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Chapter 1

Introduction

1.1 Precision spectroscopy

1.1.1 Introduction

Frequency, and therefore by definition also time, is the physical quantity which
can be measured to the highest precision. The measurement of frequency is based
on the counting of cycles, which can vary from the rotation of the earth, to the
motion of a pendulum or the oscillation of a quartz crystal. Higher frequencies
are in principle more suitable as a time standard. Precision spectroscopy relies
on the counting of frequencies, in order to measure the energy level structure
of an atom, ion or molecule. The record in accuracy for such a measurement is
held by the time and frequency division at the National Institute of Standards
and Technology in Boulder (USA), where an impressive inaccuracy of 9 parts in
10'8 was obtained in a comparision of the 'Sy—>Py transition in two 27Al*-
clocks [1]. These high precision measurements were made possible by three major
developments in atomic physics in the past century, which were all awarded a
Nobel prize.

The first of these ingredients is the invention of the Paul trap [2]. W. Paul
was awarded the Nobel prize in 1989 for ‘contributions of importance for the
development of atomic precision spectroscopy’. His Paul trap confines charged
particles in three dimensions by using a combination of static and electric fields
(see Chapter 2). In such an ion trap particles can be confined for almost infinitely
long times. Eventually, ions will get lost due to collisions with the background
gas, although this process can take months under high vacuum conditions. A
long trapping time allows for long interaction times and can as such improve the
obtainable accuracy.
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The second important step forward was the development of the technique of
laser cooling of atoms (Chapter 2). The Nobel prize in 1997 was granted for the
realization of cooling and trapping of atoms to S. Chu, C. Cohen-Tannoudji and
W.D. Phillips. This cooling method uses a red-detuned laser to extract energy from
the atom. Temperatures in the order of a millikelvin are routinely realized using
this technique, and thus the Doppler line-broadening can be strongly reduced.
By cooling the particles, the lineshape of an atomic transition can be narrowed
down to the natural linewidth, which makes a more precise determination of the
line center possible. From the first suggestions and realization of laser cooling, the
implications for improvement of accuracy were already recognized [3-5]. Since
these first laser-cooling experiments, the accuracy of spectroscopy on cold particles
has developed at great speed, improving the record accuracy by many orders of
magnitude over the years.

The third important invention is the frequency comb laser [6—8] (Chapter 3),
for which the Nobel prize was awarded in part in 2005 to J.L. Hall and T.W.
Hinsch. As mentioned before, precision spectroscopy is performed by counting
frequencies. Optical frequencies are too high to be counted directly by electronic
means. Before the development of the frequency comb, complicated frequency
chains were necessary for absolute optical frequency measurements, in order to
phase-coherently link visible wavelengths to the caesium standard by upconver-
sion and many transfer lasers [9, 10]. These frequency chains had the additional
drawback that they were designed to measure only a single frequency. The com-
plexity of optical frequency measurements was strongly reduced with the develop-
ment of the optical frequency comb laser. The spectrum of this device consists of
a large number of phase-locked modes. The position of the modes is determined
by two RF frequencies (the laser repetition frequency and the carrier-envelope off-
set frequency), both of which can be accurately measured. In this way the comb
frequencies can be directly linked to the caesium or another frequency standard,
greatly simplifying absolute frequency calibration of THz to PHz frequencies. In
addition, a broadband spectrum is available directly from the comb, making the
laser suitable to calibrate transitions over a wide range of wavelengths using a single
frequency comb.

These three milestones in physics from the past decades have improved the
attainable precision in (ion) spectroscopy enormously. Not only did they improve
the ultimate precision that can be obtained in such measurements, they also made
high accuracy frequency calibration more widely available. Many laboraties now
have constructed Paul traps with laser-cooled ions and/or frequency combs for
various applications, which will be discussed in the following section.
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1.2 Applications of precision spectroscopy

The combination of cold, trapped ions and the highly stable lasers that are now
available finds applications in three main research areas in atomic physics. Firstly,
high accuracy frequency calibrations as described in 1.1.1 enable more accurate
clocks and possibly a new frequency standard. Secondly, the ability to very pre-
cisely calibrate atomic transition frequencies can be used to test fundamental theo-
ries. Examples of such research include testing the validity of quantum electrody-
namics [10-12], measuring atomic parity violation [13] and probing the stability
of the fine-structure constant [14, 15]. A third application is found in the field of
quantum computing, where the combination of a high degree of control over the
trapped ions and laser frequencies allows for precise manipulation of atomic states

[16, 17].

1.2.1 Ion clocks

A particular atomic transition needs to meet certain requirements to be useful as
a frequency standard. To minimize fluctuations of the output signal, the natu-
ral linewidth of the resonance needs to be small, the interaction time and/or ion
number should be sufficiently high to provide a good signal-to-noise ratio and a
narrow band laser source needs to be available to probe the resonance with high
resolution. In addition, systematic shifts of the output frequencies need to be
well under control, requiring a transition that is insensitive to electric and mag-
netic fields and that can be measured in cold atoms to minimize Doppler shifts.
For the development of a new frequency standard, systems based on trapped and
laser-cooled atoms or ions can meet these requirements. These are promising can-
didates due to their high stability and accuracy compared to the current caesium
standard.

For neutral atoms, clocks can be built which use a so-called optical lattice to
confine the particles. This method has the advantage that large numbers (=~ 106)
of atoms can be used, resulting in a short term stability that is superior over trapped
ion clocks which usually consist of only one ion. However, the uncertainty that
is currently realized with optical lattice clocks of 1.5 x 1016 [18] is much lower
than the fractional frequency inaccuracy of 9 x 10~ which has been obtained for
ion clocks [1]. The main advantage of an ion clock leading to this high accuracy
is the possibility to trap the ion for very long times (we have observed lifetimes of
over a working day), allowing for very long interrogation times and a good control
over systematic effects.
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Clocks based on an aluminium ion are very promising candidates for a new
time standard. The aluminium ion has a very low black-body radiation shift, re-
ducing possible systematic errors [19]. However, research on other possible ions
such as Hg+ (14, 20], Yb™ [21, 22], InT [23], St [24, 25] and Ca™ [26, 27] is
also ongoing, and the most suitable candidate for a new standard still needs to be
determined.

1.2.2 Variation of the fine-structure constant

Trapped and laser-cooled ions provide a good testing ground for fundamental the-
ories, since their reduced Doppler width and long interrogation times allow for
very high precision measurements. One of these tests involves the measurement of
the stability of the fine-structure constant &« = €2 /4reghic, where e is the electron
charge, €q the electric permitivitty in vacuum, 7 is Plack’s constant divided by 27,
and c is the speed of light. The value of o &~ 1/137 is not determined within the
Standard Model, and there are theories which allow for a variation of this con-
stant (see [28, 29] and references therein). A possible drift in @ can be detected by
comparing measurements of atomic transition frequencies over time. The com-
bination of several highly accurate laboratory measurements of such frequencies
now yield the result on the variation of o of Aav/av = (—1.6 £2.3) x 10717 per
year in the current epoch, based on the frequency ratio measurement of an Al™
and Hg™ ion clock [14].

A different approach to measure a drift of a is to compare laboratory spec-
troscopy data to astronomical observations of strong transitions, which would al-
low for the detection of Aa/cv over billions of years (the time it takes for the
light from dust clouds at high redshift to reach the earth). Such a variation in
the fine-structure constant could in principle be obtained by comparing very ac-
curate astronomical spectroscopy data for a single absorption line with laboratory
spectroscopy data, where a difference in the line position between these measure-
ments would mean a change in a. However, there are many possible systematic
effects which can cause such a shift. By using many different absorption lines in
different atomic and jonic species, all with a different sensitivity to a change in
the fine-structure constant [30], systematic effects can be ruled out, and even a
small change in & may be detected. This method is known as the Many Multiplet
method [31].An example of some ionic and atomic transitions that are of interest
for such an analysis are given in [32], together with the induced shift of a spectral
line as a function of the variation of « (the sensitivity coefficient for Aa/ ). The
Many Multiplet method has been applied on many different quasar absorption
spectra by several groups, but the results on A/« that are presented in the litera-
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ture are not consistent [33]. However, the comparison with the largest sample size
(143 quasar absorption systems) and widest range of redshifts (0.2 < z4ps < 4.2)*
that has been reported so far yields a result of Ao/ = (—0.57 4 0.11) x 10~°
[34]. For several spectroscopic lines that are relevant for the Many Multiplet
method, the absolute wavelength accuracy does not match the level of 10~7, which
is feasible in astrophyiscal observations, so renewed laboratory precision measure-
ments on dipole-allowed transitions may help to improve on the current results.

1.2.3 Quantum computing

A third application of ion trapping is found in the field of quantum computing.
While in a classical computer a bit can have only two states, |0) or |1), the bits in
the quantum computer can be in a superposition of states of the form «r|0) 4 3|1).
Due to this quantum nature of the bits, the system can be initialized into a su-
perposition of the possible inputs, and the operations can then be processed on
these inputs in parallel. However, by reading out the information, the state will be
projected onto either state |0) or state |1). To make use of the parallel processing,
an algorithm needs to be designed in order to extract the desired information.
Certain mathematical problems are more easily solved in this way than using a
classical computer. A selection and explanation of algorithms for quantum com-
puters can for example be found in [35] or [36], including Shor’s algorithm for
factoring large numbers and Grover’s algorithm for searching a database.

In an ion trap-based ‘quantum computer’ the bits are formed by the internal
quantum states of the ion, being the ground state and a metastable excited state
which lives long enough to process the calculation. These states can be manipu-
lated using well-controlled laser pulses, and the detection of fluorescence from a
shorter-lived state can be used to read out the bit. The individual bits can be cou-
pled through excitation of collective motion of the ions. The use of cold trapped
ions for calculating quantum algorithms was first suggested by Cirac and Zoller
[37], and the first bit flip on a single ion was shown shortly after ac NIST on
trapped “Be™ [38]. Since this first experiment in the research of ion-based quan-
tum computers, the field has widely expanded. An overview of the development
in trapped ion quantum bits until 2009 can be found in [16] and [17]. Recently
it was shown that the addition of a frequency comb to such a setup can be very
useful, due to the available phase control between pulses and comb modes [39].

*In cosmology, the lookback time is usually expressed in the redshift z of the spectral lines,
which is an observable. The time corresponding to this redshift is dependent on the expansion
model for the universe, and is on the order of 10 x 10° year for the mentioned redshifts.
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1.2.4 The calcium ion

Calcium is a versatile ion for all the above mentioned applications, and it is par-
ticularly popular in the field of quantum computing. The calcium ion has only
one valence electron, yielding a relatively simple energy level structure which can
be used for laser cooling. The transition frequencies that are relevant for this thesis
are given in Table 1.1. In addition, the wavelengths needed for laser cooling are
well accessible using diode- or (frequency doubled) Ti:Sa lasers. These properties,
in combination with the presence of long-lived D-states, make the calcium ion a
good candidate for both quantum computing [40] and for building an ion clock

based on #3Cat [41].

Calcium ions have a low sensitivity to the applied electric fields, due to the
open level structure of the ion (so that states are not easily mixed by external
fields). In addition, the #*Ca™ isotope, with a nuclear spin of 7/2, provides a
state without first order Zeeman shift. However, the natural abundance of 3Ca*
is only 0.135(10)% (table 2.1). The precision measurements of the 4s 251/2 —
3d?Dg5 clock transition in trapped calcium ions have so far only been per-
formed on the most abundant isotope 40Cat [26], [27], [42]. The most accu-
rate transition frequency measurement up to date has yielded a result of fiyans =

411042129776 393.2(1.0) Hz [27].

