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Abstract

Photo response (PR) is a photo-induced change of microwave response
caused by illumination of a superconductor with laser beam, break-
ing Cooper pairs locally, thereby inducing change in kinetic inductance
and resistivity of the resonators. Here, we investigate the PR depen-
dence of niobium lumped element resonators using Laser Scanning
Microscopy (LSM) technique and improve the spatial dependent mea-
surement with Labview automatization. To examine the performance
of this software, microwave and laser power dependence study of the
PR were studied for a weakly coupled single lumped LC resonator. In
addition, the change of resonance frequency and hence the current den-
sity of the strongly coupled annular structure was studied for each of
its inductor and compared against a simple model. The correspond-
ing measurements show that the new software provides a quick and
reliable method to detect small changes in intrinsic loss and resonant
frequency against laser position.
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Chapter 1

Introduction

Since the advent of quantum theory in the early 20th century, scientists con-
tinued to develop deeper understanding of the fundamental weirdness of
quantum mechanics. Meanwhile, large research effort is contributed to
harness quantum resources to realise practical applications, for instance,
quantum sensing, quantum cryptography and quantum computation [1].
Amongst these applications, quantum computation has always been one of
the most important goal as it holds the key to understand many impor-
tant physical and global problems in our ever-changing world. In computa-
tional complexity theory, many believed that quantum computing provides
a ”quantum speed up” in terms of computational efficiency over classical
Turing machine to solve specific problems. One example is quantum simu-
lation, an idea first proposed by Feynman [2] back in 1980s at Caltech, expo-
nentially large Hilbert space of a quantum simulator would naturally allow
a direct emulation of quantum systems. Today, there exists many promis-
ing architectures to realise quantum simulation, such as superconducting
circuits, ion traps and cold atoms. However, before one can competently ex-
ploit these quantum systems to tackle sophisticated physical problem, pre-
cise and mature control of such system is indispensable.

Here, we explore a minimal version of such simulator of a superconducting
lumped annular structure. We adopt the Laser Scanning Microscopy (LSM)
technique to perform control and tuning of our quantum system. LSM was
first introduced by Culbertson in 1993 [3] for probing the current density dis-
tribution of superconducting microstrip, using the fact that photo induced
changes are proportional to the square of the local current density below
the laser probe [4]. Important applications were found in detecting spurious
modes from fabricated sample, X-ray from celestial bodies [5]. Moreover,
superconducting structures are highly sensitive kinetic inductance detector,
thanks to the dependence on the density of Cooper pairs. Later, Zhuravel [6]
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developed methods to extract local resistivity and reactive from the photo-
induced change of the microwave signal. Their work motivated a recent
master thesis by Chen [7] exploring the photo response dependence of lin-
ear lumped element resonators at 4 K using LSM technique. In addition
to the measurement capabilities of LSM, this technique could also be ex-
tended to detect photon response at the quantum limited microwave power
regime, and reliably tuning resonance frequency of quantum system using
laser probe, which could potentially solve the difficulty in the scaling of
quantum integrated circuit. However, we wish to explore the system at a
classical limited microwave, and study resonators connected in a circular
boundary condition at Helium temperature, to understand other important
effects, meanwhile, keeping our mindset open to the above possibilities.

This work begins with a beam calibration and Labview automization of the
PR measurement procedure, to optimize the spatial dependent measure-
ment. The software was further characterised by measuring the photo re-
sponse dependence on laser and microwave power using 1 µm weakly cou-
pled monomer. We then investigate the change in resonance frequency of
an annular 4 resonators structure, and compare against a simple theoretical
model. From the result, we observe some qualitative agreement between ex-
periment and model. Nevertheless, the method permits sensitive detection
of very small changes in resonator properties and opens door to study more
complex resonator structures.

2



Chapter 2

Theory of photo response

In this section, we review the basic concepts of the photo response and super-
conducting lumped element resonator, followed by the second quantization
description of a simplified Hamiltonian model. This allows one to make
qualitative prediction of the influence of laser impinging on the supercon-
ducting resonators.

2.1 Superconductivity and photo response

In superconductors, there exists two types of charge carriers. The first kind
is the Cooper pairs, formed by pairs of free electrons binding together indi-
rectly by the electron-phonon interaction. These bosonic-like Cooper pairs
can condense in a superconducting state where current can flow dissipation-
less below the critical temperature, Tc. The other kind is the quasiparticles,
which dissipate energy due to scattering with phonons. When illuminat-
ing a superconductor with a laser beam, deposited energy indirectly breaks
Cooper pairs into quasiparticles [8]. More specifically, if the energy of the op-
tical photon is larger than 10∆, where ∆ is the superconducting gap, photons
do not break Cooper pairs directly, instead their energy generate phonons,
which then break Cooper pairs. As a result, the change in number den-
sity of Cooper pairs, enhances both the local resistivity R∗ and the kinetic
inductance Lkin of the superconductor. These effects lead to the change of
resonant frequency and the internal loss of the resonator, given by eq. (2.5)
and eq. (2.6). To further justify these relations, we shall briefly look at a sim-
ple resonator circuit (without feed line) in fig. 2.1. The equation of motion of
this circuit can be derived by first invoking the Kirchhoff voltage law under
energy conservation. This means that the sum of the voltage drops along
any close loop equals to zero.
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2.1. Superconductivity and photo response

Figure 2.1: The circuit model of a superconducting lumped element LC resonator.
C is capacitance, Lm is magnetic inductance, Lkin is kinetic inductance, and R∗ is
effective resistance given by two-fluid model. [7]

We obtain a voltage equation:

VC + VLm + VLkin + VR∗ = 0 (2.1)

By substituting the constitution relations VC = Q/C, VLm = Lm İ, VLkin =
Lkin İ, and VR∗ = R∗ I, we have

Q
C

+ Lm İ + Lkin İ + R∗ I = 0 (2.2)

Taking derivative with respect to time, we get a second order equation of
motion for the current:

Ï +
R∗

Lm + Lkin
İ +

1
(Lm + Lkin)C

I = Ï + γ İ + ω2
0 I = 0 . (2.3)

By comparing the coefficient of the above equation, we obtained the depen-
dence of two important physical quantities, the internal loss γ = R∗

Lm+Lkin

and the resonant frequency ν0 = ω0
2π = 1

2π
√

LC
relating to the inductance. 1

We can derive the relationship eq. (2.5) as a simple demonstration. More

1The inductance comprises of contribution from both the magnetic and kinetic induc-
tance L = Lm + Lkin. Magnetic inductance determines the amount of energy stored in
magnetic field, whereas, kinetic inductance quantifies the amount of energy stored in the
movement of the charge carriers, the role of Lkin is more prominent in particular for high
frequency (GHz) alternating current in thin film superconductor. Both effects depend on the
geometry of the superconductor.
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2.1. Superconductivity and photo response

rigorous treatment can be found in J. Chen’s thesis [7]. Under small laser
perturbation, Lkin → Lkin + ∆Lkin, given that Lkin ∝ n−1/2

s [7], where ns is
number density of superconducting electrons

∆ω0 =
1√

(Lm + Lkin + ∆Lkin)C
− 1√

(Lm + Lkin)C

=
1√

(Lm + Lkin)C
(− ∆Lkin

2(Lm + Lkin)
)

(2.4)

Similar argument holds for γ, leading to eq. (2.6). Hence, under small laser
perturbation, ∆Lkin and ∆R∗ are directly proportional to the laser power
but independent of microwave power as one might intuitively expect, these
results remain accurate in a regime where only small number of Cooper
pairs is broken.

∆ν0 = − 1
4π
√

C
∆Lkin

(Lm + Lkin)3/2 (2.5)

∆γ =
∆R∗

Lm + Lkin
(2.6)

In order to measure the change in reflection from the sample, we introduce
the reflection coefficient Γ, which describes the ratio between the reflected
voltage from the sample and the input voltage of the microwave signal Vout

Vin
.

