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1 Introduction

Trapped ions are a promising platforms for quantum computation and simulation,

due to the long coherence times of the qubits implemented therein and the ability to do
high-fidelity measurements and state readout [1]. Current systems are of the size of tens
of qubits but multiple approaches are currently being investigated to scale trapped ion
quantum processors such as the long string [2] and QCCD [3| architecture. For trapped
ion quantum computation most often earth-alkali atomic ions - such as Beryllium, Cal-
cium and Strontium - are used because of their simple electronic structure. Methods
commonly employed to trap these ions are the Paul trap - where static and oscillating
RF electric fields are used to create an effective trapping potential - and the Penning trap
- where the ions are constrained by a static electric field and a strong static magnetic
field. [4]
State preparation, transitions and readout in trapped ions are often implemented via
laser beams driving optical transitions between different logical and auxiliary states. To
avoid introducing decoherence into the system the drive frequency should be well stabil-
ized to the transition, which can be achieved by using an external reference cavity and
the Pound-Drever-Hall locking scheme [5].

In this paper we describe the efforts undertaken to implement frequency stabilization
of a laser to a tunable cavity with low finesse and characterize the piezo actuators built
into said cavity. In Section 2 we introduce the necessary theoretical foundations on
frequency stabilization using cavities and the locking procedure. In Section 3 we describe
the setup built to implement frequency locking and describe the cavity. In Section 4
we show the experiments we conducted using the cavity: in Section 4.1 we determine
the tuning range calibration that relates the voltage differences that we apply to the
frequency displacement this causes. In Section 4.2 we describe the settling behaviour
after tuning, in Section 4.3 we characterize the hysteresis of the piezo actuators and in
Section 4.4 we analyze the longterm stability of a laser stabilized to the cavity. Finally

in Section 5 we summarize our findings and give an outlook.
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2 Theory

The techniques discussed in this paper are related to an experiment working with
40Ca™, thus we will briefly explain their relevance based on that example. In 4°Cat,
state-preparation, state-transitions and readout are implemented using laser beams driv-
ing optical transitions. The energy level structure of “°Ca™ for a external magnetic field
of 119 G is visible in Figure 2.1.

Usually the S; /o state is used as the logical |0) state, the D5/, as the logical |1) state.

2Py —_—

— 4OCa+

854 nm

2 —_—
P1/2 112MHe__ | 2D5/2

201 MHz

393 nm

2D
134 MHz 3/2

281/

335 MHz

Figure 2.1: Energy level structure of °Ca™t with an external magnetic field of 119
G. Usually the S/, state is used as the logical |0), the Dj/ as the logical [1). The
S1/2 ¢ Py transition is a good cycling transition, thus P/, is used for readout. The
P35 and D35 levels are relevant for repumping. The 732 nm and 393 nm transitions are
dipole transitions that do not have a dedicated laser in our lab. Figure taken from [4].

The 854 nm, 866 nm and 397 nm transitions are dipole transitions, the first two being
used for qubit reset and repumping and the latter for readout. The 397 nm trans-
ition has a linewidth of around 22.4 MHz. Additionally a 423 nm transition is used
for photo-ionization. The 729 nm transition is a quadrupole transition and is used for
qubit manipulation. A laser driving one of the aforementioned transitions should be well
stabilized to the respective frequency to avoid introducing decoherence into the system.
For the 729 nm quadrupole transition - which has a very small linewidth of 130 mHz -
we have strict stability requirements as the laser linewidth needs to be smaller than the
transition linewidth [4].

The internal stabilization of a commercial laser is not sufficient for our applications. We

achieve the requirements by stabilizing the laser frequency to an external reference cavity.
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2.1 Cavity

Before talking about cavities, we must quickly introduce the notion of Gaussian
beams. We follow the derivation in [6, 7].
Electromagnetic waves in a uniform and isotropic medium are governed by the wave

equation
, 102

Assuming that the solution is separable - u(r,t) = @(r)¢(t) - the spatial part reduces to

the paraxial wave equation (or Helmholtz equation
(V2 + E*a(z,y, 2) = 0. (2.2)

Solutions to this equation are of the form

2 2 2 2
ety @ +y> (2.3)

u —Lex —1
we2) = o (0 ~

where R(z) is the radius of curvature, w(z) the beam radius and §(z) the complex radius.

These three quantities are defined through

w(z) = woy |1+ <Z> (2.4)

ZR
R(z) =2 + 25? (2.5)
i) = R i, (2.6)

where wy is the initial beam waist, 2z = 7w?/\ is the Rayleigh length and A the

wavelength. Electromagnetic waves of this form are called Gaussian beams.