For the application of measuring a possible variation of the fine-structure con-
stant on a cosmological timescale, the calcium ion is also of interest. In order to
measure such a variation, not only calcium but many different atomic and ionic
transitions are compared using the Many-Multiplet method [30, 31]. Among
these transitions are the 4s 251/2 —4p 2P1/2 and 4s 251/2 —4dp 2P3/2 transitions
in the calcium ion. Due to the relatively long wavelength of 400 nm, these ab-
sorption lines are shifted out of the detection region of the major telescopes and
attached spectrometers (VLT-UVES and Keck-HIRES) for a redshift of approxi-

mately 2z > 2 and can thus only be used for a comparison at relatively low redshifts.

For the application in quantum computation also first the 43Ca™ isotope was
suggested [40], while the more abundant °Ca* ion became the most widely used
isotope. Calcium is suitable for quantum computing due to the readily available
cooling lasers, and the presence of Hz-level linewidth electric quadrupole transi-
tions that allows for resolved sideband cooling to the vibrational ground state and
low decoherence. The implementation of a quantum algorithm using calcium ions
was first demonstrated in Innsbruck [43]. By the inclusion of Zeeman states on
the 4OCa-isotope [44], entanglement up to 20's was observed. Since the first use
of calcium for a quantum algorithm both the number of entangled ions (creating
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Transition v (MHz) Av (MHz) | ref.
45%S1 /9 —4p?Pyjp  * 755222 766.2 (1.7) 22 [47]
45219 —4p?Pgjp  * 761905 012.7 (0.5) 23 (48]

Transition v (Hz) Av (Hz) ref.
457S1/9 —3d*Dysp T | 411042129776393 (1) 0.14 [27]

3d?Dg5 — 3d*Ds o 1819599021 504 (37) 0.4 [49]

Table 1.1: The transition frequencies (1) between the levels in “°Ca* that are considered
in this thesis and their measurement uncertainty (between brackets). For comparison the
natural linewidth (Av) is also included. * Measured in this work, T Measured in this work
to an accuracy of 0.3 MHz, the highest available accuracy result is given.

up to 8 entangled ions[45]) and the fidelity (reaching 99.99% fidelity for a single
qubit [46]) have increased.

1.3 Owutline

In this thesis the research we have performed on different forms of precision spec-
troscopy of trapped calcium jons is described. For the experiments two ion traps
have been constructed, which are characterized in Chapter 2. In addition, two
frequency combs were built to perform high-precision calibrations of atomic tran-
sition frequencies. The principle and properties of these Ti:Sa frequency combs
are described in Chapter 3. Frequency combs can be used by either referencing
an additional laser to a comb mode, or by employing the comb modes themselves
for excitation of a transition. These techniques are outlined in Chapter 4. We
have performed several spectroscopy experiments, which show the versatility of
frequency comb spectroscopy. In the first experiment which is described in this
thesis, a diode laser is used for excitation of the 4s52S; /2 — 4p 2P,y /2-transition
in the calcium ion. The frequency of this diode laser is calibrated against the fre-
quency comb (Chapter 5). In Chapter 6 the technique of direct frequency comb
spectroscopy (DFCS) on trapped ions is demonstrated using the dipole-allowed
4s 251/2 —4p 2P3/2-transition in 4°Ca™. We also showed that DFCS can be em-
ployed for the detection and calibration of very weak transitions, by exciting and
measuring the dipole-forbidden 45 2S; /2 — 3d ’D; /2-transition in calcium, as is
shown in Chapter 7.






Chapter 2

Ion traps

2.1 'The Paul trap

2.1.1 The first Paul trap

In a Paul trap a combination of oscillating and constant electric fields is used to
confine ions in three dimensions. With the oscillating voltage, a “pseudopotential”
is formed with a minimum in the trap center. The first radio frequency or Paul trap
was built in 1954 [2] using a three-dimensional, hyperbolic electrode configura-
tion (Fig. 2.1). In this trap molecular ions (such as H,OT, N;‘ and propane), but
also xenon and krypton ions were confined [50]. Due to its geometry, such trap
only has a zero field in the exact center, making it very suitable for the trapping of
single ions and the development of ion clocks. However, there are also occasions
where the trapping of larger numbers of ions is preferred. When more ions are
stored in such a Paul trap, they repel each other through the Coulomb force. The
ions will thus be forced outward in the dynamic potential, where the field changes
are much higher and the ions will be heated through their interactions in the RF
field.

A development simultaneous to the Paul trap, originating from the same group,
was the invention of the so-called mass filter or mass spectrometer [51]. This de-
vice consists of four elongated hyperbolic electrodes, where an RF potential is
applied to two diagonally facing rods, while the other two carry an RF potential
equal in magnitude 180° out of phase. The generated field provides a guide for
ions with a specific m/q ratio (where m is the mass of the ion and ¢ its charge),
and can filter out others. Despite the presence of both the ion trap and the mass
spectrometer, it took until 1989 to combine the two into a linear Paul trap [52].
This ion cage consists of four linear electrodes confining the ions radially, and
two endcap electrodes that constrain the particles in the axial direction, where the
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Figure 2.1: Hyperbolic trap configuration, as used in the first radiofrequency (RF) trap
constructed by Paul and coworkers [2]. On the ring electrode A an RF potential is applied,
while the end-cap electrodes B carry a constant (direct current or DC) potential.

axial confinement can be much weaker than the radial confinement. For conve-
nience of construction instead of hyperbolic electrodes (that provide a perfectly
harmonic potential) usually cylindrical electrodes are used. One of our linear Paul
traps, which will be further described in section 2.3.1, is depicted in Fig. 2.2.

2.1.2 The potential in an infinite linear Paul trap

The trapping potential ¢ can in general be obtained from solving the Laplace
equation while including the boundary conditions for the electrode configuration:

V2 =0 2.1)

The radial electric field in a linear Paul trap can be approximated by calculating
the properties of a configuration consisting of four infinite cylindrical rods, which
means there is no electric field component along the axial direction. By using sep-
aration of variables in cylindrical coordinates, a general solution of this equation
can be found of the form:

¢(r,0) = (A cos kO + B sin k6) x (C r* + D r=F) 2.2)

where A, B, C and D and k are all constants to be determined by the boundary
conditions, and the coordinate § and r are defined in Fig. 2.3. The trap is sym-
metric in ¢, imposing the value B = 0. In addition, the field will have a finite
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(a) Side view (b) Axial view

Figure 2.2: Electrode configuration for our first linear trap. The trap consists of four
linear electrodes (labeled 1-4) for radial confinement: A Radio Frequency voltage is put
on two diagonally facing rods (1,4), while the other two rods are grounded (2,3). A DC
voltage is applied to the ring electrodes for axial confinement.

value in the center of the trap at 7 = 0, so also the constant D = 0. The sym-
metry of the trap requires an extreme at § = =7 /2, opposite in sign to the value
at @ = nm, which leads to k = 2(2n + 1) = 2,6, 10, ....The general expression
for the potential is found by adding all possible singular solutions, leading to the
total solution:

$(r,0) = Cr®mY) cos 2(2n + 1)0 (2.3)

n

In the center of the trap, to first order (for n = 0), the sum in equation (2.3) can
be written in rectangular coordinates with the substitutions r? =22+ y2, 0 =
tan—! % and using the exponential expressions for the trigonometric functions,

which results in a hyperbolic potential:
d(z,y) = Co (° —y*) + G, (2.4)

Since the potential is only defined up to a certain reference point, the constant C),
can be added here to satisfy the boundary conditions. In this first order approx-
imation the potential is equal to that formed by four hyperbolic surfaces, with a
voltage Vp applied at the electrodes at 2% = y? £ r¢ and V = O aty? = 22 £ 13,
where 7 is the distance between the center and the electrode surface. It has been
shown numerically that a trap with cylindrical electrodes has the best suppres-
sion of the first higher order (non-quadrupole) mode when the ratio between the
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Figure 2.3: Definition of the cylindrical and cartesian coordinates for the description of
the trapping potential. The electrodes are depicted as circles.

electrode radius R and 7 is set to R/ro = 1.146 [53]. The boundary condi-

tions impose a value of Cp = QVTOQ and C), = %, which gives a potential for ion
trapping: ’
2 2
-y W
y) =W + 2.5

The applied voltage Vj is split up in a part oscillating at angular frequency €2
and amplitude V and a DC offset U: Vy = U — V' cos(§2t). From this potential
the equations of motion in this quadrupole field are deduced (where € is the charge
and m the mass of the particle):

Z+ %(U —V cos(Qt))x =0

mry

jj— ——(U =V cos(Qt))y =0

mry

(2.6)

These equations are known as the Mathieu equations. The stability parameters
a and ¢ are conventionally used to characterize the trapping conditions:

. 4eU ) B 2eV 2.7)
N mr(Q)Q27 1= mr%QQ ’
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On substituting {2t = 27 this results in the custom form of the Mathieu equations:

d?
Ti + (a —2q cos27)x =0
dg (2.8)
dT'g —(a—2q cos27)y =0
Floquet’s theorem gives the solution to a differential equation of the form
2
273 +Q(7) x x = 0, with Q(7) a real function with period L. According to this

theorem the function © can be written as:
u = e X p1(T) + 7T X po(T) (2.9)

In this function p; (7) and pa(7) are periodic functions of 7 with the same period
L, and 4 is a complex number. The periodic functions can be expressed in Fourier
series, which leads to the equation:

n=-4oo n=-+oo
u(T) — b7 Z An€2zn7rT/L + e T Z Bn621n7rT/L (2.10)
n=-—oo n=-—o00

In the case where Q(7) is a symmetric function, there is a relation between the
coeflicients equal to B_,, = D x A,,, with D a constant (this can be verified by
filling in equation (2.10) in the differential equation). In combination with the
period L = 7 of the cos 27 term, the general solution to the Mathieu equation
can be written as (u = x, y):

n=-4oo n=-+oo
u(T) = ae™™” Z Cre*™ 4 BetHT Z C,e 2T (2.11)
n=-—00 n=-—o00

Where «, 8 and C', are constants.

This equation can have stable (‘trapped’) and unstable solutions for both the
x- and y-direction, and has to be stable both dimensions in order to trap the ions.
In order to keep a finite amplitude for ¢ — o0, it is necessary that 4 is a real
number, but not integer [54]. The values for a and ¢ where this is the case are
usually expressed in a stability diagram. For this case of an infinite linear Paul trap
it is depicted in Fig. 2.4. In order to trap ions, the parameters a and ¢ must be
chosen such to stay in the region of this diagram where both the motion in - and
y-direction is stable.

To confine the ions in all three dimensions, an additional trapping field along
the z-direction is necessary. This field is created by two electrodes carrying a DC
field on the far ends of the z-axis. The trapping potential is usually designed to be
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Figure 2.4: Schematic stability diagram for a linear ion trap in 2 dimensions. The ions
are only trapped if the motion is stable in both the x- and y-direction.

approximately harmonic in the center, with a corresponding harmonic trapping
frequency w,. Several geometries can be chosen for these so-called endcaps, and
configurations including the use of rings, pins, and cylinders as these electrodes
have been demonstrated.