In general, the reflection coefficient is a complex number and it holds all the
physical information to characterise a resonator. It is conveniently visualised
on an IQ plane as shown in fig. 2.3. Alternatively, the absolute magnitude
|Γ| and phase φ can be plotted against frequency in fig. 2.2, carrying the
same information. To sum up, if a laser illuminates the resonator, we expect
the decrease of resonant frequency and increase of internal loss, and the
photo-induced change can be easily observed by measuring the reflection
coefficient.

With all the ingredients, one possible definition of the photo response is
given in eq. (2.9) as the change of the microwave resonator reflection coef-
ficient after the laser is turned on. Here, we calculate the photo response
by the difference of the reflection coefficient with laser off eq. (2.7) and laser
on eq. (2.8). And the |PR| can be shown to be proportional to the current
distribution in the resonator circuit, which allows the characterisation of the
superconductors [4].

ΓLaserOff(ν) =
κ

γ+κ
2 + 2πi(ν− ν0)

− 1, (2.7)

where ν0 is the resonance frequency, κ the external loss rate and γ the inter-
nal loss rate.
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2.1. Superconductivity and photo response

Figure 2.2: Change of reflected microwave signal induced by laser impinging on
microwave resonator. When the laser is turned on, the resonance frequency of the
resonator decreases and the linewidth is broaden.

Figure 2.3: Visualisation of the complex reflection coefficient before and after turning
on the laser on an IQ plane. The two points showed two IQ points as a complex
conjugate pair, with the same absolute reflection coefficient, with the opposite sign
in phase.

ΓLaserOn(ν) =
κ

γ+δγ+κ
2 + i2π(ν− ν0 − δν)

− 1, (2.8)

where δγ is change in the internal loss rate and δν is the change in resonance
frequency.

PR = ΓLaserOn − ΓLaserOff. (2.9)

The change in δν0 and δγ are thus encoded in the complex reflection coeffi-
cient, which can be extracted with different methods that will be explained
in a later section.

6



2.2. Introduction to lumped element resonators

2.2 Introduction to lumped element resonators

Any physical circuit can be discretized into a network of lumped elements
on condition that the length of the element is much shorter compared to
the microwave wavelength L � λ. With the lumped element model, the
attributes of the circuit can be treated as concentrated idealized electrical
components such as capacitors and inductors connected by perfectly con-
ducting lead wires. The EM field over the resonator can be seen as a constant
with the long-wavelength approximation. An example of the lumped circuit
model used in this study is shown in fig. 2.4. Four RLC resonators are con-
nected in a periodic boundary fashion, coupled via coupling capacitors CJi.
In order to measure the change in the resonator properties, a transmission
line coupled via Cκ is used to send microwave photon into the circuit and
reflected back.

Figure 2.4: Circuit representation of the circular structure, consists of 4 individ-
ual lumped LC resonators with inductance Li and Ci coupled via CJi in a circular
boundary condition. The internal loss rate and external loss rate are captured by Ri
and Cκ respectively via the transmission line P [9]

.
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2.3. Hamiltonian in Second Quantization

2.3 Hamiltonian in Second Quantization

Using the second quantisation formalism [9], the system properties are read-
ily captured by the Lagrangian of the system, in turn providing a qualita-
tive picture for the system response. Following the general recipe for circuit
quantisation [10], we write down the Lagrangian of a general N coupled
parallel LC circuits, where the effect of internal resistance Ri and external
dissipation to transmission line resonator Cκ are not included.

Using the flux nodes representation, φi as coordinates [11]

L =
1
2

N

∑
i=1

Ciφ̇
2
i −

1
2

N

∑
i=1

φ2
i

Li
+

1
2

N

∑
i=1

CJi (φ̇i+1 − φ̇i)
2 (2.10)

with the periodic boundary condition for annular structure

φ̇1 = φ̇N+1 (2.11)

The above can be expressed in vector form as

L =
1
2

Φ̇TCΦ̇− 1
2

ΦT L−1Φ (2.12)

with Φ = (φ1, φ2, ..., φN) a column vector of flux nodes, L a diagonal matrix
of inductances, and C the sum of the tridiagonal capacitance terms and the
two extremal off diagonal capacitance terms. Where the tridiagonal terms
originate from the coupling between nearest resonators linearly, and the ex-
tremal off diagonal terms describe coupling in a periodic condition. Perform-
ing the Legendre transformation, with the canonical conjugate momentum
qi ≡ ∂L

∂φ̇i
= Cijφ̇j to obtain the Hamiltonian in matrix form

H =
1
2

QTC−1Q +
1
2

ΦT L−1Φ (2.13)

where we define the column vector Q = (q1, q2, ..., qN). To summarise, the
circuit diagram above (see fig. 2.4), is now translated into a classical Hamil-
tonian. By imposing the canonical commutation relation

[
q̂i, φ̂j

]
= −ih̄δij,

together with the defined creation and annihilation operators â†
i , âi, and ig-

noring fast-rotating term, we obtain the Hamiltonian in the quantization
form

H =
N

∑
i=1

h̄ωi â†
i âi + ∑

〈i,j〉
h̄Jij

(
â†

i âj + âi â†
j

)
(2.14)

where ωi =
√
(C−1)ii(L−1)ii, Jij =

(C−1)ij

2
√

(C−1)ii(C−1)jj

√
ωiωj and we have ne-

glected the zero point energy. Moreover, the sum ∑〈i,j〉 avoids double count-
ing as Jij = Jji. Note that extremal off diagonal coupling J14 term have
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2.4. Input-output Theory

the same strength as nearest neighbour coupling due to periodic boundary
condition.

To study the eigenvector and eigenvalues of the above expression, we can
write the Hamiltonian for our annular system as H = h̄A†HA with A =
(â1, â2, â3, â4) a column vector, A† =

(
â†

1, â†
2, â†

3, â†
4

)
a row vector and

H =


ω1 J12 J13 J14
J12 ω2 J23 J24
J13 J23 ω3 J34
J14 J24 J34 ω4

 (2.15)

Here, we simplify eq. (2.15) by ignoring the higher order coupling terms,
such as J13 and J24, then the expression eq. (2.16) was used to fit the experi-
mental parameters ωi and Jij by matching the observed resonant frequency
with the diagonalised Hamiltonian eigenvalues, to obtain a photo response
prediction for each of its resonance.

H =


ω1 J12 0 J14
J12 ω2 J23 0
0 J23 ω3 J34

J14 0 J34 ω4

 (2.16)

2.4 Input-output Theory

In addition to the Hamiltonian of the resonator system, we proceed to in-
clude the internal losses and coupling to the transmission line resonator
(environment). By introducing the Langevin equations , we can describe the
non-unitary dynamics of the resonator [12]

˙̂ai = −
i
h̄
[âi,H]− κi

2
âi −

γi

2
âi +
√

κi âin,i (2.17)

where the first term on the RHS is the unitary evolution of ith resonator, the
second term is the on-site extrinsic coupling to the transmission line, the
third term is the internal loss of the ith resonator, and the last term is the
drive term acting at ith resonator. The equation effectively represents the
dynamics of a driven damped oscillator.

The last ingredient is to impose the input-output boundary condition eq. (2.18),
which returns the the reflection coefficient. The input-output relation is de-
fined as

âin,i + âout,i =
√

κi âi (2.18)
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2.5. Eigenvector and eigenvalue analysis

which provides a link between the microwave input drive, the intrinsic loss
and the LC resonator. Combining with the equation for calculating the scat-
tering matrix Sij, see eq. (2.20) we obtain the complex valued reflection coef-
ficient.