A Fabry-Perot cavity is comprised of a set of two mirrors at a distance L. The
shape of the mirrors depends on the application. If the radius of curvature R(z) of a
Gaussian beam matches each mirrors curvature at the respective mirrors location then
this Gaussian beam can build up a standing wave inside the cavity. We will call this
Gaussian mode resonant with the cavity. A cavity can often not only support a single
Gaussian mode but also higher order Hermite-Gauss or Laguerre-Gauss modes.
Important parameters to characterize cavities are the radius of curvature Ry, Ry of the
mirrors ,where 1 (2) refers to first (second) mirror, and the g-parameters, which are

defined as
1.2 R1,2 ( )
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We can express the beam waist introduced in Equation (2.4) in terms of the g-factors

L\ 1—
wg:\/ 9192(1 — g192) (2.8)

7\l (g1 +92—20192)

The beam waist at the position of the two mirrors

L)\ g2

2

wy = —, | —————— 2.9

YT or V(- gig2) (2:9)
LA

wi=2 IL (2.10)

7\ 92(1 — g1g2)

is of particular importance, as it allows us to derive a stability criterion: Two mirrors

with radii R;, Rj respectively give rise to a stable solution only if
0 S g192 S 1. (211)

The cavity mirrors are also characterized by their reflection and transmission coefficients
r, t. Light that is fed into the cavity is reflected with a factor of r and transmitted with

a factor of ¢, where t, r are related via
rPrtt=1, 0<nrt<l. (2.12)

This is equivalent to stating that no power is lost in the process, e.g. through absorption
in the mirrors. Assuming an incoming electrical field E; = Eye™?, the field reflected off
the first mirror is then E, = rFE; and the field transmitted beyond the first mirror is
E; = tFE;. The field reflected off the first mirror is not the only contribution to the total
reflected field. Rather, we need to consider leakage from the cavity as well. The leakage
field is comprised of all the contributions of light that is transmitted into the cavity,
reflected off the internal mirrors and then at some point transmitted through mirror 1.
An illustration is visible in Figure 2.2.

Light reflected directly off the first mirror picks up a phase of w. Alternatively, in a full
round trip within the cavity the light acquires a phase of ¢ = wTy = 27-2L/X [8]. Thus
the total reflected field is

E, = Ei(rle” + tﬂ“gtlem + t17“27’17’2t1€i2¢ + .. ) (2.13)
t2r26i¢

=Ei(—r + —F—— 2.14

z( ry + 1_ T‘1T2€Z¢ ’ ( )

1—q"
The reflectivity of a cavity F'(w), which we will later use in Section 2.2 to derive the

where we used the geometric series identity > .2, ¢ =

error signal for the Pound-Drever-Hall lock, is then

E, t%rgew
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Figure 2.2: Illustration of the terms that make up the leakage field out of mirror 1, shown
in Equation (2.13). Graphic was taken from [8|.

We additionally introduce two important quantities for a cavity: The free spectral
range, FSR and the finesse, 7. The F'SR denotes the frequency separation of two TEMgg
modes and is defined as

C
F = 2.1
SR =5, (2.16)

where c is the speed of light and L the cavity length. The finesse F is a measure for the
average time a photon transmitted into the cavity remains in the cavity and is defined

as

Fo I/ (2.17)

1 grt’

where g¢,; is the round-trip gain (the probability for a photon to remain in the cavity
per round-trip). Accounting for photon loss - i.e. through absorption in the mirrors
or scattering in the path - with probability [, g, = lrire. F also corresponds to the
ratio of the FSR and the cavity bandwidth Av. From this relation it becomes apparent
that increasing the cavity finesse e.g. through reducing losses and increasing reflectivity
reduces the cavity linewidth.

We can use the FSR and F as defined above to simplify the expression in Equation (2.13).
For a symmetric cavity (with 71 = r2) it can be converted into

jw
e'FSrR — 1

R ———y
1 — r2e'FsE
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Figure 2.3: Plot of the reflectivity of a symmetric cavity (11 = r2) for example parameters
L = 0.5m, r = 0.95 and consequentially ¢t = v/1 —72 ~ 0.31. On resonance the real
part Re(F") vanishes whereas the imaginary part Im(F') has a zero crossing. The fact
that Im(F') is antisymmetric around resonance is vital for the PDH lock, as it contains
information both about the direction and magnitude of displacement from resonance.

2.2 Pound-Drever-Hall Lock

For many applications the stability of a lasers frequency as given by the laser itself is
not sufficient. One possibility is to lock the laser to a stable reference cavity where the
desired laser frequency is resonant with the cavity.

A frequently used technique for laser frequency stabilization is the so called Pound-
Drever-Hall Lock (PDH) which was introduced by Drever and Hall in 1983. [9]. In the
PDH scheme an electro-optic modulator (EOM) is introduced into the laser path and
used to modulate the laser signal. The modulated signal is then fed to the cavity. Its
reflection is collected at a photodiode (PD) and mixed with the RF modulation signal to
create an error signal which is highly sensitive to frequency deviations from the cavity
resonance. This information is then fed back to the laser and used to bring it back to
the desired frequency.