2.1.3 The pseudopotential, secular- and micromotion

The equation of motion of a trapped particle can be solved approximately for
a,q < 1. The forces in equation 2.8 are a combination of a static and an os-
cillating term. To solve the equation, the motion is divided into a fast oscillating
trajectory &, which is due to the cosine term in the differential equation, and a
slower motion X, so x = X + . It is assumed that the amplitude of £ is small
compared to X . The Mathieu equation (2.8) can be written as:

.. a? 02

X+&= (—T—i—chos(Qt))(X—l-f) (2.12)
The assumptions mentioned above imply X < &, and X > ¢. In addition, on
short timescales the motion is determined by the oscillating term:

.. 2
E~ % cos(Q2t) X (2.13)

The function X is assumed to be static compared to &, so the above equation has
the solution:

&= —7(] cos(Qt) X (2.14)
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This part of the ion motion is known as micromotion, which is driven by the
oscillating electric field. It can be put into equation 2.12 in order to solve for X,
which leads to the following differential equation:

—af)?
4

X =

2
(X +¢6) - <qQQ> cos?(Qt) X (2.15)

Because X is slow compared to &, the time average over one oscillation of £ will
give < X >¢~ X. The calculation of this average for the total equation has the
(approximated) result:

. a? 1/ q0)\?
X=—F"X--|—| X 2.1
x-3(%) 219
This is an equation of the form of a harmonic motion & = —w?, .z, with:
aQ? 1 /(q¢Q\> Q 1
Wsee = T + 5 <q2) = 5 a+ 5‘]2 (2.17)

The motion at this frequency is called secular or macromotion. The total trajectory
of the ion is thus:

x =X+ &= Xocos(wsect)(1 — %cos(Qt)) (2.18)

The secular motion can be cooled [55], so the cooling conditions will eventually
determine the amplitude X for this motion. An example of the ion position over
time is shown in Fig. 2.5 for the parameters of trap B (see section 2.3.2, ¢ = 0.2
and 2 = 27 x 2.6 MHz).

The macromotion is the part of the motion that would occur in a harmonic

1 2 .2

potential ¥ of the form e¥ = gmw;,..x°. This average potential provides a

sec
three-dimensional harmonic well for trapping of the particles, and is usually called
the pseudopotential. Ideally, ions can be trapped in this potential until the limit
where they reach the surface of the electrodes, which is at a distance 79 from
the trap center. The corresponding trap depth in the pseudopotential is thus
D = imwgeCTg. For a potential with only an RF-component (@ = 0), this

leads to the expression D = For example, in the first constructed linear

eV?
4m7‘892 :
Paul trap described in section 2.3.1 this depth is D = 0.3 ¢V corresponding to a
temperature of 3.5 x 103 K.
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position (normalized)

t (us)

Figure 2.5: The ion motion in the trap, including both the macro- or secular motion
(with the longer period) and the faster micromotion. The depicted trace is calculated for
the parameters ¢ = 0.2 and @ = 27 x 2.6 MHz.

2.2 Cold trapped ions

2.2.1 Laser cooling

The technique of laser cooling was first introduced by Hansch and Schawlow [3]
and Wineland an Dehmelt [4]. The theory describing laser cooling depends on
the frequency of the oscillation of the trapped ion w;ey, compared to the natural
linewidth «y of the the transition used for cooling. The case for which v >> w;op
is called the heavy particle or weak binding limit (the situation in the experiments
described in this thesis), while the other (v << wjop) is called the sideband-
cooling or strong-binding limit [56]. In the case of the weak binding limit, the
atom experiences many scattering events within one cycle, leading to a cooling
mechanism as it is usually described for neutral atoms (as can for example be found
in [57]): A laser which is slightly detuned below the frequency of a dipole-allowed
transition is used for cooling of the particles. When the ion is moving towards
this laser beam, the frequency of the light is shifted into resonance by the Doppler
effect and there is a high scattering probability. When it moves away, the light is
shifted away from resonance and this probability is reduced. When a photon is
absorbed, the particle gets a ‘momentum kick’ from the light. Because the total
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Figure 2.6: Schematic picture of the principle of laser cooling: a) An ion moving towards
a red-detuned laser beam absorbs a photon. b) After the photon absorption the ion has a
lower velocity in the x-direction due to momentum conservation. ¢) On emission of the
photon, again momentum is transferred to the ion. A few options for single events are
given in c.1), c.2) and c.3), where the final velocity v depends on the direction of the
emitted photon in both direction and magnitude. Since the direction of this emission has
a symmetric distribution, the average momentum transfer over many events is zero.

momentum is conserved, an ion moving towards the red-detuned beam will slow
down. This momentum is transferred to a photon again when the particle decays
back to the ground state (Fig. 2.6). However, the direction of the emission has
a symmetric probability distribution. On averaging over many scattering events,
there will thus be no net momentum transfer due to this emission. The net effect
of the total scattering action is that the ion oscillation motion is damped, and thus
the ion is cooled. Ultimately, this cooling process is limited by the linewidth of
the transition and recoil energy

In order to further cool ions to their ground state of motion, resolved sideband
cooling can be applied. This technique relies on the quantization of ion motion
into quantized discrete energy levels, which can be resolved if the upper state life-
time is smaller then the trap oscillation frequency, so ¥ < wyyqp. In this situation,
the cooling laser can be tuned to a sideband of lower energy in order to extract
energy from the system (Fig. 2.7). In this so-called Lamb-Dicke regime, the atom
will usually decay without a change in vibrational quantum number [58], leading
to an energy loss of fiwyyqp. In this way, ions can be laser cooled almost entirely to
the ground state of motion (ground state occupation of > 99% has been achieved
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Figure 2.7: Resolved sideband cooling: Under the condition wyrqp, > 7, a sideband
spectrum can be resolved, consisting of a central peak at the transition frequency (between
states of equal n) and neighboring modes at an integer times the trap frequency. By setting
the cooling laser to a lower sideband, the transition between states n+1 and n are driven (for
arbitrary n). In the Lamb-Dicke regime, will usually be between states of equal vibrational
quantum number [58], leading to a net energy loss of wy,qy per excitation.

[43]). More detailed information on resolved sideband cooling can be found in
(58] or [59].

For the experiments described in this thesis, only Doppler cooling was applied.
The effect of Doppler cooling can be derived quantitatively (following reference
[60]) from the conservation of momentum p’in a scattering event, for a particle
with mass m, initial velocity @;, and final velocity ¥y on absorbition of a photon

with wavenumber k5, followed by emission of a photon with wavenumber ke,

AP = mb; — mi; = hkaps — hkem (2.19)
Erin = imvf — imvi (2.20)

Putting the ’17]% derived from equation 2.19 in equation 2.20 gives an expression
for the change in kinetic energy A E};), resulting in:
n? - - 9 - - .
AEkm = %(kabs - kem) + h(kabs - kem) % (221)
The change in kinetic energy due to motion in a single cartesian direction
j=x,y,z will be:

1 1
AEyin; = §mv,20,j - §mvgj (2.22)
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All experiments described in this thesis apply laser cooling along a single axis,
which is defined to be the z-axis corresponding to the coordinate system used in
the description of the linear Paul trap. In this direction the momentum change
due to absorption followed by re-emission is:

Apz = hkabs - hkem,z (223)

So the kinetic energy change due to motion in the z-direction (where 2z can be
replaced by @ or y to express the kinetic energy due to motion in the other direc-
tions) will be given by:

n? 2
%(kabs,z - kem,z) + h(ka,bs,z - kem,z) X Uy (2.24)
So for calculation of the cooling power of a laser beam along the z-axis, the di-

AEkin,z =

rection of emission relative to the absorption (or in other words, the direction of
recoil relative to the cooling laser axis) needs to be taken into account. The direc-
tion of the emitted photons will have an angular distribution P.,, (), where the
angle 6 is the angle between the polarization of the absorbed photon and the emis-
sion direction. The total probability of emission equals unity, since all absorbed
photons will eventually be emitted again: [ P, (0)d2 = 1. The emission of
photons in opposite directions is equally probable, therefore P, is symmetric in
Eem. As a result the contribution of terms linear in Eem average out to zero. For
a dipole allowed Am = 0 transition as used for laser cooling of calcium ions, the
normalized emission probability is given by P(6) = & sin? 6.

The laser detuning (which is of the order of MHz) is orders of magnitude
smaller than the (optical) transition frequency, so the k-vectors of the absorbed
and emitted light are approximately equal in magnitude: kqps ~ ke, = k. Com-
bining these k-vector properties with the angular distribution of the emitted pho-
tons, the average change in energy along the z-direction per photon is given by:

< AEkin,z > = /Pem(e)AEz dQ (225)

—/3 i ZQX{@Q— inf cos )2 + hkv,}dQ (2.26)
= 87T sSin 2m SIn U cos Vy .

h2k2 2
i (1+ 3) + hkv, (2.27)

The above equation represents the average change in kinetic energy for a single

absorption and emission process. The total rate of change in kinetic energy is given
by the change per photon times the photon scattering rate s, so:
dEy,

= s AE in 2.28
gt s < Bbkin > (2.28)
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The scattering rate for a two-level system is equal to 75 = ypa2, where pag is
the steady state population of the upper level, which can be calculated from the
optical Bloch equations. It is given by [61]:

507 0

=2 22
7T T (L s0)72 o+ 462 2.29)

Where the saturation factor s9 = I/I, and I the saturation intensity. This
factor can also be written as so = 2|Qg|? /7, with Qg the Rabi frequency. The
detuning from resonance is represented by 0. For an atom moving with a velocity
U, a laser frequency wjgser and an atomic resonance frequency wy this detuning
is equal to § = wygser —wo + k-v=A+Fk-u Thusfora negative detuning
A <0, a particle moving towards the laser beam (with small enough velocity so
k-7 < —A) will see the photon energy shifted closer to resonance, and thus have
a higher scattering rate. A particle moving in the opposite direction will have a
lower scattering rate since it is Doppler-shifted away from resonance.

Combining expressions (2.27), (2.28) and (2.29), the rate of change in kinetic
energy is given by:

dEy  soy {(B*k2/2m)(1 + f3) + hkaps - T}2

= — 2- O
dt 2 (1+ s0)y? + 462 (2.30

By explicitly writing 6 and reorganizing, the following expression is obtained:

dEy,  soy 1 I

_ L 4 hkv, 231
it 2(1+s0) 1+ (B 1 Fo.)2 am 5 TRk @23

4
(I+s0)7”
For small velocity and sp > 1 the central term can be approximated by:

1

4
~l— (A + kv,)? 2.32
(A + kv.)? (1+80)’72( + hos) (2:32)

4
L+ o

In addition, for small velocities the (kvz)z term can be neglected, which gives an
expression for the change of kinetic energy:

dE,  soy {h2k2z(1_ 442 )
dt 2(1+s9) " 2m 5 (14 s0)72 (2.33)
Bhu,Cy — Ao .
+ Z~U (1"’80)72 Z

Where C), contains only expressions which are independent of the velocity.
The above equation is valid for particles moving with a certain single velocity. The
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ion cloud which is laser cooled, will have a (usually symmetric) velocity spread.
Hence, cooling over a large number of particles will result in an average energy
change per ion < % >, (where the v-subscript denotes averaging with respect
to the velocity distribution). Assuming that for averaging over many particles or
events P(v) = P(—v), the average change in kinetic energy then becomes:

dE h2k2 T 4A?
<= T (B 1 )
dt 2(14+s9) 2m b5 (14 s0)y

(2.34)

ShA <o?>)

- <
(T+so)y? ~ =77
In the approximation that there is no external ion heating, a steady state will be
reached for < 4£ >U— 0, which gives an expression for < v2 >, reading:
ho7 2

< vz >p= Im5 (1+ SO)E — A} (2.35)

The kinetic energy that can thus be obtained for motion in the z-direction, by
cooling with a laser beam on this axis, using a dipole allowed Am = 0 transition
(as is the case throughout this thesis) is equal to:

1 7h 72
Er >= — =—{(1 — — A .
< B, >= 2m<v >= 0 ( +so)4A } (2.36)

For different cooling laser directions the kinetic energy due to motion in the other
two dimensions can be calculated in a similar way, as is described in [60].