Sij =
âout,i

âin,j
=

√
κi âi − âin,i

âin,j
(2.19)

This scattering matrix computes the ratio of the reflected microwave signal
from port when an input signal i is sent in port j, in this experiment, we mea-
sure S11, as only the signal sent and reflected along the same transmission
line see fig. 2.4. By assuming classical signal, we can replace the operator
with a classical number, âi(t) = aie−iωt, âin(t) = aine−iωt, we recover the
reflection coefficient in the case of S11 [7], [9].

S11 =
âout,1

âin,1
=

√
κâ1 − âin,1

âin,1
=

κ
γ+κ

2 + 2πi(ν− ν0)
− 1, (2.20)

where κ = κ1, since only resonator 1 was connected to the transmission line.

2.5 Eigenvector and eigenvalue analysis

We have combined the Langevin equation with the input-output relation,
the reflection coefficient |Γ(ν)| of the annular system can now be plotted
to match the Eigenvalues of the Hamiltonian in eq. (2.15) (via diagonalisa-
tion) against the observed frequency in the experiment. In order to obtain
prediction of the photo response of the annular system resonator, the eigen-
vectors were also calculated, where the modulus square of each component
is directly proportional to the photo response of each resonator.

The absolute value of the reflection coefficient was plotted for two cases, in
the case I, we have annular structure with resonator resonant frequencies
ν1 6= ν2,3,4. the system possesses reflection symmetry between resonators 1
and 3 and trivial 360 degree rotation symmetry. In fig. 2.5(a), the reflection
coefficient of the first case was studied, only 3 resonances were found at ν1
= 7.47 GHz, ν2,3 = 7.838 GHz and ν4 = 8.161 GHz, indicating the presence of
degeneracy modes. An intuitive explanation is to argue that in a highly sym-
metrical structure, it is necessary to possess degenerate modes that obey the
same symmetry operation. In order to investigate how degeneracy arises, in
case II, we investigate the disappearance of the degeneracy by deliberately
breaking the symmetry, i.e. ν1 = 7.492 GHz, ν2 = 7.833 GHz, ν3 = 7.847
GHz and ν4 = 8.186 GHz, while all other parameters (J, κ, γ) were un-
changed. In panel (c), since the symmetry was reduced (removed reflection
symmetry), the degeneracy disappeared. To gain further insight into the
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2.5. Eigenvector and eigenvalue analysis

role of the symmetry in the system, the stationary states (eigenvectors) of
the system were also studied in panel (b), (d) for case I and II respectively.
We plotted the modulus square of the Eigenvector components correspond-
ing to the position of each resonator. Note that in both the Eigenvector
and Eigenvalues spectrum, the Roman numericals label the corresponding
mode, increasing from the left to right for panel (a) and (c). For case I, we
found that the mode (i), (iv) exhibits opposite trend for each resonator. More
importantly, for the degenerate modes (ii) and (iii), we observed no photo
response in the left, right resonators and bottom, top resonators, called dark
modes, as these modes can not be excited at specific resonators. To explain
this, it was proposed that [9] the dark modes could arise from interference
effect, due to the symmetry of the annular structure, the microwave signals
travelling from the bottom port see no difference in travelling clockwise and
anticlockwise, causing the probability density of the field to interfere de-
structively at specific resonators. Once the symmetry is broken, as can be
seen from panel (d), all four modes return non-zero photo response for each
resonator. With the above observations, it led to the conclusion that both
the degeneracy and dark signal only present under the mirror symmetry
through resonators 1, 3. By performing the photo response measurements,
it would provide us information about the symmetry of the system. Nev-
ertheless, more rigorous study is required to explain the above reasoning
fully.
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2.5. Eigenvector and eigenvalue analysis
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Figure 2.5: Absolute value of the reflection coefficients and eigenvectors for dif-
ferent annular systems. In the eigenvector plots each bar represents the current
density (square of the eigenvector component) of a specific resonator, where, (R)ight
, (B)ottom, (L)eft, (T)op correspond to the positions in the annular system. The
eigenvectors are ordered according to the Roman numerical labels of the eigenvalues
as shown in both the reflection coefficients and eigenvector plots. Panel (a),(c) show
the absolute reflection coefficients with and without symmetry breaking respectively.
We have taken guess parameters for panel (a): bare frequency ν1 = 7.888 GHz, ν2,3,4
= 7.79 GHz, nearest neighbour coupling Jij = 0.17 MHz, while for panel (c), ν1 =
7.888 GHz, ν2,3 = 7.79 GHz, ν4 = 7.79 GHz, with ν4 differs from ν1, forcefully
breaking the mirror symmetry between resonator 1, 4. The intrinsic γi = 2.58 MHz
and extrinsic losses κ = 4.85 MHz. All the values were later found to match the
experimental value on a qualitative level. Panel (b) and (d) show the eigenvectors of
the Hamiltonian of this system with different symmetry. Dark modes were observed
for the higher symmetric system.
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Chapter 3

Setup

The experimental setup needed in order to investigate the photo response in
lumped-element resonators has already been developed and used in previ-
ous work [7, 13]. The sample consists of multiple niobium-based supercon-
ducting lumped-element resonators and is placed in a high-vacuum fridge.
In the frame of this thesis, a lumped single LC resonator (monomer) as well
as the circular structure (tetramer) have been studied. The experimental
setup consists of two parts, namely the optical and microwave part. The
photo response can be detected by sending in a microwave signal and mea-
sure the reflected signal from the sample while being shined by a laser. Fi-
nally, a Labview program was created for the purpose of enabling accurate
automatic measurements of the spatial dependence of the photo response.
For a comprehensive description of the work that has been done to imple-
ment the latter, we refer to chapter 7.

3.1 The sample

The sample that was studied in this work is shown in figure 3.1. Measure-
ments were performed on the monomer and the circular structure through
port 9 and 7 as shown in fig. 3.2.

The sample is mounted on a printed circuit board, which provides the nec-
essary connections between the resonators on the chip and the microwave
equipment, shown in figure 3.3.

Since niobium is only superconducting at temperatures below Tc ≈ 9.2 K,
the sample must be mounted into a pulse tube-cooled fridge, which cools
down the sample to 3 K. In order to avoid damage to components due to
frozen air, the pressure in the fridge must be reduced before cooling down,
reaching high vacuum of the order of 10−7 mbar.
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3.2. Microwave setup

Figure 3.1: Sketch of the sample architecture. Port 7 leads to the asymmetric circular
resonator with 3 µm wide inductor. Port 9 leads to the monomer resonator with 1
µm wide inductor.

3.2 Microwave setup

An overview of the microwave setup is shown on figure 3.4. The microwave
signal is generated by two Rohde&Schwarz RF signal generators. The first
RF signal is connected to the sample in the fridge. The incoming and re-
flected signals from the sample are split in two using directional couplers.
The reflected signal is amplified first in the fridge at 3 K and after at room
temperature and fed to the RF port of an IQ mixer. The amplified signal
is down-converted and measured by either an Attocube Scanner Controller
(ASC500) box or a field-programmable gate array (FPGA). The second RF
signal is connected to the local oscillator (LO) port of the IQ mixer. There is
a frequency difference ∆ f between the RF and the LO frequency. The second
arm allows to keep a fixed phase relation between the LO and RF input into
the IQ mixer by providing a phase reference. A constant phase relation is
obtained by multiplying input A with the complex conjugate of input B into
the FPGA.

The FPGA-based measurement device that has been used is based on a Vir-
tex 6 FPGA. If using FPGA for data acquisition, as it has been the case in
this thesis, a frequency difference (or intermediate frequency) of ∆ f = 250

14



3.2. Microwave setup

Figure 3.2: Lumped-element resonators on which measurements have been per-
formed. The single resonator is shown on the left while the annular resonator is
shown on the right. The pictures have been taken by Anton Potoc̆nik.