The PDH locking scheme has the benefit of being both fast (faster than the cavity re-
sponse time) and being able to distinguish intensity from frequency fluctuations. The
introduction to PDH locking below follows [5] and [10].

A simplified sketch of the setup necessary for PDH locking is visible in Figure 2.4.
A laser signal with vertical polarization is fed into an EOM which is driven by a RF
source at a frequency . The output signal consists of a carrier signal at w and two
sidebands at 2 + w. The light passes through a polarizing beam splitter (PBS) and a

quarter-wave plate which rotates the polarization from vertical to right-polarized. In
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Figure 2.4: Simplified setup sketch, taken from [11]. The red markings denote the
polarization, H for horizontal, V for vertical, R for right-polarized, L for left-polarized.

the cavity the reflected light acquires a 7w phase shift. The now left-polarized light is
converted into horizontal polarization at the second pass of the A/4 wave plate and thus
fully reflected at the PBS. The PD measures the incident light and outputs signals at
the beat notes between carrier and sidebands. This electrical signal is then mixed with
the RF driving signal, passes through a low-pass filter and is fed into a PID loop which
in turn is used to control the laser frequency at the laser module.

We will now formalize this. The light incident to the EOM can be described by

E = Ege™t, (2.19)

The EOM modulates this field at a modulation frequency 2, thus the field incident to

the cavity is

Eine = Eoei(wt+,3 sin(Qt)) (220)
~ [Jo(B) + 2iJ1(B) sin(Qt)] et (2.21)
=By Jo(ﬁ)eiwt . (ﬁ)ei(w-&—ﬂ)t —J (B)ei(w—Q)t:| (222)

where we introduced the modulation depth §, directly rewrote the expression using the
Bessel functions of zeroth and first order, Jy and J; and neglected higher-order terms.
This is a good approximation for small 5. The power of the incident signal is given as
Py = |Ep|*>. We identify the power in the carrier P. = JZ(8)Py and in the first-order
sidebands Ps = JZ(B) .

The field that is reflected from the cavity is given by

Eyes = Eo [F(W)Jo(ﬁ)em + F(w+ Q)1 (B)e TV — Fw—Q)Jy(8)e ™D (2.23)
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Figure 2.5: PDH error signal, in units of 2y/P.Ps. Taken from [5].

where we used F'(w) from Equation (2.15) and the power reflected is

Pref = Po|F(w)|* + Py (!F(w +QP +|F(w - 9Q)f)
+ 2/ P.P{Re [F(w)F*(w+ Q) — F*(w)F(w — Q)] cos(Qt)
+ Im [F(w)F*(w+Q) — F*(w)F(w — Q)] sin(Qt)}
+ (29 terms)

(2.24)

We measure this signal at the photodiode. Relevant for our analysis are only the terms
in cos(Qt) and sin(Qt).

Mixing two signals is mathematically equivalent to taking the product of those two
signals. Thus multiplying the expression above with the local oscillator signal which is

proportional to sin(Qt) and using the trigonometric identity
. . 1
sin(a) - sin(b) = 3 [cos(a — b) — cos(a +b)], (2.25)

we find several terms: a DC term, a term oscillating at €2 and terms oscillating at higher
frequencies. Tuning the carrier close to resonance and choosing the modulation frequency
s.t. the sidebands are far-detuned from resonance then the sidebands are almost perfectly
reflected. A low-pass filter then filters all oscillating terms and we are left with the so-

called error signal entering the PID module (in Figure 2.4) which is
€ =2/ P.PIm[F(w)F*(w+ Q) — F*(w)F(w—Q)]. (2.26)

A plot of the error signal is visible in Figure 2.5.
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Note the asymmetry of the error signal around resonance. Knowing the value of the
error signal then tells us whether we are below or above resonance; a negative value
corresponding to being above resonance, a negative value corresponding to being below
resonance. The magnitude of the error signal additionally encodes how far away from
the cavity resonance the laser frequency is. Combinining these two aspects, knowledge
of the error signal allos us to correct the laser frequency and bring it back to resonance.
The laser frequency is thus locked to the cavity resonance frequency. If we change the
cavity length then the resonance frequency will be shifted as well. Due to the constant
recorrection of the laser frequency to the cavity resonance, the laser frequency will shift

accordingly.
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3 Setup

3.1 Optical Setup

The setup that was built as part of this project and that can be used to stabilize the

423 nm laser system is visible in Figure 3.1.

EXPERIMENT

v AN
(I B
\\\l [ om /\\
f ,,,,,,,,,,,,,,,,,,,, > L -
NS Bl i
N O

DsO

Figure 3.1: Sketch of Setup. The paths in green are optical fiber paths, the paths in blue
denote free space optical paths and the paths in dashed red describe electrical paths.
The orange tubes denote collimators that couple fiber modes to free space modes and
vice-versa. Parts 1 and 2 as mentioned below correspond to the top and bottom part of
the sketch respectively and are coupled via a fiber.