In this situation where the ions are only cooled along the z-axis, the kinetic
energy in the - and y-direction will be changed only with the recoil energy for
each scattering event. This kinetic energy change averages out to zero over many
absorptions and emissions, so no direct cooling is observed in these directions.
However, the three dimensions in an ion trap are coupled. The efficiency of this
coupling depends on the trap anisotropy parameter & = (w, /w;.)?. For values of
« close to unity, there is efficient thermalization between the different directions.
For more 2-dimensional shapes in the trap on the other hand, the temperature to
which the ions are cooled in the orthogonal dimensions can differ by two orders
of magnitude from the temperature in the cooling direction [62]. For the traps
used in our experiments, with @ = 0.9 for trap A and o = 0.1 for trap B (see
Section 2.3), and the Coulomb coupling leads to cooling in all three dimensions.

An example of an experiment cooling with a laser beam on the trap axis, is
described in Chapter 7. The cooling laser has a power of P = 0.1 mW, which
is focused to a beam width of wg = 32 um. The magnitude of the electric field
is then given by £ = 6.8kV/m. The Rabi frequency Qp = po1 E/h = 1.14 x
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10% s~ 1*. Putting these numbers into equation (2.36), with a detuning of A =
v/2 = 27 x 11 (3) MHz, results in a minimum temperature of 7' = 13 (4) mK.
This number agrees well with the temperature of 7' = 14 mK deduced from the
observed linewidth.

2.2.2 Sympathetic cooling

Besides the option of directly laser cooling ions in the trap, other ions can be cooled
by a laser-cooled ion through their mutual Coulomb interaction. This method is
particularly useful for ions that are difficult to lasercool directly. This mechanism
of sympathetic cooling was first suggested [5] and demonstrated [64] for trapped
ions in a Penning trap. Sympathetic cooling in a Paul trap was first observed with
an (unknown) non-fluorescing ion in a trap containing ***Hg™ [65]. Sympathetic
cooling significantly expands the range of ions that can be cooled, since there are
no requirements on the energy level structure of the ion as there is for laser cooling.
In addition, the mechanism of sympathetic laser cooling can be advantageous in
precision spectroscopy and quantum computation. The reason for this is that
cooling lasers with a small detuning relative to relevant energy levels can cause
coupling between these energy levels (and corresponding Stark shifts). These shifts
are reduced if the lasercooled and the probed ion are of different species.

The mass ratio that can be sympathetically cooled with a single ion species is
limited, and a critical condition ms./m;. > 0.5 was derived by Baba and Waki
[66] for non-crystallized ions, under the assumption that long-range Coulomb
interactions do not influence the ion trajectory. These ratios change for an ion
crystal. For example, using 60 calcium coolant ions (m = 40u) to cool 20 ions
of another species, particles with a mass down to ~ 15 u such as Mg" and NH3
can be cooled to crystallization [67]. The largest observed mass difference that
has been sympathetically cooled is presented in [68], demonstrating that fullerene
(m = 720u) can be cooled using magnesium (m = 24 u) to a temperature of
T = 14K. For large clouds with substantial RF heating, the temperature of the
sympathetically cooled ion will be a few times higher than the laser-cooled ion
temperature, where the exact ratio depends on the mass ratio between the ions
[69]. Such larger crystals have also been observed, for example by Ostendorf ez
al. [70], in an experiment sympathetically cooling large molecular ions (Alexa
Fluor 350, now denoted as AF) using 138Bat . The observed temperature ratio of
TBa/Tar ~ 4 atamass ratio of mp,/mar ~ 3 agrees with the ratios predicted
by [69]. The range of ions that can be sympathetically cooled can be extended to

*The electric dipole moment is approximatly pr21 = 1.75 x 1072° Cm, calculated from the
Einstein A-coefhicient [63]
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Figure 2.8: Three images for a trap filled with three calcium ions and two other (possibly
manganese) ions. The dark ions are sympathetically cooled by the laser cooled calcium,
but the ions are still warm enough to hop between sites. The arrows indicate the five ion
positions.

higher mass ratios by changing the charge state of the ions [71]. For very small
crystals (where all ions reside on the axis of a linear trap) sympathetic cooling can
be extremely efficient. For example, in an experiment using a “Be™ and a 2*Mg™
ion, each ion could be cooled almost completely to the ground state of motion by
laser cooling the other [72]. This observation agrees with the theory, as is described
in [73], and specifically for the application to quantum information as presented
in [74] and [75].

Sympathetic cooling was also observed in our experiments using trap B. To
create a crystal containing both the cooling ion and the particle to be sympathet-
ically cooled, a string of calcium ions consisting of only a few ions was loaded
into the trap. After loading of the ion trap, a second oven containing manganese
particles was turned on, for a sufficient period to observe dark ions in the trap-
ping region (Fig. 2.8). These ions may be manganese ions, where the neutral
manganese can be ionized through charge transfer with the trapped calcium (this
effect is described in [76]). However, also the creation of calcium hydride or an-
other impurity from the oven is a possibility.

2.2.3 Heating rates

The oscillating trapping potential can have a significant heating effect on the
trapped ions, especially for an ion cloud extending far from the trap axis. The
ions experience a force determined by both the overall trapping force and their
mutual Coulomb interaction. If only these two effects are considered, for the i-th
ion the equation of motion will be given by:

;1

- k.e?
3 = 7(Ftrap,i + Z 02 rij) (2.37)
dt m; it rij
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where k. = 1/4meq is the Coulomb constant, ﬁtmp is the force due to the trap-
ping field and 7;; is a unit vector between two ions 7 and j.

In general, to calculate the corresponding heating rates, computer simulations
are necessary. These have been performed for several cases: see e.g. [77] for a string
and [78] for a cloud in a hyperbolic ion trap, [79] for simulations in a linear trap
with periodic boundary conditions, [80] for large crystals in a linear Paul trap
and [81] for a large planar crystal. In [62] the influence of 1D laser cooling and
coupling to other dimensions is described. A model for the heating rate for large
trapped ion clouds in the presence of laser cooling can be found in [82]. The
heating rate (for low temperatures) follows a power law dependence both in the
temperature [79, 80] and in the applied trapping voltage [79].

For a few specific cases, it is quite easy to understand the heating rate will be
small. For a single trapped ion the dynamics simply follow the Mathieu equation
(2.8), which has a time-dependence only through functions oscillating in time, so
that the average kinetic energy will remain constant and no heating occurs.

In the case of a string of ions on the axis of the trap (where there is no net
electric field), the average trapping force is constant. In addition, 7; ; does not
change on average, since the ions will oscillate around an equilibrium position in
a harmonic potential. Because the work that is done by the RF field on one ion
isW = f Eot -did = f md%‘}/dt2 - dZ, there is on average no work done by
the trapping field, and for a string of cold, trapped ions the heating rates will be
negligible too.

For an extended ion crystal, the ions will undergo heating by the RF field.
However, from equation (2.37) it follows that for large ion separation, the Coulomb
force reduces to zero, and hence does the heating rate. This is also observed in the
segmented Paul trap (trap B), where even without active cooling ions could be
stored overnight. So when the ions are heated by the RF-field, the separation be-
tween them increases, until a point is reached where no more heating occurs. For
the other extreme, a very cold ion sample where v reduces to zero, rewriting the
work done by the field with the formula W = [ ﬁtot - U dt shows that also in this
case the heating rate diminishes.

An additional effect which is not considered here is the heating of the trapped
ions by trap imperfections influencing the particle motion, such as patch potentials

and a phase difference between the electrodes. A detailed description of these
effects can be found in [55].
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2.2.4 The ion crystal

The shape of a string or larger crystal of trapped ions is determined by the bal-
ance between the overall trapping potential and the Coulomb interaction between
trapped ions. Assuming that the ion string is more strongly bound in the radial
than in the axial direction (so that the ions will form a string on the trap axis), the
potential energy of the chain will be given by:

V= me P

n=1m>n

2.38
4meg |:Emfl‘n| (2.38)

In this equation w, is the axial trapping frequency and x,, ,, are the positions of
the trapped ions. The equilibrium positions of the ions will be situated in the

oV
[} =0 (2.39)
O0xm (0)

T =Tm

minima of the potential well:

For generalization of the problem, a dimensionless parameter u,, = x5, © /1 can be

introduced, with: )

aq
P=—" 2.40
dmegmw? 2.40)

Then equation (2.39) can be rewritten as a set of coupled equations [83]:

m—1 1 N 1
— — + — =0 (2.41)
2 G mP 2 Gy

This can be solved (numerically for N>3) to give the equilibrium spacings for an
ion string [83]. As an example, the ion strings as described in Chapter 7 consist
of 10 ions. According to [83] then the spacing between the ions in the center
of the trap should be 0.56 x [, and the distance between adjacent ions increases
on moving away from the center. For the calcium ions in this trap, the axial
oscillation frequency is w, ~ 27 x 60 kHz (see section 2.3.2). The corresponding
calculated equilibrium distance in the center of the trap is Az = 16 (2) pum,
which is in good agreement with the observed distance of Az = 14 (2) pum (Fig.
2.9). For longer strings of ions, the distance between the ions in the center can be
approximately calculated by the formula 1,5, &~ N00§§9 [83]. For trap A (with an
axial trapping frequency of w, ~ 2m x 47 kHz) the ions in the center should be
spaced by 17 (1) pum, which is in reasonable agreement with the observed distance

of 21 (2) um (Fig. 2.10).
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Figure 2.9: A string of ten ions as observed in ion trap B. The trace (lower part) consists
of data taken from the (smoothened) picture (upper part). The numbers indicated on
the x-axis are an approximation, calculated for a magnification of M = 9 in the optical

system.
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Figure 2.10: A string of twelve ions as observed in ion trap A. The trace (lower part)

consists of data taken from the (smoothened) picture (upper part).
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Figure 2.11: Different ion configurations, depending on the number of trapped ions,
changing from a string (for low number of ions) in (a) to helices in (b) and (c), and
forming a three-dimensional crystal for high ion numbers in (d).

The shape of the ion crystal changes with the ratio between the radial and the
axial trapping frequency. The arrangement of the ion cloud depends only on the
anisotropy parameter o = w>/w?2. At small o and small numbers of ions the ions
will line up as a string on the trap axis. On increasing the anisotropy paramater
or the number of ions, a “zig-zag” structure will be formed. The onset of this
phase transition occurs at the value ov;, which experimentally follows a power-law

behaviour [84]:
a; = cNP (2.42)

The values for ¢ and 3 in equation 2.42 were experimentally determined and the-
oretically verified to be at ¢ = 3.2 and § = —1.8 [85]. Some ion crystal con-
figurations for different ion numbers (at constant w, and w;) is shown in Fig.
2.11.
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Figure 2.12: Schematic view of the ion trap A, distances are given in millimeters.