Figure 3.3: Photograph of the sample used in the experiment. The sample (1) is
mounted in the center of a PCB chip (2). The feed lines of the resonators are con-
nected to the SMP connectors at the edge of the PCB. Bullets (3) are mounted on the
relevant connectors to enable the connection to the coaxial lines. The chip is screwed
on a metallic plate (4), which is then mounted into the fridge.

MHz is used, which is then digitally down-converted to a DC signal. At the
Qudev lab, a Labview software called Cleansweep allows to perform FPGA
measurements1.

1Cleansweep will be replaced in a close future by a new software called SweepSpot.
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3.2. Microwave setup
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Figure 3.4: Schematics of the microwave setup, based on [13]. There are two arms
such as the one located in the red box. The red elements denote alternative connec-
tions for the second arm. A -10dB attenuator has been added between the DC block
and the 0-450 Hz low-pass filter on each arm in comparison with [13].
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3.3. Optical setup

3.3 Optical setup

In order to generate the photo-response, photons must illuminate the res-
onators on the chip. In this experiment, we use a 405 nm laser shining on
the chip that can be moved using Attocube positioners. This optical setup
is also very useful to get optical images of the sample, which is necessary
to determine the position of the laser with respect to the sample and enable
shining exactly over the desired structure.

An overview of the optical setup is shown on figure 3.5. The diode laser
beam is stabilized using acousto-optical modulators (AOM), selecting the
first-order reflected beam, whose intensity can be modulated by the AOM
input. It is then sent via an optical fiber onto a 90:10 beam-splitter. The trans-
mitted beam is measured with a photodiode, and provides feedback to a PID
controller that stabilizes the power of the diffracted beam by controlling the
AOM input. The reflected beam is sent via a fiber into the fridge, and shines
on the sample through a confocal lens system. An Attocube piezoelectric
positioning system allows to move the x, y and z position of the lens. The
motion in x and y directions change the position of the laser over the sample
and the motion in z direction allows to focus the laser beam. The reflected
signal is attenuated and measured by a photodiode, and finally fed to the
Attocube scanning controller. The ASC500, via the ANC350 piezo motion
controller, perform the 2D scan over the sample. The scan can be performed
by the user via a software controlling the ASC500, called Daisy.

There are two scanning modes in Daisy, called Scanner and Stepper, which
concern different ranges of scans. The Stepper is conceived for large scans,
over a range of 4 mm × 4 mm. This range is ideal to measure objects of
the size of full resonators, and to roughly determine the position of the
laser. The Scanner is designed for a maximal range of 30 µm × 30 µm
at low temperatures, and is therefore useful to precisely resolve structures
such as single conducting lines. This is the useful scanning process in order
to precisely go through inductor lines with the laser to perform the photo-
response measurements.

17



3.3. Optical setup
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Chapter 4

Measurement of the photo response

In the previous 2 sections, the theory of the photo response and the LSM
setup were introduced. The vast functionality and flexibility of the ASC500
and the FPGA offer many approaches for photo response measurement.
Two of these standard measurement techniques are discussed here. For
more details of other experiment, one can refer to the last section in ap-
pendix (see section 7.3).

4.1 Measuring the photo response

In this section, we discuss several measurement approaches to measure the
photo response. Each measurement method has its own advantage and
disadvantage, depending on the type of parameters being measured.

4.1.1 FPGA Static photo response measurement

The static photo response method is the simplest but time costly way of
measuring the photo response, one has to obtain the reflection coefficient
measurement by sweeping through a given frequency range with both laser
on and off. By fitting the complex reflection coefficient eq. (2.7) on a IQ
plane, all the physical parameters can be retrieved. The downside of this
approach is the long measurement time.

4.1.2 FPGA Single point photo response measurement

In a previous thesis [13], an improved method to measure the spatial depen-
dence of the photo response was proposed, which provides a faster measure-
ment method to extract change of the relevant resonator parameters i.e. δν0
and δκ.
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4.1. Measuring the photo response

Recall that the reflection coefficient is given by

ΓLaserOff(ν) =
κ

γ+κ
2 + 2πi(ν− ν0)

− 1, (4.1)

When one shines a laser on the resonator, the photons break Cooper pairs
and a shift ν0 → ν0 + δν0 and γ → γ + δγ is observed. It was noticed that
the function

f (δν0, δγ) =
1

ΓLaser On + 1
− 1

ΓLaser Off + 1
=

1
κ

(
δγ

2
− i2πδν0

)
(4.2)

provides a very convenient way to get the change in the reflection coefficient
parameters since δγ = 2κ<( f ) and δν0 = −κ=( f )/2π, where <(z) and
=(z) corresponds to the real and imaginary part of the complex number z,
respectively.

Before one performs the spatial photo response measurement, the grid for
measurement is first prepared by retrieving optical reflection of the inductor
line using a scanner module called Pathmode Scanner that has been imple-
mented in the frame of this thesis. Then, one performs a frequency sweep
measurement against the reflected voltage, where we extract the resonance
frequency ν0 and the external loss rate κ for the photo response measure-
ment. In theory, the measurement method only requires a single frequency,
however, as pointed out by Samuel [13], typically the parameters were ex-
tracted at the resonance frequency ν0 for the best signal-to-noise ratio. Upon
retrieval of the resonant frequency, the spatial dependence of photo response
can be obtained by setting the RF frequency to the resonant frequency, and
then scan from a position far away from the inductor (corresponding to laser
off) with the laser always turned on. Thanks to FPGA, with this Labview
software, we can perform measurements with a high averaging of 262144
measurements per second in short period of time ( 7 minutes for 100 points
across 2 µm region).

A more exhaustive description and manual of the Labview implementation
can be found in section 7.2.
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Chapter 5

Experimental results and discussion of
the photo response measurement

5.1 Characterization

With the newly developed Labview software, the laser position can be swept
as an additional sweeping parameter automatically within group software
SweetSpot. To test the new method, we performed a microwave and laser
power dependence of the change in the resonance frequency δν0 and inter-
nal loss δγ using a weakly coupled monomer with 1 µm wide inductor line.
At the end, the δν0 and δγ of the strongly coupled annular structure with 3
µm wide inductor line were studied as a function of inductor position on the
annular structure, and compared against a simple Hamiltonian mentioned
in chapter 2. Note that the δν0 and δγ are directly proportional to the super-
conducting current density, which also provides one the probe for current
distribution on the sample.

5.2 δν0 and δγ dependence on microwave power and
laser power

Before one measures the microwave or laser dependence of δν0 and δγ, the
properties of the microwave resonators must be characterised. We start with
the characterisation for microwave power, the resonant frequency ν0 and the
extrinsic loss κ do not change with microwave power, therefore, only a sin-
gle reflection coefficient measurement with the laser off was measured and
fitted at -116 dBm at roughly 3 K, see left figure on fig. 5.1. The resonant
frequency ν0 and κ were found to be 7.62392 GHz and 0.172587 MHz re-
spectively. To obtain the reflection coefficient for other microwave powers,
we simply measured the input voltage by sweeping through the reflected
voltage signal against microwave power at an off-resonance frequency.
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5.2. δν0 and δγ dependence on microwave power and laser power
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Figure 5.1: Reflection measurement with fitted resonance at -116 dBm with the laser
turned off to extract κ and ν0.

Similarly, in order to measure the laser power dependence, a dark measure-
ment was done to characterise the resonator at microwave power of -116
dBm at 3.5 K. The ν0 and κ were found to be 7.6184 GHz and 0.1786 MHz,
the slight shift in both parameters compared to the values obtained for mi-
crowave characterisation are expected due to more Cooper pairs breaking at
a higher temperature (3.5 K).

With the above characterisation for both dependence, we are ready to mea-
sure the spatial photo response using the new implemented Labview soft-
ware. The Pathmode scanner was run to retrieve an optical image, which
defines the range for the spatial PR measurement. Next, the laser is turned
on and the laser position was chosen as a sweeping parameter, to retrieve
spatial PR across a single inductor line.