It consists of two sequential parts: In the first part, the light is modulated by an
EOM, in the second part that light is fed into the cavity and the reflection that is vital
for the generation of the PDH error signal is recorded.

In part 1, the laser source is coupled into a optical fiber and fed to the optical table.
The light delivered by the optical fiber is fed through a waveplate into a polarizing beam
splitter (PBS). The waveplate determines the polarization of the light and can be used
to regulate the splitting ratio at the PBS. One of the outputs of the PBS is fed to the
experiment, the other is routed into an EOM where it is modulated at 25 MHz (this is
part of the PDH lock as described in Section 2.2). The system of 2 mirrors in front of
the EOM aims to optimize the beam line into the EOM. The light exiting the EOM is
then fed via another mirror and coupled into a collimator. The fine-adjustment on this
mirror combined with the fine-adjustement on the collimator allows for optimizing the
coupling efficiency.

To connect part 1 and part 2, the fiber exiting the collimator is laid around the table
and out-couples into another collimator. In part 2, the light then enters a A\/4 and \/2
waveplate before hitting another PBS. The system of waveplates is used to vertically po-
larize the light such that it is fully transmitted by the PBS. It then passes another A/4

10
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Figure 3.2: Modes as visible on the camera at the back of the cavity. The pictures are
ordered from left-to-right as they appear when continuously increasing the frequency of
the laser. In order: TEMgg, TEMg;, possibly TEMgpo (the fact that the light 'bleeds’
from one element to the other might be due to oversaturation of the camera), TEMgs,
followed by Laguerre-Gauss modes. Note that the sizes are not to scale.

waveplate that rotates the polarization from vertical to right-polarized and via a system
of two mirrors enters the cavity. The mirrors are again used to optimize the beam line
such that the beam is centered on the bore and perpendicular to the mirrors. A part of
the light is transmitted out of the back of the cavity where it is split up with a 50:50
BS and enters a photodiode and a photocamera respectively. The photodiode records
the transmission amplitude for direct observation of the lock performance and stability
on a oscilloscope and the camera is used to optimize the alignment into the cavity. If
the alignment is not optimal, then higher-order modes will be visible. Some pictures of
modes as collected at this camera are visible in Figure 3.2. The light reflected out of
the cavity and back into the aforementioned path is now left-polarized (due to the odd
number of reflections at the cavity mirrors needed to exit the cavity on this side) and is
rotated into horizontal polarization by the waveplate. This signal should! now be fully
reflected at the PBS and enters another photodiode. This is the signal that is used for

the error signal.

For some of the measurements conducted to characterize the tunable cavity additions

were necessary. These are then detailed in the respective measurement section.

3.2 4-bore tunable cavity

We work with a custom 4-bore tunable cavity built by Stable Laser Systems in
Boulder, Colorado [12]. It is visible in Figure 3.3. It consists of 4 separate tunable

mirror pairs coated for use with the wavelengths 397 nm, 423 nm, 854 nm and 866 nm

'In reality, the polarization will not be perfectly vertical/horizontal and some light will be transmit-
ted /reflected.

11
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with finesse specified to the range 100 — 200. The cavities each contain a 0.5 inch con-
cave/planar mirror with 50 cm ROC and a 1 inch planar/planar mirror. The former
is connected to the piezo actuator, the latter is stationary. The cavity is kept under
vacuum (=~ 10~7 mbar) by an ion pump.

The piezo actuators in the cavity are ring actuators fabricated by Noliac which are made
out of a ceramic material called NCE51F [13|. The actuators are voltage controlled
by a Thorlabs Piezo Controller. The free spectral range scanning voltage depends on
the bore but lies between 27 and 43 V/FSR. The Thorlabs Piezo Controller in turn is
voltage supplied by a custom voltage controller (‘Fastino’®) which we are able to con-
trol remotely. All voltage controlled operations on the cavity are set via the Fastino.
The Fastino can be set with a new desired voltage as well as a speed parameter (called
"Number of Steps’). A voltage difference of AVpqse. = 1V corresponds to AVpe =~ 7.5V,
the speed parameter is treated as a relative measure and has not been independently
characterized. For internal reference in the data section (Section 4) we will state these
parameters whenever they are known.

In this paper we will solely focus on bore no. 3.

Figure 3.3: Picture of the 4-bore tunable cavity fabricated by Stable Laser Systems. The
gray box attached to the main body of the cavity is the ion pump which keeps the cavity
interior under vacuum. Bore no. 3 is located on the lower left.