2.3 Experimental setup

2.3.1 Trap A: Unsegmented linear Paul trap, with ring-shaped
endcaps

For the experiments described in this thesis, two different types of linear Paul traps
are used. The first trap, used in the experiments described in Chapter 5 and 6, hasa
relatively simple design. It consists of four cylindrical rods for radial confinement,
and two rings to provide trapping along the axis (Fig. 2.12). The rods are placed
at a distance 79 = 4 mm from the trap axis. The two rings that are mounted
at the end of these electrodes are 17 mm apart and have a diameter of 15 mm.
The ring electrodes carry a voltage of Vpc = 10V. The radio frequency (RF)
voltages for radial confinement are supplied by an Agilent Arbitrary Waveform
Generator (33120A), which provides a sinusoid with a peak-to-peak voltage of
V = 5.5V at a frequency 2 = 27 x 3.3 MHz. This sine wave is resonantly
upconverted using a helical resonator (see section 2.3.3) to apply Vo = 60V to the
trap electrodes. The stability parameter for these trapping conditions is ¢ = 0.04
and the corresponding secular trapping frequency wse. = 21 x 50 kHz. A small
stability parameter (¢ << 1) is chosen in order to reduce RF heating [79, 86].
The (instantaneous) trapping potential on the x- and the y-axis was calculated
using a Laplace calculator (SIMION), and is shown in Fig. 2.13. The trapping
potential is harmonic in the center of the trapping region, but deviates on moving
away from 2 = 0. Due to the small diameter of the electrodes compared to the
distance 7( to the center of the trap, a relatively large anharmonic component is
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Figure 2.13: a) The instantaneous trap potential in trap A, both along the axis with the
electrodes at V' = 60V (upper curve) and along the axis with the grounded electrodes
(lower curve). Also shown are the curves for the theory from section 2.1.2 (larger dash),
and a harmonic fit (smaller dash). b) The difference between the simulated curve and the
harmonic fit (solid curve), including an 2%-fit to the data.

expected. In the lower part of Fig. 2.13 the deviation from a harmonic potential
is shown. The corresponding fit shows that this graph follows an 2%-behaviour,
which is the next order in the expansion of the trapping potential.

The average potential along the axis is plotted in Fig. 2.14. In this dimension
the potential in the center is also harmonic in a first order approximation. A har-
monic fit to the central region yields a position-dependent voltage of V' (0, 0, z) =

0.018 V/mm? x 22 4+ 0.63 V. Assuming a potential of the form V = %mngz2 +
Ve, this corresponds to an axial trapping frequency of w, = 2 x 47 kHz.

The fluorescence from ions in the trap is collected with a f = 25 mm lens
(diameter of 25 mm). The open structure of the ion trap allows for the collection
of light over a large solid angle of approximately 0.27 st, which in turn makes high
count rates possible. Further details on the imaging of the ion fluorescence can be
found in section 2.3.6.

To be able to also detect non-fluorescing ions, a Channel Electron Multiplier
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Figure 2.14: The average potential on the axis of trap A (solid curve). The cen-
tral part of the trapping potential is harmonic (dashed curve), fitted with the function
V =0.018V /mm? x 22 + 0.63V.

(CEM) was mounted at a distance of ~ 1.5 cm from the ion trap with an extractor
grid mounted right in front of it. Using a pulsed high voltage on this grid, ions
are extracted from the trap, and then detected on the CEM (Fig. 2.15). In order
to avoid coupling between the RF-trapping potential and this fast switching high
voltage, the electrodes providing these voltages are connected to the voltage supply
using semi-rigid coaxial cable.

The trap is mounted inside a vacuum chamber, which is evacuated to a pressure
of p = 2x 10~ mbar. Under these vacuum conditions, the lifetime of the ions in
trap A is limited to approximately 10 minutes due to collisions with background
gas (Fig. 2.16).
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Figure 2.15: An example of the signal recorded on the Channel Electron Multiplier after
photo-ionization in trap A. At O ns, an extraction pulse is applied to the grid mounted
underneath the ion trap. The high amplitude oscillations in the first 500 ns are caused by
coupling of the fast kV pulse on this grid to the CEM, as are the fast oscillations that are
recorded for later times. The large negative signal centered at around 650 ns is due to the
extracted calcium ions.

2.3.2 Trap B: Segmented linear Paul trap

The second trap that was built, is a segmented linear Paul trap (Fig. 2.17,2.18 and
2.19). In this trap, the ions are trapped radially using four cylindrical electrodes
with a diameter of 8 mm, at a distance to the trap center of 79 = 3.5 mm. To
accomplish confinement along the axis, the cylinders are differently segmented:
Two electrodes are undivided and consist of one 60 mm long piece. The other two
electrodes are segmented into five parts. The 12 mm long segments are separated
by 100 gm. The ions can be trapped at the central segment, while an endcap
potential is put on the adjacent electrodes. In addition, two separate trapping
regions can be created in this trap, by putting DC voltages on electrode one, three
and five.

The RF trapping voltages for this ion trap are resonantly upconverted with a
helical resonator consisting of a doubly wound coil (see section 2.3.3). The used
trapping voltage was Vpp = 150V at a frequency 2 = 27 X 2.6 MHz. These pa-
rameters correspond to ¢ = 0.2 and wge. = 27 X 202 kHz. The helical resonator
output is connected to the trap via a cylindrical waveguide, with the inner conduc-
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Figure 2.16: The fluorescence as measured in a scan with the frequency comb laser over the
4s 251/2 —4p 2P;‘;/Q—transition, showing a decay in amplitude due to the loss of ions in the
trap (continuous line). A line fitted to this exponential decay is also shown, corresponding
to a lifetime of 10 minutes (dashed line).

Figure 2.17: Trap B: Segmented ion trap.
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Figure 2.18: Schematic view of the segmented ion trap B, distances are given in millime-
ters. The set of segments shown in the side view is located above the electrode out of one
piece. The other electrodes have the opposite configuration.

tor consisting of two parallel copper bars. These inner conductors are separated by
a sheet of Kapton foil for insulation. The conductors are thus capacitively coupled
through their construction, and an additional capacitor of C' = 1 nF is mounted
between the conductors in order to prevent phase shifts over the leads. The used
endcap voltage is V.. = 10V on electrodes 2 and 4. The voltages supplied to
the DC electrodes are filtered using low-pass RC-filters with a cutoff frequency
of wep = 27 x 1.6 kHz. Such a filter prevents that the DC-electrodes pick up
the oscillation frequency of the trapped ions, which can transport and reflect over
the leads and add an additional out-of-phase oscillation to the trapping potential,
causing heating. Two RC-filters are used to filter the supplied voltage: one inside
the vacuum (close to the electrodes) in order to prevent reflections over the leads
in the chamber, and one outside for additional filtering.

The (instantaneous) potential for this trap configuration was simulated in
SIMION, for which the result is shown in Fig. 2.20. Due to the chosen ratio
R/ro = 1.14, which is close to the ideal ratio for a harmonic trap of R/rg =
1.146, the potential closely follows a harmonic behavior which matches the trap
with infinite electrodes described in section 2.1.2 very well. However, the axial po-
tential is much less harmonic compared to trap A due to the geometry of the end-
caps, as can be seen in Fig. 2.21. The fitted curve of V' (0,0, z) = 0.03 V/mm? x
22 + 0.2V corresponds to an axial trapping frequency of w, = 27 x 6 x 10 kHz.
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Figure 2.19: Photograph of the segmented, mounted ion trap B. A=DC segments, B=RF
electrode, C=lens, D=RC filter circuit, E=Connections DC electrodes, F=Connection RF
electrode, G=CEM.

The trap is also equipped with excitation electrodes, for resonant excitation of
selected masses (a feature which was not used for the experiments conducted in
this thesis). These electrodes consist of molybdenum plates mounted in a position
parallel to the trap axis, but placed slightly above the trap. These electrodes can be
used to identify dark ions, or to eject unwanted species (such as calcium hydride,
formed by collisions with background gas) from the trap.

As for trap A, next to trap B a CEM is mounted for detection of ions. This
CEM is mounted at a distance ~ 5 cm from the trapping region, behind a grid
in order to extract the ions. Due to the more closed configuration compared to
trap A and the larger distance to the trapping region, for trap B the RF-voltage
was switched off completely in order to extract the ions from the trapping region.

In trap B, a chamber pressure of 101! mbar was achieved. The lifetime under
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Figure 2.20: a) The trapping potential in the center of the trap for a configuration with
V' =150V on two of the electrodes, for both the axis along the electrodes at high voltage
(upper curve) and along the axis on which the grounded electrodes are located (lower
curve). The dashed line indicates the curve as predicted for the ideal infite trap described
in section 2.1.2. g = 3.5mm, R = 4.0 mm. b) The difference between the simulated
trapping potential, and a fitted harmonic potential (solid curve) and a corresponding x6-

fit (dashed curve).

these vacuum condition was measured to be over 8 hours, where the limit is set by
the duration of the measurements.
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Figure 2.21: The average trapping potential along the axis of the ion trap B (solid curve)
and a corresponding harmonic fit (dashed curve) to the function V' = 0.03V/ mm? X
22 4+0.2V.

2.3.3 Helical resonators

A helical resonator consists of an inductor inside a conducting shield. This com-
bination forms both an inductance and a capacitance, and is as such a resonant
LC-circuit. The sine waves used for generating the RF trapping potential are pro-
duced by an 80 MHz arbitrary waveform generator (Agilent 33120A). Since the
generator can only provide a peak-to-peak voltage of V,,, = 10V, the signal is
resonantly upconverted by a helical resonator. This method has the additional
advantage over an RF amplifier that the voltage provided to the electrodes is fil-
tered. A schematic view of such a helical resonator is given in Fig. 2.22. The sine
wave from the arbitrary waveform generator is coupled to the resonator using an
antenna consisting of a small coil of copper wire. The parameters for the resonator
were chosen according to the design guidelines in [87]. For trap A, a copper shield-
ing conductor with an inner diameter of Dgpie;q = 90 mm, was used around an
inductor of n = 40 loops with a spacing of d = 2.5 mm, wound around a perspex
support with a diameter of D;,,q = 50 mm. The inductance of this inductor is
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L = 32 pH. An adjustable air capacitor is mounted in parallel with this inductor,
making the (loaded) resonance frequency adjustable between fres = 1.8 MHz
and fres = 3.8 MHz. Trap A itself has a capacitance of C' = 13 pF.

The resonator used for trap B had a slightly different design. A double wound
helix was used in order to be able to compensate for stray electric fields. Instead
of the single wire shown in Fig. 2.22 now two wires follow the same coiled path,
by which different DC electric fields can be applied to the RF electrodes. For the
support of these helices a teflon cylinder is used, for which the dielectric losses are
much lower compared to perspex. The bottom end of the coils is now connected
to ground via a capacitor of C' = 100 nF, to provide a connection to ground
for the RE while a DC voltage can be connected to provide the desired trapping
potential.

For this resonator, again a copper shielding conductor with an inner diameter
of Dgpicia = 90 mm, was used. This coil consists of n ~ 60 loops with a spacing
of d = 1.3 mm, wound around a teflon support with a diameter of D;,,q =
38 mm.