Position dependence of ∆ν0 and ∆γ with varying microwave power

The following measurements were performed at 3.0 K from -126 dBm to -
111 dBm with 4.88µW laser power on the weakly coupled monomer of 1µm
wide inductor line. In fig. 5.2(a), δν0 is plotted against distance d above the
inductor line. Initially, the laser was far away from the inductor line (”laser
off”), no change in δν0 was observed, the resonant frequency began to de-
crease when the laser approached the centre of the inductor line (”laser on”),
and slowly recovered again as the laser moved away from the inductor line,
which returns an overall symmetric line shape, coinciding with the shape of
the inductor line strip. For clarity, only 3 microwave powers -125 dBm, -120
dBm and -118 dBm were shown. The maximum change of −δν0 above the
inductor line for each RF power was fitted against a gaussian function, from
which the height of the dips were extracted and then plotted as a function
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5.2. δν0 and δγ dependence on microwave power and laser power

of the microwave power on the right figure in fig. 5.2(b). The uniform dis-
tribution of the δν0 suggested that the resonant frequency is independent of
microwave power, the result agrees with the prediction according to eq. (2.5).
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Figure 5.2: (a) Left: δν0 against laser position d as a function of microwave power
and laser power of 4.88 µW at the sample (b) Right: δν0 against microwave power
from -126 dBm to -111 dBm with laser power of 4.88 µW above the center of the
inductor.

In fig. 5.3, the behavior was similar to δν0 except that γ increases as the laser
moves close to the inductor line as one would expect. However, unlike in
the case of δν0, the internal loss actually showed an increasing trend as a
function of the microwave power. Note that the narrow line width of the
monomer implies γ is more sensitive to change in number of Cooper pairs
compared to the change in ν0. Moreover, the strong focus of the laser beam
onto the inductor line could lead to large number of Cooper pairs breaking
locally, which leads to non-linear behavior from the linear theory in eq. (2.6),
or this could also be affected by temperature drift from laser heating.
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Figure 5.3: (a) Left: δγ against laser position d as a function of microwave power
and laser power of 4.88 µW at the sample (b) Right: δγ against microwave power
from -126 dBm to -111 dBm with laser power of 4.88 µW above the center of the
inductor. An increasing trend of δγ with increasing microwave power is observed.
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5.2. δν0 and δγ dependence on microwave power and laser power

Position dependence of ∆ν0 and ∆γ with varying laser power

The laser power was varied from 0 µW to 10 µW at -116 dBm with a fo-
cused laser beam at 3.5 K. However, when the laser power was ramped up,
the sample temperature becomes unstable due to laser heating. Therefore,
the temperature was held at 3.5 K using the feedback control loop using a
temperature controller. Note that the small inductor line width of weakly
coupled monomer is expected to have very sensitive change in PR, this also
implies any small unwanted thermal fluctuation could affect the result sig-
nificantly.

Similar to the observation in microwave power, we observe decreasing and
increasing trend for δν0 and δγ respectively around the center of the inductor
line at approximately 0.7 µm. Larger photo-induced shift in δν0 and δγ were
observed with increasing laser power as shown in figure (a) of fig. 5.4 and
fig. 5.5. This behavior is expected as the number of Cooper pairs being
broken increases with larger laser power, i.e. more photons are impinging
onto the inductor. Nevertheless, in figure (b) of fig. 5.4 and fig. 5.5, both
parameters exhibited exponential relationship with increasing laser power,
this observation once again with the focused laser, the number of Cooper
pairs being broken were probably too large to be considered in the linear
laser power regime. To conclude, the laser dependence measurements show
a good qualitative agreement of trend (i.e. ν0 drops and γ increases with
increasing laser power). However, both parameters −δν0 and δγ do not
obey eq. (2.5) and eq. (2.6), a non-linear PR theory is required to explain the
observed trend.
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Figure 5.4: (a) Left: δν0 against the laser position d as a function of laser power and
microwave power of -116 dBm. (b) Right: δν0 against laser power from 0 µW to 10
µW above the center of the inductor. The plot shows a non-linear dependence with
increasing laser power.
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5.3. Measuring resonances of the circular structure array
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Figure 5.5: (a) Left: δγ against the laser position d as a function of laser power and
microwave power of -116 dBm. (b) Right: δγ against laser power from 0 µW to 10
µW above the center of the inductor. The log plot shows an exponential trend of δγ
with increasing laser power.

5.3 Measuring resonances of the circular structure array

We now move on to the annular resonator connected to port 7 on figure
3.1. The goal is to measure the shift in resonance frequency δν0, since it is
directly linked to the current density J in the inductors through δν0 ∝ J2 [4].
It is therefore interesting to compare δν0 for several resonance frequencies of
the circular structure in each of its inductors. First, we indeed need to find
the resonances of the tetramer with a frequency scan. The spectrum of the
circular structure is shown on figure fig. 5.6.
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Figure 5.6: Full frequency sweep spectrum of the 3 µm inductor width circular
structure. In this study, only 4 of the sharpest resonances were studied for their
photo response.

In comparison with the monomer, where only one resonance frequency was
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5.3. Measuring resonances of the circular structure array

present, we here have several resonances. This is due to the fact that we
now deal with four coupled resonators. In addition to the four expected
resonance frequencies, we see a collection of additional modes, which can
be explained by defects of the sample as well as parasitic coupling to other
resonators. For instance, one of the additional modes can be strongly sus-
pected to correspond to the resonance frequency of the single resonator that
has been studied before. A reason for this is that by looking at figure 5.1,
we see that the resonance frequency is about 7.6245 GHz. On figure 5.6, we
see that there also is a dip at a frequency slightly below 7.625 GHz. Never-
theless, the reason why we cannot compare both measurements is that they
have been performed at different temperatures, and the resonance frequen-
cies are strongly temperature-dependant. A study should have been made
at constant temperature to prove that we see the resonance frequency of the
single resonator on the annular resonator spectrum. We have decided to
study the four main resonance frequencies given in table 5.1 and indicated
in figure 5.6.

Resonance 1 Resonance 2 Resonance 3 Resonance 4
7.4634 GHz 7.7671 GHz 7.81765 GHz 8.1454 GHz

Table 5.1: Frequency of the resonances of the circular structure that have been stud-
ied in this thesis. The frequencies have been measured at a temperature of 3.1 K.

We now proceed by showing and discussing δν0 at each of the inductors for
each resonance frequency1. Note that all measurements in this section have
been performed with a laser power of 10 µW and a microwave power of -126
dBm. Since the resonator is asymmetric, we naturally expect to get different
changes for each inductor, and to see the relation between them to change
for different resonance frequencies.

The change in resonance frequency as a function of space at 7.4634 GHz and
7.7671 GHz is given on figure 5.7, at 7.81765 GHz and 8.1454 GHz on figure
5.8.

We see indeed that for each different inductor, the change of resonance fre-
quency, which has the form of a convolution, is different. The trend changes
for each resonance frequency, as expected by an asymmetric structure. We
see for instance that the left inductor is in a ”dark mode” at 7.81765 GHz,
since there is no significant δν0. This indicates that the current density is

1We do not discuss the change in internal loss rate δγ here. Indeed, since the resonances
are broad, a change of resonance frequency (hence of the phase of the photo-response) can
be measured more sensitively than a change of internal loss rate (hence of the amplitude of
the photo-response), and leads to a far better signal-to-noise ratio.
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5.3. Measuring resonances of the circular structure array
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Figure 5.7: On the left figure, δν0 at 7.4634 GHz. On the right figure, δν0 at 7.7671
GHz. Both measurements have been taken at 3.1 K.
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Figure 5.8: On the left figure, δν0 at 7.81765 GHz. On the right figure, δν0 at
8.1454 GHz. Both measurements have been taken at 3.1 K.

zero in this inductor at this given frequency. We verify that δν0 is always
negative.