2The Fastino is a digital-to-analog converter (DAC) board which includes a card able to receive data
from a user-controlled computer. In this way, the Fastino allows for controlling voltages remotely. The
operating procedure of the Fastino is described in [14].

12
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4 Characterization and Interpretation

One of the goals of this project was to characterize the piezo actuators of bore 3 of

the 4-bore tunable cavity. The setup that we built and that is detailled in Section 3 is
used for stabilizing the 423 nm laser (denoted 423-1 internally). Note that the cavity
belonging to bore 3 is coated such that it is optimal for all the transition wavelengths,
not just for 423 nm, thus it could have equivalently been used for transitions at 397 nm,
855 nm or 866 nm.
In this section we describe the four different measurements we conducted to characterize
the piezo actuators of bore 3. In Section 4.1 we measure the tuning range parameter,
which is the parameter relating voltage differences applied to the cavity to changes in
resonance frequency. In Section 4.2 we observe the settling behaviour of the cavity piezos
after tuning. In Section 4.3 we characterize the hysteresis of the piezo actuators and in
Section 4.4 we measure the stability of the cavity over long periods of time and determine
the drift rates.

4.1 Tuning Range Calibration

An important quantity to know when operating the tunable cavity is the tuning range
parameter. In operation we would like to tune the cavity by a certain frequency A f such
that the laser locked to the cavity is stabilized to some fg + Af after the tuning. The
tuning range calibration tells us the relation between the voltage that we apply - or
rather the difference in voltages before and after tuning - and the change in resonance
frequency.

To characterize this quantity we fed the stabilized beam (the path labelled "to exper-
iment" in Figure 3.1) to a wavelength meter and collected a time series of the lasers
frequency. 2 We then increased the voltage from Vg stepwise by AV and measured the
response. Raw time series data is visible in Figure 4.1a. In Figure 4.1b we see that the
response to an increase in voltage is very well visible in the frequency data. Thus we
chose to not synchronize the wavelength meter and piezo voltage controller on a hard-
ware level but rather do the synchronization in post-processing. From the raw data in
Figure 4.1a we extract Af as the frequency difference between directly before and after
tuning. Combined with the voltage data this leads to Figure 4.2.

From Figure 4.2 we can extract the tuning range. We fitted a first order polynomial in
AV, the gradient corresponds to the tuning range parameter we are interested in. We
only considered data points with |f| < 400 MHz. After this threshold, a significant non-

linearity is visible in the data. This might be due to accumulating drifts in the piezos or

3In reality we placed an additional PBS in between the output of the EOM and the fiber collimator
and tuned the waveplates in the path such that only a small percentage of the total beam intensity
was fed to the wavelength meter. The rest was fiber coupled in a second collimator and fed to another
experiment. We did so for two reasons: to protect the wavelength meter and to maximize the power
going to the other experiment.

13
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higher-order effects becoming increasingly relevant at higher voltage differences.
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Figure 4.1: (a) Example raw data for the tuning range measurement. The cavity was
tuned from V) = 18.64 V to V,,q = 26.77 V with steps of AV =~ 0.75 V at a speed of
1200. (b) Example processed data from Figure 4.1a. The data in transparent blue is the
derivative of the data in blue, used to determine the position of the steps. The orange
and green circles were used as start and end frequency for every voltage step. We used
this instead of the absolute difference between frequency after every voltage step and
the initial frequency to account for drift in the piezos. (c) Example processed data from
Figure 4.1a, zoomed into the region around t=300 s. The tuning took around 200 ms
to complete, the frequency of the cavity then quickly settles to a stable value. We will
describe this phenomenon in more depth in Section 4.2.

We find a mean tuning range parameter of approximately 41.0 + 0.35 MHz/V for
tuning starting at 18.64 V and approximately 32.7 + 0.55 MHz/V for tuning starting
at 0.24 V. As visible the data for a common V{ agrees well, but there is a significant
difference in the tuning range parameter for different V. For Vj = 0.24 V the tuning
is significantly reduced compared to V = 18.64 V. This might indicate a non-linearity
in the piezos, meaning that they are more sensitive to voltage changes at higher overall
voltages. However we must note that Vg = 0.24 V is the lowest possible voltage that the

Thorlabs piezo controller can supply, thus this difference in tuning might also be due to

14



Setup and Characterization of a 4-bore tunable cavity

0 -
-250 1
~500
N
= -750
>
g ~1000+
8 4
£ —12504 + g=-40.55 MHz/V, V,=18.64 5 N
g=-41.38 MHz/V, V;,=18.64 >-,</ ) 3
_15004 + g=-41.12 MHz/V, V,=18.64 g
X g=-33.47 MHz/V, V(=0.24 K¢
~1750 1 9=-32.55 MHz/V, V(=0.24 %
9=-32.16 MHz/V, V(=0.24 X
0 5 10 15 20 25 30 35 40
AV [V]

Figure 4.2: Overview of the tuning range calibration measurement. The dashed lines
indicate a fit of a first order polynomial with gradient g. Cross (plus) corresponds to
data taken for a Vj of 0.24 V (18.64 V). Only data points for frequencies |f| < 400 MHz
were considered for the fit. The blue dot-dashed line denotes a frequency of 300 MHz,
which is usually the maximum value that we tune the cavity by in daily operation. The
average tuning range is approximately 41.0 + 0.35 MHz/V for tuning starting at 18.64
V and approximately 32.7 4+ 0.55 MHz/V for tuning starting at 0.24 V.

effects caused by the Thorlabs controller independent of the piezos.