2.3.4 Loading the trap with calcium ions

Calcium is a highly abundant element, and can be cheaply purchased. The *°Ca
is with 97% the most abundant isotope (see Table 2.1), and is obtained efficiently
from a piece with a natural composition. In order to bring calcium into the gas
phase, material is evaporated from an oven made of aluminum oxide, which is
heated by a tungsten wire carrying a current of I = 2A. The neutral atom cloud
is ionized using resonant photo-ionization, which leads to selective ionization of
one isotope. Isotope selective photo-ionization of calcium was first performed in
1974 [88], using a two-step process from a metastable state with light at 616 and
488 nm. The first optical loading of an ion trap was performed by Kjaergaard ez 4.
in 2000 [89], using two photons at 272 nm. We use a method involving resonant
excitation of the 4s1Sy — 4p 1P transition at 423 nm, followed by excitation
by laser light at wavelengths shorter then 391 nm to the continuum, or around
391 nm to autoionizing states (Fig. 2.23), similar to the scheme proposed in
[90]. A transition at 423 nm is resonantly excited using a frequency-doubled
continuous wave Ti:Sa ring laser (Coherent 899), pumped by a 5W Nd:YAG
laser (Spectra Physics Millenia). This laser is frequency-locked to a temperature
stabilized etalon. The output light of the ring laser is frequency doubled in a
‘bowtie’ cavity based on an Lithium Triborate (LBO) crystal, which is stabilized
to the output frequency of the ring laser using a Hansch-Couillaud lock [91].
The calcium atom is photo-ionized from the excited state. For the experiments
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described in Chapter 5, a pulsed, frequency tripled Nd:YAG laser was used (Solar),
producing P = 0.3 ] pulses of 355 nm light at 10 Hz repetition frequency. In the
later experiments (Chapter 6 and 7), frequency doubled light from the frequency
comb at A < 391 nm was used.

2.3.5 Laser cooling of calcium ions

Calcium ions have only one valence electron, leading to a relatively simple en-
ergy level structure (Fig. 2.24). The ion is laser-cooled on the 4s 251/2 —4p 2P1/2
transition at 397 nm, with a natural linewidth of 22 MHz. The situation is slightly
different from the ideal two-level system as described in Chapter 2.2, since there
is a third level involved. In 7% of the excitations, the electron decays into the
3d%Ds /2-state. Since this state has a lifetime of 1 second, a repumper at 866 nm
is necessary to keep the ions in the cooling cycle. Two grating-stabilized diode
lasers are used in order to perform the cooling and repumping. The cooling laser
has a small fluorescence pedestal, which is centered at around 396.2 nm, and ex-
tends to 394 nm. This pedestal could potentially lead to optical pumping into the
3d 2D5 /2-state. However, since the divergence of this emitted fluorescence beam
is different from the laser beam emitted at 397 nm, most of this light is filtered out
by the optical setup along the cooling laser path. For the measurements on direct
frequency comb excitation of the dipole forbidden 45 2S; s2—3d D /2 transition,
an additional grating was placed in the beam in order to further reduce this back-
ground light. Both diode lasers are placed in an aluminum box in order to shield
the laser setup from acoustic influences and temperature drifts in the laboratory.
The frequency of the cooling laser is steered by computer, based on continuous
measurements with an Atos LM-007 lambdameter, while the repumper laser is
left free running,.

Isotope | Abundance
0Ca | 96.94(16)%
42Ca 0.65(2)%
43Ca | 0.135(10)%

“Ca | 2.09(11)%

)
)

46Ca | 0.004(3)%
48Ca 0.19(2)%

Table 2.1: The (stable or very long-lived) isotopes of calcium and their abundance [92].
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2.3.6 Detection of fluorescence

All spectroscopic experiments described in this thesis rely on the imaging of light
at 397 nm onto a detector. In the first two experiments (described in Chapter 5
and 6) a photomultiplier tube was used for photon detection. The corresponding
imaging system is shown in Fig. 2.25. The beam of fluorescence photons is col-
limated by a lens with a focal length of f = 25 mm inside the vacuum chamber,
and imaged onto the photomultiplier tube using a second lens with a focal length
of f = 100 mm, leading to a magnification of M = 4. In order to suppress
the detection of ambient photons, the total imaging setup is built inside a light-
shielded box, and the necessary optics can be aligned from outside this box. In
addition, the vacuum chamber windows are mounted under Brewster’s angle to
minimize reflections of the light used for laser cooling.

With trap B the imaging optics were changed, so that both a photomulti-
plier tube and an Electron-Multiplying Charge-Coupled Device camera (EM-
CCD, Andor iXon™ 4) could be used simultaneously (Fig. 2.26). Inside the
vacuum, an aspheric lens (AR coated for the UV) with an effective focal length of
EFL = 25 mm was used. With this lens an intermediate focus at =~ 28 cm from
the trapping center is created, where the image is spatially filtered using a pinhole.
The image at the pinhole is re-imaged onto the EMCCD using a f = 10 cm lens
over a distance of two times 2 f, resulting in a total magnification of the imaging
system of M = 9(1). A similar system is used to image the ion cloud onto the
photomultiplier. As in the first optical setup, the bending mirrors and second lens
can be aligned from outside the light-shielding box.

Despite the filtering of the cooling laser beam and the use of either Brewster-
angled or antireflection coated entrance windows for the vacuum chamber, there
is a background of scattered photons, which is detected by the camera or photo-
multiplier. It is especially important to correct for this background on alignment
of the cooling laser (where the detected number of photons at 397 nm can increase
on wrong alignment due to an increase of scattering) and in the case of detection
of the weaker signal due to the 45 2S; 2 —4p 2p, /2-transition in the presence of
the cooling laser. Optical pumping to the long-lived D-levels is used to correct for
this background, the (see Fig. 2.24). For the alignment of the cooling laser, the
repumper laser on the 3d Dy /2 —4p p, /2 transition is asynchronously chopped
with a duty cycle of 3% (in order to minimize distortion of the cooling). Both
the signal with and without the repumper at 866 nm are recorded. These two sig-
nals are subtracted with correction for the duty cycle, to give only the fluorescence
signals from the ions. The electronic scheme for this detection method is given in
Fig. 2.27.
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For the detection of the 45 2S; /2—4p 2p, /2-transition at 394 nm a very similar
method is used. In this situation, the second repumper on the 3d ?Dj s2—4p 2p, /2
at 854 nm was chopped using a mechanical chopper with a duty cycle of 50%. The
signals with and without the presence of the repumper are subtracted in order to
filter out the signal due to excitation of the 45 2S; 2 —4p 2p, /o-transition (the
experiment is described in detail in Chapter 6).
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Figure 2.22: Schematic view of a helical resonator as used for the ion trap: It consists of an
inner conducting coil shielded by a grounded outer conducting cylinder. The electric field
generated by an arbitrary waveform generator is coupled in through an antenna, indicated
by the black loop in the bottom. In reality the coil has n &~ 10 windings to improve the
coupling. The other side of the inductor is connected to the RF trap electrodes. The field
can be monitored through the reflected signal, which is split off via a directional coupler
(DC). BNC connectors are used for the feedthroughs in the top and bottom.
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Figure 2.23: Simplified energy level diagram for neutral calcium, showing the levels in-
volved in the photo-jonization: A resonant photon at 423 nm brings the atom in an
excited state, from which the calcium can be ionized with a 355 nm photon from a
frequency-tripled Nd:YAG laser or with wavelengths below 391 nm from the frequency-
doubled frequency comb.
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Figure 2.24: Partial energy level diagram for the 40Cat-ion. The shown levels are the
energy levels involved in the experiments described in this thesis. For more detailed in-
formation on the involved levels see Table 1.1.
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Figure 2.25: Schematic view of the optics used for imaging the fluorescence of the ion:

Light emitted by the trapped ions is collimated on a lens (A) inside the vacuum chamber
(d = 25mm, f = 25mm). A second lens (B) (d = 50 mm, f = 100 mm) is used to
focus the light onto a iris (I) for spatial filtering, followed by a narrow band interference
filter (F) at A = 397 nm. The filtered light is detected on a Photomultiplier tube (PMT).
The beam can be aligned onto the PMT using a mirror (C). The lens B is mounted on a
translation stage (TS) in order to be able to optimize the focus for spatial filtering. The
imaging setup is mounted in a felt-covered box to reduce background photon scattering
onto the PMT. The adjustable optics C and B can be steered from outside the light-
shielding box (via a remote control RC).
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ielding -
. PIEN ARC
PMT Hl RC

EMCCD

Cooling laser
DL 397 nm

Repumper laser

866 nm

Figure 2.26: Schematic view of the optics used for imaging the fluorescence of the ion:
In the second trapping setup, both the PMT and EMCCD can be used simultaneously,
with very similar imaging systems. The labeling is the same as in Fig. 2.25.
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Figure 2.27: Electronic diagram for the fluorescence detection scheme, used for both
alignment of the cooling laser and (in a slightly modified form) for detection of the signal
due to the 452S; /2 — 4p 2P, /2-transition. 'The photon signal detected on the photo-
multiplier tube (PMT) is converted to square pulses by a discriminator (DISCR). This
signal is divided into two branches using a power splitter (SPLIT). The splitter outputs
are mixed with a signal which is non-zero when the repumper laser is present in the trap
on one mixer, and when the repumper is absent on the other. These signals are produced
by an arbitrary waveform generator (AWG), which is triggered by an optical chopper. The
mixed signals are counted on two different counters (CNT1 and CNT2), so both the sig-
nals with and without the repumper are recorded. The difference in counts is calculated
by a computer (PC), resulting in the background-corrected fluorescence signal.



Chapter 3

The frequency comb laser

3.1 The principle of a frequency comb laser

The name of the frequency comb is based on its representation in the spectral
domain, which consists of a regular array of modes (Fig. 3.1(a)). Such a spectrum
is created from a mode-locked laser, in which many cavity modes can co-exist and
be amplified. The phase relation between the cavity modes is fixed. This results
in a spectrum of ‘comb teeth’ which are equally spaced in frequency. In the time
domain, the interference between the cavity modes results in a train of short pulses
(Fig. 3.1(b)). The pulses are separated by a time 7', which is determined by the
length of the cavity. In general, there will be a phase difference e, between the
carrier wave and the envelope of the pulse, which will change by A¢c, from pulse
to pulse (Fig. 3.1(b)).

The time- and frequency-domain pictures of the frequency comb are con-
nected through a Fourier transformation. The comb modes are spaced by a dis-
tance frep = 1/7 in the frequency domain, and span over a width determined by
the gain bandwidth of the laser crystal, the dispersion characteristics of the cav-
ity and self-phase modulation. On extrapolating the comb of frequencies to zero,
there is an offset of feeco = frepA@/2m. The mode-locked laser is turned into
a frequency comb by locking both the feeo and frep to a frequency standard, as
is described in Chapter 3.3.2. In this frequency comb, the frequency of the n™
comb mode is fixed to f, = feeo + 1 X frep. Since both feeo and frep are fre-
quencies on the order of MHz to GHz, they can be measured using commercially
available electronics, and locked to a frequency standard such as a rubidium or
caesium clock. In this way, the accuracy of such a time standard can be trans-
ferred to the optical domain, making very high accuracy spectroscopy possible at
optical frequencies and beyond. In addition, the frequency comb also provides the
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Figure 3.1: Schematic representation of the frequency comb in both the time and fre-
quency domain.

clockwork to transfer the accuracy between measurements in the optical domain,
or from PHz back to MHz frequencies.
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3.2 Principle of operation

3.2.1 The AC Kerr effect and the mode-locked laser

In order to achieve mode-locking, a mechanism of loss modulation is necessary
to make the pulsed operation more favourable than continuous wave (cw) las-
ing. Both active and passive mode-locking have been demonstrated. The pas-
sive mechanism of Kerr-lens mode-locking has been very successful for generating
ultra-short pulses. Combined with higher order dispersion control and the ultra-
broadband gain profile of Ti:sapphire, the AC Kerr effect enables the production
of few-cycle pulses from Ti:Sa oscillators.