In order to summarize our observations for the change of resonance fre-
quency, a fit of the above functions has been performed and the height of
the convolution extracted for each resonance frequency. The resulting ampli-
tudes are then compared to the eigenvectors of the simple model in Hamilto-
nian formalism introduced in chapter 2, with the parameters adjusted to best
match our data. The resulting plots are shown in figures 5.9, 5.10, 5.11 and
5.12. This confirms the observation of different photo-response amplitudes
for different frequencies and inductors.

The experimental data does not seem to match the theoretical model. Indeed,
on figures 5.9, 5.11 and 5.12, it is possible to see at least some qualitative
agreement between experiment and theory, but on figure 5.10 we see a very
different behaviour than theoretically expected. This can be explained by
different factors, such as defects in our sample, parasitic effects due to other
resonators on the same chip, or maybe the fact that the theoretical model
used is too simple for our system. As a conclusion of this part, however, we
see that other measurements on a new sample, perhaps isolated on the chip,
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5.3. Measuring resonances of the circular structure array
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Figure 5.9: On the left, bar plot of δν0 for a laser on the inductor line extracted from
a fit, at 7.4634 GHz. On the right, theoretical fit for the current density.
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Figure 5.10: On the left, bar plot of δν0 for a laser on the inductor line extracted
from a fit, at 7.7671 GHz. On the right, theoretical fit for the current density.
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Figure 5.11: On the left, bar plot of δν0 for a laser on the inductor line extracted
from a fit, at 7.81765 GHz. On the right, theoretical fit for the current density.

should be performed to reach qualitative conclusions.
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5.3. Measuring resonances of the circular structure array
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Figure 5.12: On the left, bar plot of δν0 for a laser on the inductor line extracted
from a fit, at 8.1454 GHz. On the right, theoretical fit for the current density.
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Chapter 6

Summary and Conclusion

In this thesis, we have investigated the laser-induced photo-response of
niobium-based lumped-element LC resonators, following previous work on
the same setup by J. Chen [7] and S. Gyger [13]. The single-point measure-
ment technique introduced by the latter has been used and improved thanks
to an automatization of the measurement process.

After an introduction to the subject and to the basic theory of the photo-
response in superconducting circuits in chapters 1 and 2, we detailed the
setup that has been used to perform the measurements in chapter 3. Since
the setup is almost unchanged with respect to the one that has been used
in [13], the only specificities to this thesis are the sample that has been used
and some minor changes to the setup. Furthermore, in chapter 4 we ex-
plained the single-point measurement technique introduced in [13]. We also
explained how it has been improved by the conception of a Labview soft-
ware that moves automatically the laser in order to measure how the photo-
response evolves as a function of the position of the laser. In other words,
this allows to measure the spatial dependence of the photo-response.

We then were ready to perform several measurements, whose outcomes are
given in chapter 5. Two distinctive directions have been investigated:

1. In section 5.2, we focused on the photo-response of a 1 µm monomer
resonator. The goal was to look at the change in resonance frequency
δν0 and internal loss rate δγ as a function of the microwave (MW)
power and of the laser power. It turned out that both δν0 and δγ are in-
dependent of the MW power as predicted from theory. The behaviour
is quite different if we look at the laser power. Since the laser breaks
Cooper pairs, δν0 and δγ were expected to strongly depend on the laser
power. Indeed, we observed an exponential growth of −δν0 and δγ for
increasing laser power, which differs from the theoretical prediction.

2. Finally, we investigated in section 5.3 the change in resonance fre-
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quency δν0 of the different inductors of the 3 µm circular structure
at different resonance frequencies. Since it is composed of four cou-
pled single resonators, four resonance frequencies were expected, and
many more were indeed measured. In particular, δν0 can be directly
related to the current density in the inductor. Since the resonator has
an asymmetric configuration, different amplitudes were expected at
the different resonators, with changing relations at different resonance
frequencies. We indeed observed such an asymmetry when comparing
the amplitudes of the photo-response at all four inductors. For one res-
onance frequency, we could also observe a so-called dark mode, which
means that there was a zero current density in one inductor. Neverthe-
less, we could not make our experimental results agree with a simple
theoretical model, which suggests that the measurements need to be
retaken on a new sample.

As a conclusion of this part of the thesis, we can say that the single-point
measurement technique combined with the automatization of the measure-
ment process allowed us to perform a very precise and fast measurement
of the photo-response as a function of the laser position, at a resolution
that could not be reached until now on this setup. In particular, we could
observe with a very good precision the current density profile inside con-
ducting lines. We could indeed see that there were no ”edge effects”, the
current distribution has a profile of a simple convolution between a rectan-
gle and a Gaussian. By fitting the curve obtained, we could extract with a
very good precision quantities such as the change in resonance frequency or
internal loss rate.

In chapter 7, we finally treat two additional points. First, we calibrate the
spot size of the laser which was used in the experiments. Then, we give a
complete explanation of the implementation of several Labview Virtual In-
struments (VIs) to automatize the measurement process. In particular, the
interested reader will find there all useful information to use the so-called
Pathmode scanner, which encapsulates the step-by-step position scanning
process that has been used. This process has been included in a software
called SweepSpot, which now allows to properly perform a scan over differ-
ent laser positions. All informations about how to use this new functionality
in this software can also be found in this chapter.
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Chapter 7

Appendix

7.1 Calibration of laser beam width and ASC500 step
size

In LSM, the laser beam spot size defines the resolution of the scan. The
beam spot size was calibrated against the reference test structure with well-
determined width, see fig. 7.1.

Figure 7.1: Test structure with high precision measured width

The calibration is done by step scanning both the horizontal and vertical test
structures along vertical and horizontal direction respectively with a focused
beam in 3 K. Each of the test structure strip was fitted by a convolution of
a rectangular function and the gaussian function. As an example, we show
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7.1. Calibration of laser beam width and ASC500 step size

reflected laser intensity scanning over a 1 µm wide test structure line, shown
in fig. 7.2. By plotting the fitted rectangular width against the test structure
width, the calibrated step size per pixel (gradient) can be obtained from a
line of best fit through 5 data points, see fig. 7.3.
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Figure 7.2: Fitting of the rectangular width from the optical reflection measurement
against the 1µm teststructure (in pixel)
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Figure 7.3: Plot of the fitted rectangular width against test structure width with
vertical (left) and (right) horizontal test structure from 1 to 5 µm

The gradients were determined to be 0.184 ± 0.003 µm per pixel, 0.158 ±
0.004 µm per pixel for horizontal and vertical test structure, respectively.
These values provide the direct conversion from pixel to the actual step size,
hence we can estimate the minimum beam spot size with the previously
fitted beam spot width in pixels. The final measured beam spot width are
shown in fig. 7.4.

To sum up, both the vertical and horizontal beam spot size possess a very
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7.1. Calibration of laser beam width and ASC500 step size
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Figure 7.4: Calibrated beam spot size with horizontal and vertical test structure

small width up to (0.492± 0.030) µm, this indicates that the laser can resolve
the structure up to a very high spatial resolution, with minimum resolution
defined by the beam spot size. Furthermore, we can also compare our mea-
surement with the diffraction limited beam size, see eq. (7.1). The diffraction
limited beam spot was then estimated to be (0.2± 0.1) µm, close to half of
our calibrated beam spot size, this indicates that we have obtained a high
precision for the scan resolution.

d = 1.22
λ

NA
(7.1)

where λ is the wavelength of the laser, and the numerical aperture (NA) was
measured to be 0.29±0.1.
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7.2. Measurement of the spacial dependence of the photo-response:
Labview automatization

7.2 Measurement of the spacial dependence of the photo-
response: Labview automatization

An important aspect of the project consisted in the conception of a Labview
program that would allow to perform measurements involving the depen-
dence in the position of the laser in an automatic fashion, as it has already
been evoked in section 3. The software running the Attocube SPN Scan
Controller ASC500, called Daisy, does not directly allow us to define a path
or a grid for the laser position to perform microwave measurements step
after step. An interface between Daisy and Labview has to be used. In this
section, we present the general idea behind running Daisy via Labview, and
three different programs that were written with this goal, namely the Step-
by-Step Stepper, the Step-by-Step Scanner and the Pathmode Scanner. The latter
was chosen to be added into the SweepSpot software in order to perform in
a convenient way laser position dependence measurements.