In daily operation we mostly tune the cavity by 300 MHz (indicated by the dot-dashed
line in Figure 4.2) or less. Seeing that the linear fit agrees well with the data up to
ftn = 400 MHz, daily operation can be considered to be well-behaved.

4.2 Settling after Tuning

The goal of this particular measurement was to observe the reaction of the piezo ac-
tuators to a voltage applied to them. Specifically we aimed to observe drift in the piezo
actuators in the post-actuation regime. This allows us determine a parameter regime in
which stable operation is possible and tuning of the cavity results in minimum wait time.
The setup of the experiment is as described in Section 3 with the addition of a waveplate
followed by a polarizing beam splitter directly after the laser output. The light transmit-
ted through the beam splitter continues as in the setup sketch shown above. The path
not used for the PDH locking scheme is coupled into a fiber and fed into a wavelength
meter which collects a time series of the signals wavelength. The laser is locked to the
cavity and remains locked for the duration of the measurement. This allows us to dir-
ectly relate the laser frequency to the distance of the two mirrors in the cavity and thus

to the piezo actuators length change. At the beginning of the measurement the voltage
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applied to the cavity is V. We start the measurement and increase the voltage linearly
to a maximum of Vy + Vege.

Raw data is of the form as in Figure 4.3.

Raw data, 09.06.2022, 17.08

=100 1

=150 1

F [MHz]

=200 -

=250 1

Time [s]

Figure 4.3: Raw data for the settling after tuning measurement. The y-axis is the
frequency difference with respect to the frequency at the start of the measurement. The
region with high gradient corresponds to when the voltage was continuously increased.

The region with large slope corresponds to the time in which the voltage applied to
the piezo actuator was continuously increased. We focus on the subsequent region, here
starting at approximately ¢ = 7s, where the applied voltage is again constant. Cropped
data is visible in Figure 4.4a for three runs with differing V.,.. We discern three different
types of behaviour: for small V... the piezos quickly settle, for large V.. they keep
drifting for the duration of the measurement and for intermediate V... no clear trend is

visible.

From Figure 4.4b we can then deduce for what parameter regime tuning of the piezos
without continuing cavity drift is possible. We find that this is only the case for small
Vstart and Veze. From the tuning range calibration in Figure 4.2 we can extract that for
e.g. a displacement of 250 MHz with the cavity being under a low voltage we need to
apply a voltage difference of 7.5V, which is according to Figure 4.4 lies within the region
where we see significant drift. If we were to use the cavity to tune the laser frequency
we would thus need to add a wait time after the tuning to allow the frequency to settle
to a stable state.

Note that in the measurement we only operated in the low voltage regime V' € [0, 11]V
even though the piezo controller is capable of applying up to 70V. As visible in Figure 4.4
the drift increases for increasing starting voltages, we assumed this trend to continue for
voltages beyond V' = 11 V. This assumption in conjuction with time constraints motiv-

ated our decision not to explore the region of higher voltages. Whether this assumption
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indeed holds could be explored in further work.

Frequency drift vs time after tuning, V(,=1.29V Settling after Tuning: Settling Types
0.0 A (A A A X  Settling A
71 intermediate
-0.54 | A drifting
64
q§’§ A Al A A
_ T S5
N <
I ‘. A A A A A
= 15 D4
— [a]
[ o x A A
< -2.0 £ 34
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}2 PR X X X x
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Time [s] Vistart
(a) (b)

Figure 4.4: Settling dynamics after tuning: (a) Examples for the different behaviours
observed. The top curve was classified as settling, the middle curve as intermediate,
the lower curve as drifting. The x-axis denotes time (relative to the end of the voltage
tuning) in seconds, the y-axis denotes the frequency relative to the frequency recorded at
time ¢ = 0. (b) Overview over the settling behaviour. x-axis corresponds to the voltage
at which we start the tuning, y-axis the voltage amount we tune by. The speed of tuning
is the same for every data point (1500 no. of steps on Fastino plugin). We differentiate
three different behaviours: settling, intermediate and drifting.