The Kerr effect is a change of the refractive index, in the presence of an electric
field. It is a nonlinear effect, which in the case of the AC Kerr effect is induced
by the light field itself. The light induces a change in refractive index given by
n = ng + ng X I [93], where ng is the linear, ny is the non-linear refractive
index and I is the intensity. The central (more intense) part of the laser beam thus
experiences a higher effective refractive index than the outer part. This effect leads
to self-focusing, which is responsible for Kerr-lens mode locking. Combined with
a hard aperture at an appropriate position in the cavity, intensity dependent losses
are introduced (Fig. 3.2). This aperture has the effect equivalent to a fast saturable
absorber. For cw lasing, a part of the beam is cut on the aperture and there is a
constant net loss mechanism in the cavity. However, for a high intensity spike this
loss can be reduced for a short time by the self-focusing effect. Short pulses thus
have a higher net gain in this situation, and can be stably formed. These lasers can
be self-starting from noise fluctuations if the right conditions are fulfilled [94, 95].
However, mode-locking typically must be induced actively, as is done in our case
by quickly moving a mirror on a movable stage.

Kerr-lens mode locking is even possible without an additional hard aperture.
The reason for this is that the gain profile in the crystal varies radially, due to the
beam profile of the pump beam. By tightly focusing the pump laser this spatially
dependent gain can have a better overlap with the self-focused short pulses, as
compared to cw operation, and can therefore also lead to stable pulsed operation
[96] (Fig. 3.3).

The AC Kerr effect has a second major influence on the mechanism forming
a femtosecond frequency comb laser through self-phase modulation. Since the
intensity is time-dependent, the center of the pulse experiences a higher refractive
index. Inn this way the peak of the pulse in the time domain is delayed. The re-
sulting phase modulation shifts the leading part of the pulse to longer wavelengths,
while the trailing part is shifted to shorter wavelengths (Fig. 3.4). Through this ef-
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Figure 3.2: Schematic view of the effect of self-focusing with a hard aperture (A) in an
optical system with curved optics (L): For pulsed operation (black dashed trace) the high
peak power leads to self-focusing through the Kerr effect. In continuous wave operation
(grey trace), the power is lower and there will be less self-focusing. When a hard aperture
is placed at an appropriate position in the beam path, for the continous wave the losses
will be higher than in pulsed operation.

Figure 3.3: Schematic view of the effect of self-focusing in a crystal (depicted here as a
square) without an additional hard aperture: In CW operation, the peak power is low and
there is little self-focusing (continuous line). In pulsed mode, the peak power is much
higher and the laser is focused more due to the Kerr effect (dashed). When the pump
volume is relatively small, the overlap between the pump and the cavity mode is better
for the mode with the additional focusing effect, and thus the pulses experience a higher
gain.

fect additional bandwidth is created on the original spectrum of the pulse, leading
to broadening of the output spectrum of the frequency comb.

3.2.2 Group velocity dispersion and chirped mirrors

The generation of broad spectra in a frequency comb crucially depends on keeping
the pulses short (and thus the peak powers high) for effective use of the non-linear
effects described in the previous section. However, while travelling through the
cavity the pulse spreads in time due to group velocity dispersion (GVD) (Fig. 3.5),
which is given by GV D = % Most materials, such as the Ti:Sa-crystal, fused
silica wedges and air in the frequency comb cavity have a positive GVD (normal
dispersion) at 800 nm. Without the addition of negative dispersion this effect
would limit the pulse duration to longer pulse lengths. Negative GVD (anoma-
lous dispersion) can for example be provided by prism pairs [97], gratings [98] or
chirped mirrors [99] (for which the dispersion is denoted as group delay dispersion



3.2 Principle of operation 49

-1 1 L1 1 II 1 L1 1 II 1 II\ I\ I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1

) 5 10 15 20 25
time (fs)

Figure 3.4: Self-phase modulation on the real part of the electric field, as caused by the
Kerr effect for a Gaussian pulse: The center of a pulse entering the non-linear medium
(dashed line) is delayed due to the higher refractive index, causing the front of the pulse to
be red-shifted (A1) while the trailing edge of the pulse is blue-shifted (A2). For reference,

the wavelength of the non-modulated pulse (A¢) is indicated as well.

or GDD). Prism pairs have been widely used in the first Ti:Sa-based femtosecond
lasers, making pulses as short as ~ 8.5fs. [100]. However, the use of chirped
mirrors allows for beter control of higher order dispersion, a much more compact
design and easier alignment of the laser.

Chirped mirrors are a type of Bragg mirrors: They consist of alternating lay-
ers of high and low refractive index to produce reflection [101]. A stack of such
layers forms a Fabry-Perot-like structure, where positive interference between the
layers leads to a high reflectivity. This structure will have a wavelength dependent
penetration depth, and as such a group delay [102]. A quarter wave stack (with
layers of an optical thickness of A/4) is most efficient in reflecting a certain wave-
length A\. A monotonic variation of the period results in a monotonic variation
of the group delay and a zero GDD. For a quadratic penetration depth as a func-
tion of wavelength, either positive or negative GDD can be realized. The optical
thickness of the layers can be numerically optimized to produce highly reflective
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Figure 3.5: The effect of dispersion on the real part of the electric field: A 10fs pulse at
800 nm (black trace) becomes twice as long on traveling through 1.7 mm of fused silica

(grey trace).

mirrors with the desired GDD-properties. By compensating the positive chirp
due to the optical elements in the cavity using negative GVD mirrors, the pulse
length inside the crystal can be minimized, in order to create short pulses.

3.2.3 The non-linear Schrodinger equation

The effects producing a mode-locked laser are quantified using the non-linear
Schrodinger equation. To derive this equation, we begin by describing the prop-
agation of electro-magnetic waves with the so-called wave equation, which is ob-
tained from the Maxwell equations [103]:
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(3.1)
The response of a medium to the field is described by its polarization P, which
is nonlinear for intense light fields. The induced polarization can be written as a
sum of linear and nonlinear terms P = Pr, 4 Px,, where the linear term is given
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by [103]: .
P, = ¢ / YOt = E(F, t')dt! (3.2)
—00
In this equation 1) is the electric suscepibility of the medium. Since the linear
polarization is a convolution of (1) and E, its Fourier transform is given by the
product of the Fourier transforms of x(") and E (where the vector sign is omitted
to improve readability):

ﬁL = Eoi(l)E‘ (33)

The Fourier transform of the second order time-derivative gives a factor —w?

[104], and thus the total wave equation (3.1) can be transformed into:

VQE + 60u0w2E = —w2,u,06()i(1)E (3.4)

Now taking the propagation to be only in the z-direction (E = E,Z) and
explicitly expressing the carrier wave with wavenumber kg and frequency wy, the
electric field can be written as:

E, = A(z,w)e (koz—wot) (3.5)

Putting this expression into the wave equation, and dividing by e~ (koz—wot) Jeads
to: N N

0?A  ~ 0A  w? ~
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H22 0 Zoaz+02( + X ) ( )
The above expression can be simplified by using the slowly varying envelope ap-
proximation. This approximation is based on the assumption that the pulse en-

. . %A

velope A(:L;, Y, z) varies slowly compared to the wavelength of light, or 55 <
ik%, SO % can be neglected. In addition, the electric susceptibility can be writ-
tenas 1+ x = (n + ix=a)? &~ n? [103], where the absorption « is assumed
to be small and n is the refractive index. The wave equation then becomes:

~ 0A W L~
2 : 2

or (with k = wn/c and using k? — k3 = (k + ko) (k — ko) ~ 2ko(k — ko)):

- A
ko (k — ko)A — 2ikog—z =0 (3.8)
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In order to explicitly express the group velocity dispersion the wavenumber £ can
be expanded into a series around wy, taking into account up to the second order
derivative:
Ok 1[0%k
k(w) =~ k — — == — wp)? .
(w) =~ ko + |:8w:|w0 (w—wo) + 5 [8w2]w0 (w—wo) (3.9)
The Fourier transform of (3.8), with (3.9) inserted for &, divided by 2ikq gives an
expression for the pulse envelope in the time domain:
oA [0K] 04 i[0] 04 _
0z Owl,, 0t 2 [0w?], Ot
For the description of mode-locking, the third order susceptibility must be
taken into account (X(2) = 0 in an isotropic medium). This nonlinear term is
given by [103]:

0 (3.10)

Py = eo/ YO (t—t1,t—ta, t—t3)E(t—t)) E(t —t2) E(t —ts)dt 1 dtadts
—oo (3.11)

By assuming an instantaneous response of the medium to the electric field or
XO(t — t1,t —to,t —t3) = xB&(t — t1)d(t — t2)d(t — t3), we obtain for
equation (3.1):

O°E PP EEE
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If a wave with polarization in the z-direction is taken, the tensor-product on

the right-hand side is [103]:

V2E — toeo(l + X(l)) (3.12)

—o = 82E 32§X§:%:)xx’E‘2E_:
V2E — poeo(1 + X(l))ﬁ = ppeo—= e

On the left-hand side are the terms for the equation with only Pz, which can
be written in the form of equation (3.10). The term on the right side can be rewrit-

(3.13)

ten using the same substitution, arriving at the so-called nonlinear Schrodinger

equation:
OA [0k] 0A i [0%k] 0%A 3.2
5 tlasl B3 laer| i T gy, APA G4
0z |:aw:|w0 ot 2 |:aw2:|w0 12 Xazzx 8’Lk'o | | (3 )
- (3)
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The g—i—term represents the influence of the inverse group velocity or group delay,

the part proportional to % is due to the group velocity dispersion (GVD). The
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term on the right-hand side is responsible for the AC-Kerr effect, which can be split
into a real (self-focusing) and imaginary (self-phase modulation) part. In order to
calculate the pulse dynamics (including the wavelength dependent dispersion and
gain), equation (3.14) can be solved through numerical simulations. The pulse
peak power and duration depend on the position inside the cavity, and the shape
of the output spectrum is dependent on the exact amount of GVD [105].

3.3 Ti:Sapphire frequency combs based on commercial
negative GVD mirrors

3.3.1 Laser design

Two similar Ti:Sa-based frequency combs were built, based on commercial chirped
mirrors (Layertec GmbH). Due to the broad gain bandwidth of Ti:Sa, in principle
pulses as short as 5 fs are possible [106]. In order to make a laser that can sustain
a broadband pulse, the overall group delay dispersion (GDD) of the cavity needs
to be close to 0 fs? over a wide spectrum. A low net GDD will ensure that the
pulse remains short, with a high peak intensity, upon propagation. This provides
the necessary condition for a high self-phase modulation, which in turn generates
additional spectral bandwidth and strong mode locking. Negative dispersion is
added to the cavity by using chirped mirrors. In the following description of the
frequency combs I and II, average values for this GDD are given. However, over
the output spectrum these values can fluctuate over tens of fs2, and produce oscilla-
tions in the output spectrum. Sometimes dispersion oscillation compensated pairs
are used. Such a pair consists of two mirrors, both with a dispersion oscillating
with frequency, for which the oscillation mostly cancels out for the combination

of the two (Fig. 3.6).

3.3.1.1 Frequency comb I

The first frequency comb we built generates a broadband spectrum, to serve as a
seed laser for a non-collinear optical parametric chirped-pulse amplifier [107]. The
design of this laser is shown in Fig. 3.7. The total cavity length per roundtrip is
4 m, which corresponds to a repetition frequency of fr¢, = 75 MHz. By adjusting
the cavity length, the repetition rate can be tuned between 70 and 300 MHz. The
gain medium for this laser is a Ti:Sa crystal with an optical path length of 2.5 mm,
pumped with 5.5 W from a frequency doubled Nd:YVOj,-laser (Coherent Verdi).
The pump light is focused onto the crystal using an f = 36 mm lens. The mirrors
M1 and M2 are a dispersion oscillation compensated pair, with a GDD of —70 fs?
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Figure 3.6: Dispersion curve for an oscillation compensated pair with a GDD of —70 fs?

per mirror. The individual mirrors, as indicated by the thin solid and dashed lines, have

a dispersion oscillating with frequency. The average of these two curves (thick gray line)
shows that this oscillation largely cancels for the combination of the two mirrors.