7.2.1 Running the Attocube ASC500 software with Labview

As it is explained in the ASC500 User Manual [14], a Remote Control pack-
age is provided to allow running basic Daisy functionalities via Labview.
This provides the obvious advantage that a Labview program can perform
other tasks, such as a microwave measurement, while using Daisy function-
alities, such as the Scanner.

The two main components of the Remote Control package are a library,
ASC500 Wrapper.dll, which allows using the Daisy functionalities in Lab-
view and a set of Virtual Instruments (VIs) that are functions of the Daisy
software that can be used in Labview. Some of these include preparing the
laser at a certain position, performing a scan, etc. Therefore, the library
must be loaded each time an ASC500 VI is used1 to make the program run
correctly. The connection between the ASC500 and Labview is made via a
server. Alternatively, it is much more convenient to run Labview and Daisy
in parallel, so that each parameter appearing in Daisy can be modified via
Labview and vice-versa. This is sketched on figure 7.5.

If Daisy is opened in parallel, an important point is to keep the same chan-
nel definitions in Labview as in Daisy (e.g. Channel 10 is the Lineview),
otherwise there can be interferences between Labview and Daisy preventing
Daisy to run correctly.

We now have the main ingredients to implement VIs following our goal.
Of the three VIs that will be presented in the next subsections, only the
Pathmode Scanner has been of actual use. Nevertheless, since it can be

1On the QUDEV70 computer, it can be found in D:\AttoCube\ASC500 Software\ASC500
Remote Control
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Figure 7.5: Sketch of the interface between the ASC500 and Labview [14].

of some interest for other applications to know that there are also other
scanners that have been implemented in the frame of this thesis, we will
introduce them all. All the VIs can be found on the DaisySweep folder on
the QUDEV70 computer desktop.

7.2.2 The Step-by-step Stepper

The first VI that has been implemented to perform the step by step scan
is the StepByStepStepper.vi. The idea behind this scanner is to use the
Stepper functionality of Daisy, which is useful for larger scans, of a range
up to 1-2 mm. The conception is the following, as sketched on figure 7.6:

1. Define a grid of points to scan over, with a certain origin, range and
pixel size, to prepare the scan. The two following steps are then per-
formed iteratively over all the grid.

2. Move the laser at the next point of the grid using the ASC500 steppers.

3. Read out the reflection intensity using the Lineview.

This results in a scan that gives the reflection amplitude as a function of
position, the actual x and y position of the laser and the error with respect to
the value that was set. The two-dimensional picture we get for the reflection
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Lineview LineviewLineview

Prepare Prepare

Figure 7.6: Working principle of the Step-by-step Stepper.

amplitude is of the same quality as the scan made on Daisy with the Stepper,
but the time needed to perform the measurement is a bit higher.

The major drawback of this VI in the frame of our thesis is the fact that the
resolution of the picture is not good enough if we want to resolve precisely
structures that have a width of 1µm. We therefore must turn ourselves
towards the ASC500 functionality that is more adapted to this range: the
Scanner.

7.2.3 The Step-by-step Scanner

In order to create a scanner that can resolve inductor lines of 1µm, the
ASC500 scanner functionality should be used. This is why in a second time
such a VI, the StepByStepScanner2.vi, has been implemented. The trick
which is used is to perform single-pixel scans at each point of the scanning
grid. Concretely, the idea is the following, as sketched on figure 7.7:

1. Define a grid of points to scan over, with a certain origin, range and
pixel size.

2. Move at the origin using the Stepper.

3. Make a single pixel scan at the first point, to actually move the laser at
the given position.

4. Retrieve the reflection intensity using the Lineview.

5. Do it repeatedly for all the points of the grid.

Since this is not a ”natural” way to use the scanner functionality, several
problems arose in this implementation. A problem is that at each individual
scan, the Z position correction is reinitialized to zero by the VI. A solution is
to set it back to its correct value at each step, but since the laser is ”shaking”
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Scan

Move origin

Figure 7.7: Working principle of the Step-by-step Scanner.

in Z direction, the resulting image is terribly blurred. Waiting for the laser
to stabilize at each point dramatically increases the duration of the scan.
A solution is to put the laser at an acceptable Z position with the stepper
before the scan, but the picture then cannot be optimally focused. A more
decisive drawback is the fact that the quality of the picture is clearly worse
than with the original scanner. This is probably due to the fact that the laser
is not set as precisely to the origin of the scan as to the points reached during
the scan.

7.2.4 The Pathmode Scanner

To make a better use of the scanner functionality, a way to interrupt the scan
in a ”natural” way has to be found. It turns out that there is a functionality
in Daisy called the Pathmode. It allows to define a path or a grid for the
scanner and to stop at each scanning point, waiting for an external signal or
a manual signal, called handshake. This leads to our final implementation of
a Labview VI, namely PathmodeScanner.vi. As sketched on figure 7.8, the
conception is the following:

1. Prepare the laser at the origin, using the Stepper.

2. Define a path or grid that gives all the points to scan over

3. Enable the external handshake mode

4. Retrieve the reflection amplitude at each point, using the Lineview. To
move to the next point, simply virtually press the Manual Handshake
button via Labview.

This implementation allows to make measurements that are as precise as
the ones that are made with Daisy’s scanner in an acceptable time, as can be
seen on figure 7.9. We therefore achieved our goal to create a Labview VI
that encompasses all the functionalities of the scanner but allows to perform
other measurements at each point of the scan. At this time a drawback of the
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Scanning range

Path
Handshake

Figure 7.8: Working principle of the Pathmode Scanner.

Pathmode Scanner is the impossibility to properly define two-dimensional
scanning grids. Nevertheless, in order to perform photo-response measure-
ments, simple paths going through conducting lines are sufficient. Therefore,
the Pathmode scanner has been chosen to perform the spatial dependence
measurement and to be included in the main software SweepSpot.

Figure 7.9: Reflection amplitude as a function of the laser position going through a
3 µm inductor line. The range is 10 µm. The time that this measurement took was
33.2 s.

Pathmode Scanner user manual

In an actual experiment using the implementation of the Pathmode VI into
a microwave measurement software, the Pathmode Scanner can actually be
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useful to determine before the measurement whether the defined path goes
through the desired structure. Therefore, we finally describe in more detail
how to use the PathmodeScanner.vi. The overview of the VI can be seen on
figure 7.10.

Figure 7.10: Front panel of the Pathmode Scanner VI. For a complete description
please see the body text.

To find the VI, go to the QUDEV70 computer desktop and open the folder
DaisySweep. On the front panel, a server to connect to ASC500 must be
specified (1). In the case Daisy is running on the same computer, just enter
the localhost IP address 127.0.0.1. Then, the path type (grid or path in X or
Y direction) as well as the correction to the Z position should be specified
(2). Then, the parameters of the path are needed (3), such as the scanner
origin, pixel size and number of points. Beware that there should be less
than 200 points defined (it is the limit of the Pathmode), otherwise the scan-
ner will start to behave unexpectedly. The initial delay time allows for the
laser to reach the first point (10s are typically enough) and the delay time is
the minimum time between two handshakes, to avoid handshaking before
the laser has actually reached the desired point. To read out the reflection
amplitude, Lineview is used and some parameters should be set (4). The
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correct settings for the Lineview are given in table 7.1.