4.3 Hysteresis

The goal of this measurement was to characterize the hysteresis of the piezo actuators
in the tunable cavity.
We used the same optical setup as in Section 4.2 with the addition of a Moku Pro *
virtual instrument set to function as a voltage meter. The Moku was connected to the
Thorlabs Voltage Controller via a t-connector, intended to measure the voltage control
signal from the Fastino plugin without impeding operation.

To explore hysteresis in the cavity piezos, we supplied them with a triangular voltage
signal, ramping up from a baseline voltage Vj to some V; and ramping down again. We
collected time-series data of the laser signal stabilized to the cavity at the wavelength
meter. We chose several starting voltages V, at every instance we ran this triangular
voltage signal with three different V7 and collected the results.

Raw data is visible in Figure 4.5. The wavelength meter did not accept a external clock
for clock synchronization thus we needed to synchronize the wavelength meter and Moku

data in post-processing °. We then combined this raw data to plot the frequency change

4A Moku Pro is a FPGA-based virtual instrument which is capable of imitating more than 10 other
instruments on one hardware platform. It can both imitate a single instrument or up to 4 instruments
in series at a time. Possible instruments include an arbitrary waveform generator, an oscilloscope and a
spectrum analyzer among others [15].

SWe calculated the average m® and standard deviation o(® of the first 200 data points collected
at the Moku. We then started iterating over all data points. At every point ¢ we considered the lower
average ml(l) (the average of the 10 data points preceding ¢) and the upper average mi (the average of
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0.09

Voltage [V]

EaSS e —250

0 250 500 750 1000 1250 1500 1750 2000 1] 1000 2000 3000 4000 5000
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(a) (b)

Figure 4.5: Example raw data corresponding to the measurement labelled 'Run 1’ in
Figure 4.6. (a) Example raw data of the voltage control signal as supplied by the
Moku Pro. The signal was measured with an input attenuation of 40dB. The Thorlabs
Piezo Controller was set to a speed of 1500. Note the orange cross marking the point of
synchronization with the wavelength meter data. (b) Example raw data of the frequency
signal as measured at the wavelength meter. Note the orange cross marking the point
of synchronization with the voltage data. The y-axis is the frequency difference with
respect to the start of the measurement.

with respect to the voltage signal and to achieve the familiar hystersis cycle picture. This

plot is visible in Figure 4.6.

We chose these three measurements specifically as an example as they describe the
behaviour apparent in the full data well. We can see a small hystersis in the voltage
vs frequency plots for all measurement runs. The extent of the hysteresis varies slightly
based on the voltage difference Vi — V{. It appears that for a triangular voltage signal the
hysteresis almost vanishes for the parameters chosen. Thus tuning of the cavity for less
than 250 MHz incurs almost no hysteresis. In real world applications a more significant

contraint may be the drift described in Section 4.2.

the 10 data points following ). If \mgi) —m <@ /2and |m{) —m@| > 2.6 then we considered
i to be the point for synchronization. We then repeated the procedure for the wavelength meter data.
This algorithm works well under the assumption that the initial data is approximately constant and that
the piezos react instantaneously to a change in voltage.
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Figure 4.6: Hysteresis cycle plot. For a given starting voltage V we chose three different
excursion voltages V7 and fed a triangular voltage signal with a maximum voltage of V
to the Thorlabs Piezo Controller controlling the cavity. Simultaneously we collected the
laser frequency stabilized to the cavity at the wavelength meter. Raw data used to create
this plot can be found in Figure 4.5.

4.4 Longterm Drift

We acknowledge data collection and large contributions to the construction of this
setup by Olivia Hefti 6.

The goal of this measurement was to observe the stability of the cavity over long
timespans and to characterize drift rates.
We used the same setup as in Section 4.2. The 423 laser was locked to the cavity at a
frequency of approximately f = 709.08416 THz, the path labelled to experiment’ was
fed to the wavelength meter. The wavelength meter was set to recalibrate itself to its
He-Ne reference every 10 minutes. We measured the wavelength every 10 s to both
reduce the amount of data and surpress high-frequency fluctuations. A measurement
rate of 0.1 Hz should allow us to identify fluctuations at frequencies up to 0.05 Hz. The
wavelength meter is also capable of recording the temperature and pressure of the room

at its location which we additionally collected. The resulting data is visible in Figure 4.7.

In the overview plot in Figure 4.7 we note a stronger drift from t =0 h to¢ =10 h
and subsequent better stabilization. The sign of the drift changes at around ¢ = 10 h
which correlates with a sign change in the temperature at the wavelength meter. The
remaining evolution of the drift can however not be satisfactorily explained by considering

the temperature and pressure at the wavelength meter only, as for example the evolutions

Solivia.heftiQcsem.ch
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Overview Raw Data, 423-1 Drift
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Figure 4.7: Overview of collected data points for the 423 nm drift measurement. Top
displayes the fluctations in laser frequency, middle temperature fluctuations, bottom the
pressure fluctuations. Note the sign change in drift direction at around 10h.

of drift and temperature do not correlate well. From this we conclude that the grand
evolution of the drift is not due to some time-dependent changes in the measurement
apparatus. Instead we now want to consider the temperature around the cavity, which
is best described by the lab temperature as recorded by the lab monitoring system. This

data is visible in Figure 4.8.

