the behavior is more stable at low temper-
ature. Defocusing laser beam is found to be a good way to perform quick
scanning measurement and avoid error in position. Finally, conducting LSM
at quantum limited microwave and laser power in dilution fridge is found
to be possible, which opens the window of applying LSM in quantum infor-
mation on superconducting circuits.

Before promoting the cooling system to dilution fridge and embracing po-
tential new physics given by low temperature LSM, there are still some ex-
perimental and theoretical work, which may improve our understanding of
photo response, needing to be done:

1. understand the reason for the difference between theory and experimen-
tal data;

2. understand the missing piece in the current model inferred by tempera-
ture study;

3. understand the difference between focused laser and defocused laser;

4. extract Awp and Ay when laser probe is on island or ground plane;

5. change laser modulation frequency to probe the dynamics of quasiparti-
cles;

6. spatial porfile study (see Appendix C for detail);
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7. measure laser-induced resonance frequency shift using phase change;
8. apply new photo response measurement method to linear and circular
chain of coupled resonators.

Apart from above studies, understanding the effect of dynamics of quasipar-
ticles and Cooper pairs at laser spot is crucial for understanding the origin
of photo response. Dynamics of charge carriers will also play an significant
role at low temperature.



Appendix A

FPGA Settings for Photo Response
Measurements

The FPGA settings for different photo response measurement are listed in
the following table.

Measurement | SignalMath vO01 (a4,ba,ap,bp) | AveragingMode | DiffMode

Static PR () (IT +101,1,1,1) On Off
[PR] (JAT) (IT +101,1,1,1) On On

PRy, (AT | (I1+:Q1, 1 —iQ1,1,1) On On
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Appendix B

Signal-to-Noise Ratio of FPGA and
ASC 500 Photo Response
Measurement

Due to different amplification settings and data processing after the IQ
mixer, FPGA and ASC 500 have different signal-to-noise ratio when they
are used to measure photo response amplitude (|PR|). Knowing signal-to-
noise ratio helps choosing the better measurement method when both of
them satisfy the requirement.
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Figure B.1: Signal-to-noise ratios of FPGA and ASC 500 |PR| measurements vs total sampling
time of every data point.

The sampling rate of the built-in ADC in ASC 500 is 2.5 us, while that of
FPGA is 1 ns. The big difference in sampling rate infers that comparing
signal-to-noise ratios at the same sample number is not proper. A proper
comparison could be between signal-to-noise ratios at the same sampling
time. The sampling time per data point of FPGA is n x 8.192 us, where n
is the number of average, and 8.192 s is the measurement time window of
FPGA. The sampling time per data point of ASC 500 is n x t;, where t; is
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the sampling time specified by Daisy software. Figure B.1 shows signal-to-
noise ratios of FPGA and ASC 500 |PR| measurements, measured in typical
condition of photo response experiment. The signal-to-noise ratio of ASC
500 measurement is higher than that of FPGA with the same total sampling
time. In fact, though the total sampling times are the same in the two cases,
ASC 500 measurement takes much shorter time than FPGA, because the
period of FPGA trigger is much longer than 8.192 us, the measurement time
window. So ASC 500 is the more time-favorable |PR| measurement method.
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Appendix C

Spatial Profile of Current Distribution

P(x) {arbitrary units)

| R S T S R R S S |

Figure C.1: Higher photo response is observed at edges of stripe. [1]

In previous works on laser scanning microscopy, people reported observing
higher photo response at edges of stripe [1, 2, 4]. The phenomenon is a
result of Meissner effect. However, in our experiment, this edge effect does
not appear constantly. Sometimes, it appears in a microwave power window,
but other times, it disappears from the whole sweeping range of microwave
power, a spatial profile with maximum value at the center of the stripe ap-
pears instead. Even when the edge effect appears, the feature is not exactly
the same as reported by other people. Figure C.2 shows the scanning image
of inductor lines with and without edge effect. For the image with edge
effect, the photo response to the edges does not increase as sharp as shown
in Figure C.1.

We need more study to get the exact condition for edge effect to appear
in our settings.
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Figure C.2: Spatial scanning of optical images and ASC PR images. (a) and (c) are scanning
images of the stripe with edge effect, where (a) is PR image, and (c) is optical image (reflects
the spatial position of stripes). (b) and (d) are normalized average of PR and reflection signal
along the stripe line respectively. Figure (e) to (h) are the same images as (a) to (d) with edge
effect absent.
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