Channel Source Trigger
10 ADC1 Permanent

Table 7.1: Correct parameters for the Lineview.

To move the laser to an absolute origin using the stepper, specify Origin X/Y
and press the ”Prepare to origin” button (5). Finally, the scan can be started
by pushing the ”Start Scan” button (6). The results are shown live on the
Lineview and on the two- and one-dimensional plots after the measurement
has been completed (7). The one-dimensional plot allows to get a single
measurement line out of the two-dimensional plot. Finally, the data can be
saved by pushing the ”Save data?” button before starting the scan (8).

7.2.5 Inclusion of the Pathmode Scanner into SweepSpot

Until now, we have a Pathmode Scanner VI that is able to do reflection am-
plitude measurements. This is a nice sign that the VI works properly, but at
the end of the day, what we want to perform are microwave measurements.
We therefore need to include our Pathmode Scanner into a software which
is able to perform such measurements. The software SweepSpot has been
chosen2. With the help of Simon Storz, whose Master thesis is dedicated
to designing SweepSpot, a version of the Pathmode Scanner that does not
measure the Lineview has been added to the main software. The idea is
simply to add it as an additional instrument that allows to create a new
measurement axis: the laser position. At each iteration, SweepSpot does
one Manual Handshake to go to the next laser position and performs the
microwave measurement. More precisely, the Pathmode Scanner has been
splitted into three parts:

1. One SubVI in Prepare Sweep.vi that sets all the right parameters for
the laser motion.

2. One SubVI in Spot.vi that makes the laser move to the next point
before each measurement, simply virtually pressing the Manual Hand-
shake button.

3. One SubVI in Motion reversal.vi that makes the clean-up (empty
the path, stop the scanner, shut down the connection to the server).

2For an introduction to SweepSpot, please see https://qudevwiki.phys.ethz.ch/

index.php/SweepSpot or Simon’s Master thesis.
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Sweeping over the laser position with SweepSpot

To make it possible for further generations to easily use the laser position
sweep dimension on SweepSpot, we here briefly explain how to do it. First,
open SweepSpot frontend.vi, making sure to run Daisy in parallel and to
load the Remote Control library while opening the VI. Then, on the front
panel, first go to the Sweep Controls and Sweep Dimensions, see figure 7.11,
and set the initial parameters such as the origin, the pixel size, the number
of points and the path type (X/Y path or grid3). Beware that the positions
are defined in pm. Also add the laser position as a sweep dimension to
sweep over it.

Figure 7.11: Sweep Controls and Sweep Dimensions on SweepSpot frontend’s front
panel

Finally, there are also the Instrument Settings to set, as shown on figure 7.12.
Z Out, in nm, is the correction for the laser position on the Z axis and the
delay time in seconds is the time that is taken between two handshakes to
avoid ”handshaking” too fast.

3As mentioned before, the grid functionality does not work properly by the time this
thesis is written.
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Figure 7.12: Instrument Settings on SweepSpot frontend’s front panel
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7.3 FPGA PR measurement of 1 µm monomer with
microwave and laser dependence

In this section, the microwave and laser power dependence in a focused laser
regime were studied. Varying the microwave and laser power allows one to
understand the effects of changing laser and microwave power on photo
response, and to optimise the experimental parameter for more precise mea-
surements. We performed measurement here with the static photo response
measurement, where each measurements were performed by comparing the
change in reflected voltage ∆Vout with laser on and the laser turned off across
a large frequency range.

Microwave power dependence of PR

One of the main goal of the current experiment is to do LSM under the
quantum limited microwave power regime. Therefore, it is interesting to
investigate the effect of microwave power on the photo response. From a
previous master thesis by J.Chen, it was shown [7] that under a small laser
perturbation, i.e. a defocused laser, the small induced change in kinetic in-
ductance and resistance would lead to the square root dependence between
the reflected microwave power and the photo response eq. (7.2).

PR ∝ ∆Vout =
1
2

√
R
P

∆P ∝ P
1
2 (7.2)

where ∆Vout is the induced change in reflected signal, P is the microwave
power and ∆P is the change in reflected power.
The microwave dependence of PR was measured with a focused laser beam
at temperature of 3K, RF power sweeping from -102 dBm to -116 dBm at
the sample. In fig. 7.13, the photo response clearly exhibited no square root
dependence as opposed to the case in the defocused laser regime, fluctua-
tions in measurements could be caused by random piezo movement of the
focused laser beam spot, falling into the gaps between the inductor lines.

The laser induced change in resonance frequency and intrinsic loss were
included at fig. 7.14. −∆ν0 and −∆γ were found to be independent of the
microwave power, which matches the prediction from theory [7].

Laser power Dependence of PR

Photons impinging onto the inductors indirectly break Cooper pairs locally,
increasing the laser power would excite more quasiparticles, thereby chang-
ing the LC resonator properties such as resonance frequency ν0 and the
intrinsic decay width γ. In order to perform quantised LSM, laser induced
heating at high laser power should be avoided, whereas at low laser power,
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Figure 7.13: Microwave power dependence of photo response swept from -102 to
-116 dBm at 10.66µW focused laser at sample and 4K temperature. The anomalous
point at -114 dBm was removed due to poor fitting

-115 -110 -105 -100
2.2

2.4

2.6

2.8

3.0

3.2

3.4

RF power (dBm)

-
Δ
ν
[M
H
z]

-115 -110 -105 -100
0

1

2

3

4

5

RF power (dBm)

Δ
γ
(M
H
z)

Figure 7.14: Laser induced change for microwave power swept from -102 to -116
dBm with focused laser power at 10.66µW (a) Left: change of resonance frequency
−∆ν0 (b) Right: change of intrinsic decay width −∆γ.

the effect of thermal fluctuation is comparable to the laser induced change,
causing imprecision in measurement. Therefore, compromise between two
effects must be reached to operate in the quantised LSM regime.

Figure 7.15 shows the Log plot of the laser power dependence of photo
response measured with RF power of -100dBm at 3K with focused laser
beam. The plot shows a clear transition of laser power regime at around
10µW where above which the photo response becomes much stronger. In
contrast to a highly defocused beam , it is not possible for a focused laser
beam to break all the Cooper pairs locally, hence no saturation of PR was
found [7].

In fig. 7.16(a) and fig. 7.16(b), the change in resonance frequency −∆ν0 and
intrinsic decay width ∆γ both demonstrate exponential growth relationship

45



7.3. FPGA PR measurement of 1 µm monomer with microwave and laser
dependence

4 6 8 10 12 14

2

4

6

8
10

Laser Power [µW]

P
R
[m
V
]

Figure 7.15: Laser power dependence of the photo response swept from laser power
of 2µW to 15µW measured with RF power of -100dBm at 4K
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Figure 7.16: Laser induced change for laser power swept from 0 to 15 µW with fo-
cused laser power at -100dBm RF power, 3K (a) Left: change of resonance frequency
−∆ν0 (b) Right: Log plot change of the intrinsic decay width ∆γ.

with the increasing laser power. The plots were fitted with an exponential
model, y = aebx, for −δν0 and δγ, good fitting were found with the following
coefficients, a = 0.0123 MHz, b = 0.367 µW−1 and a = 0.2048 MHz, b =
0.177 µW−1. For the change in resonance frequency and intrinsic decay
width, it was observed that the gradient remains small at low laser power
regime. Whereas, at the high power regime, the steeper gradient indicates
the resonance shifted to the lower frequency slowly and broadens as the
laser power is ramped up.
To conclude, we have observed similar trend of PR against laser power and
microwave power as one observed in section 5.2. The strong exponential
growth of −δγ and δν0 further confirm the weak coupling and large PR of
the 1 µm monomer.
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