We see that over the full measurement duration of 25 h, the temperature variation
is at maximum 0.6 C. The temperature is fairly stable up to ¢ = 5 h, drops to its min-
imum at ¢ &~ 6.5 h and rises slowly for the remainder of the measurement, levelling off
at t ~ 10 h. This behaviour correlates with the average evolution of the drift as the
average frequency as well is fairly stable for the first 5 h, rises between ¢t = 5 h and
t = 10 h and after a sharp decline at t = 10 h settles to a slower rise for the duration of
the measurement.

To conserve readability of the plot we chose to display the time series data with a con-
tinuous line. Note however that the data consists of many rapid ’jumps’ as is visualized in
Figure 4.9 where we zoom in on a time window spanning 2.5 h centered around ¢ ~ 15.5
h. Thus we find that the drift can be separated as such: slow drift on a timescale much

larger than our temporal resolution, which is well correlated with temperature, and fast
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Overview Raw Data, 423-1 Drift
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Figure 4.8: Overview of collected data points for the 423 nm drift measurement, now
compared to the lab temperature (instead of the wavelength meter temperature as in
Figure 4.7) and humidity.

jumps on a timescale smaller than our temporal resolution.

The jumps in frequency occur with a period of approximately 615 s (10 minutes and 15
s). Considering both the fact that the wavelength meter recalibrates itself to its He-Ne
reference every 10 minutes and its precision of 400 kHz, the jumps may be caused by
this recalibration. The jumps might also be due to suboptimal performance of the lock,
in that case they could be reduced by optimising the locking parameters.

Directly fitting a linear regression to the drift time series we find the drift rates. We
distinguish the average and the worst case, the latter being the drift rate between t = 0
h and t = 10 h. The fits are visible in Figure 4.10, we find a worst case drift rate of
Iwe ~ 400 kHz/h and a average drift rate of 'y, &~ 140 kHz/h.
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Figure 4.9: 423 nm Drift Measurement, zoomed in on a window spanning 2.5 h centered
around t &~ 15.5 h. Data is marked by blue dots and interpolated with a dashed line.
The areas where the dashed line is clearly visible are where we find large rapid jumps
in frequency (meaning occuring on a timescale smaller than our temporal resolution of
At~ Ts.)

hm

% : I ]‘jﬂ“”i mm“ I l

o_ r"H

—2 m— Af = 0.4t + -1.23
= Af = 0.14t + -0.29
0 5 10 15 20 25
Time [h]

Figure 4.10: Longterm drift measurement from which we extract the drift rates. Meas-
urement data is depicted in blue, worst case drift rate in orange and average drift rate
in green. We find a worst case drift rate of I',,. ~ 400 kHz/h and a average drift rate of
gy =~ 140 kHz/h.
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5 Summary and Outlook

In this paper we described the setup and characterization of a tunable cavity. We
gave a brief introduction to cavity theory and Pound-Drever-Hall locking and described
the setup necessary to implement the PDH locking scheme. We characterized one of
the 4 bores of our 4-bore tunable cavity and analyzed the response of the built-in piezo
actuators. Specifically we conducted four measurements: a tuning range calibration to
relate voltage differences to frequency differences, a settling measurement to determine
the amount of drift in the piezos after actuation, a hysteresis cycle measurement and a
longterm drift measurement. We found that the tuning range calibration parameter de-
pends on the starting voltage but lies between 33 and 40 MHz/V. The drift after tuning
divides into three categories for different excursion voltages: for low start and excursion
voltages the piezos quickly settle to a steady state, for large start and excursion voltages
they keep drifting indefinitely and for intermediate parameters the trend lies between the
two described before. The hysteresis measurement showed that there is a small hysteresis
present in the piezos that depends weakly on the voltage difference. The longterm drift
measurement led us to the conclusion that the drift is a superposition of two distinct
phenomena: jumps on a timescale smaller than our temporal resolution and slow drift
on a larger timescale. We determined the drift rates to be 140 kHz/h in the average case

and up to 400 kHz/h in the worst case scenario.

In future work, we could investigate the source of the rapid jumps visible in the
longterm drift data such that their impact on the drift rate could be mitigated. Redu-
cing or eliminating them could lead to a significant improvement in the drift rate. One
way of achieving this goal would be to repeat the measurement with a different instru-
ment measuring the wavelength, such as a frequency counter attached to a photodiode.
Additionally we could repeat the settling measurement for higher starting voltages to
determine whether there are other parameter sets that allow for quick operation without

large drifts after tuning.
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