Verdi
pump laser

To experiment

Figure 3.7: Design of frequency comb I. The lasers is built using commercial mirrors (M1-
M35 and OC=80% output coupler, see text) from Layertec. The mirror M3 is mounted
on a piezo. FS=1 mm fused silica.

each. They are anti-reflection coated for the pump laser light at 532 nm, and have
a radius of curvature of 50 mm. M3, M4 and M5 all have a GDD of —50 fs2,
while the 80% output coupler has a GDD of 0 fs?. This combination of mirrors
brings the total negative dispersion for the cavity to —530 fs. The Ti:Sa crystal has
a positive group velocity dispersion (GVD) of 58 fs>/mm at 800 nm. For control
of the freo, wedges of fused silica are inserted in the cavity, which have a GVD
of 36 fs?/mm. Since with these elements the total dispersion has quite a high
negative value, a plate of 1 mm fused silica is added, bringing the total amount of
positive dispersion to ~ 500 fs2.

With this design, pulses with a spectral width of more than 300 nm were pro-
duced (Fig. 3.8), with an average power of P = 0.4 W. This output was used as a
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Figure 3.8: Output spectrum for the first frequency comb laser (thick trace), which was
used as a seed for noncollinear optical parametric chirped pulse amplification [107, 108].
The amplified output spectrum is indicated by the thin trace.

seed for non-collinear optical parametric chirped-pulse amplification, producing
pulses with a peak intensity of 2 TW and a duration of 7.6 fs [108].

3.3.1.2 Frequency comb II

The laser setup for the experiments on calcium ions is depicted in Fig. 3.9. The
total cavity length is approximately 1.7 m, corresponding to a repetition frequency
of frep = 180 MHz. The repetition frequency can be adjusted in the range f;.c, =
150 — 220 MHz. The 2.5 mm long Ti:Sa crystal is pumped with P = 3.8 W
from a pump laser at 532 nm, focused using a f = 36 mm lens. M1 and M2
have a radius of curvature of 7 = 50 mm, and have an anti-reflection coating for
the pump laser wavelength. They form an oscillation compensated pair with a
negative GVD of —70 fs? each. The 85% output coupler has approximately 0 fs2,
as has M3. The other two mirrors M4 and M5 both have a dispersion of —50 fs2.
These mirrors are again designed to cancel the oscillation on the combination of
the two. However, since one of these mirrors is the end mirror, the effect of this
cancellation is less. The total negative dispersion on one roundtrip through the
cavity thus comes to —430 fs2. The total (positive) dispersion per roundtrip due
to Ti:Sa is 290 fs2*. For control of the value of feeo, two fused silica wedges
are inserted in the cavity. Per roundtrip, a few mm of fused silica are passed,
bringing the total dispersion to approximately —30 fs. The resulting spectrum is

*The dispersion is wavelength dependent, the mentioned value is an average value around the
central wavelength.
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Figure 3.9: Design of frequency comb II. The lasers is built using commercial mirrors
(M1-M5 and OC=85% output coupler) from Layertec. The mirror M5 is mounted on a
piezo. PD=photodiode.
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Figure 3.10: Comb spectra with different amounts of glass inside the cavity. Solid line:
~ 1.5 mm fused silica, dashed line: no wedges, dash-dotted line: ~ 2 mm fused silica.

very much dependent on the exact dispersion balance in the frequency comb (Fig.
3.10). The average output power of this design is P = 0.7 W. By changing the
optical path length through two wedges of fused silica (FS), the dispersion curve
is shifted and slightly tilted. This shift corresponds to a change in the frequency
comb spectrum (Fig. 3.10).
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Figure 3.11: Comb spectra with different mirrors for GVD-correction. Besides having
different average values for the dispersion, the used mirrors will also have a different wave-
length dependence. The mirrors indicated A and B are the two mirrors from a dispersion
oscillation compensated pair.

The spectrum can also be modified by using mirrors with different GVD-
curves (Fig. 3.11). The spectrum will narrow on adding more negative disper-
sion, but also the peak can be shifted by modifying the zero-crossing of the total
dispersion curve.

3.3.2 Locking the carrier-envelope offset and repetition frequency

The modelocked laser is turned into a frequency comb by very accurate control
of the repetition frequency frcp and the carrier-envelope offset frequency feeo
(the electronic setup is shown in Fig. 3.12). The repetition frequency is easily
detected using a fast photodiode (EOT ET-4000). It is filtered out electronically
from the photodiode signal, and then mixed with the locking frequency from a
low-noise, stable frequency generator. The difference frequency is sent to a PID
controller, which provides the feedback signal for locking fy.ep. This feedback is
applied on the laser through a fast and a slow channel. Short term stabilization is
achieved using a piezo-electric transducer (on which one of the cavity mirrors is
mounted, see Fig. 3.9) to change the cavity length. On long time scales, the cavity
length is corrected through the baseplate temperature. Heating resistors heat up
the baseplate to provide this feedback.
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Figure 3.12: The electronic setup for locking the frequency comb (see text). The f, is
detected on a photodiode. From the output signal the 4" harmonic is filtered, which is
then mixed with the output of an arbitrary frequency generator (AWG) that is multiplied
by 16. The difference signal from the generator is the input for a PID-controller, which
controls a piezo to stabilize the cavity length. For long term temperature stabilization, the
voltage on the piezo is used as input for control of the baseplate temperature via heating
resistors (HR), to stabilize the cavity length over longer timescales. The fj is measured
using an f-2f interferometer (Fig. 3.16). This signal is filtered using a bandpass filter. The
phase difference between the fj and the output from an arbitrary frequency generator
(AWG) is measured, and feedback on the AOM is provided by a PID-controller. For the
experiments described in Chapter 7 the AWG was replaced by a 3 GHz function generator,
to which the 16" harmonic of frep is locked (see text).

In the experiments measuring the 4s 251/2 —4p 2P1/2 (Chapter 5) and 4s 251/2 —
4p 2Py /2 (Chapter 6) transitions in 40Ca, the generator providing the reference
frequency was an 80 MHz Agilent 33250A Arbitrary Waveform Generator, mul-
tiplied by sixteen in order to generate the fourth harmonic of the repetition fre-
quencies around 180 MHz. For the experiment on the clock transition in calcium
(Chapter 7), this generator is replaced by a 3 GHz Agilent function generator, to
which the 16™ harmonic of the repetition frequency is locked. Both generators are
locked to a rubidium atomic clock (Stanford Research Systems PRS-10), which
is referenced to the (caesium-based) Global Positioning System (GPS). On short
timescales of the order of seconds, the rubidium clock will have a stability that
is orders of magnitude better then the GPS. However, for averaging times over
longer timescales of several hours the stability of GPS will be higher (Fig. 3.13).
The rubidium clock is corrected based on the GPS signal for long timescales, im-
proving the accuracy for averaging over large time spans. This method makes
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Figure 3.13: Allan deviation for both the rubidium clock (squares) and GPS (circles). The
rubidium clock Allan deviation is based on the manufacturer specifications. The GPS data
is based on the NIST Boulder GPS data archive [111] for the month november 2009.

measurements possible with an uncertainty of a few parts in 10713 for averag-
ing over 24 hours [109]. The highest achieved accuracy presented in this thesis is
7 x 10719 on a transition frequency of 762 THz. Measurements with a higher
precision have been demonstrated in our laboratory using a fiber-based frequency
comb, locked to the same GPS-disciplined rubidium clock. For measurements
on the 152535, — 152518, (magnetic dipole) transition in 4He at 193 THz, a
precision of 1071 on averaging over ~ 100 s was achieved [110].

The second frequency to be controlled in a comb laser is the carrier-envelope
offset frequency. It is detected using a so-called f-2 f-interferometer [6, 8]. The
principle behind this measurement device can be explained in the frequency do-
main picture: The comb consists of modes which are exactly equally spaced, with
the n™ mode at f, = feeo + 1 X frep. If this comb is upconverted by sum
frequency mixing, the resulting comb structure has modes at feeo = 2 X feeo +
M X frep, where m is an integer. In an octave spanning comb, these two can be
overlapped on a photodiode to generate a beat signal, containing the f.., (Fig.
3.14). Frequency combs that directly provide an octave-spanning spectrum can
be constructed, and in this case the f¢, is detected with a relatively simple scheme
[112-114]. However, even with less than one octave from the oscillator a super-
continuum spanning over an octave can be generated ina photonic crystal fiber,
while maintaining the comb structure [115, 116]. Such a broadened spectrum,
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Figure 3.14:

(a) The frequency comb spectrum (solid line) is broadened in a photonic crystal fiber to

an octave-spanning spectrum (dotted line). In this process both fy¢p, and fee, are un-

changed. The comb modes are depicted by vertical lines. Only a few comb modes are

indicated to show the principle. In reality, the spectrum of the frequency comb consists

of ~ 10% modes.

(b) The broadened spectrum (dotted line in (a)) is frequency doubled, resulting in a spec-

trum at twice the frequency (dashed line). While the repetition frequency remains the

same, the offset frequency is doubled. The frequency doubled spectrum thus has an
(‘eo =2x f ceo-

(c) A beat note is generated by overlapping the broadened and frequency doubled spectra

onto an avalanche photodiode. This signal yields the carrier-envelope offset frequency
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employed for feco-detection, is shown in Fig. 3.15. The setup for measuring
feeo is depicted in Fig. 3.16. The broadened spectrum generated in the photonic
crystal fiber is focused in a BBO-crystal to generate the second harmonic of the
low-frequency part of the spectrum. The fundamental and doubled spectrum have
orthogonal polarizations, and travel through the two arms of an interferometer af-
ter being seperated by a polarizing beamsplitter. One of the end mirrors of the
interferometer is mounted on a translation stage in to adjust the temporal overlap
between the two spectra. The polarization states of the fundamental and frequency
doubled signals are projected onto a common axis using a half-wave plate and a
polarizing beamsplitter, after which the beat signal is detected on an avalanche
photodiode.

Coarse adjustment of fcc, can be made by changing the amount of fused silica
in the cavity by shifting the position of a wedge in the laser. For automatic feed-
back, the pump intensity is employed to control the phase slip between carrier and
envelope from pulse to pulse [117, 118]. This dependence is due to the Kerr ef-
fect (section 3.2.1) for an octave-spanning Ti:Sa frequency comb [119, 120]. The
Kerr effect as described previously has an intensity dependent refractive index, and
as such an intensity dependent difference between the phase and group velocity,
which in turn changes the phase shift from pulse to pulse [121]. In addition, the
time dependence of the Kerr effect needs to be taken into acount, which results
from the time-dependence of the non-linear polarization. This leads to an effect
called self-steepening, causing a shift in the peak of the pulse compared to the car-
rier wave, and in this way changes the carrier-envelope phase shift [103, 122, 123].
The combination of these two effects provides the observed change in fe., on
changing the intensity.

An acousto-optic modulator (AOM) is used to change the pump intensity and
provide a feedback on f,c,. The phase difference between an Arbitrary Waveform
Generator (Agilent 33250A) and the filtered beat signal is detected, and sent to
a PID-controller which generates the feedback signal to the AOM driver. An
example of the locked f,co-signal is shown in Fig. 3.17.

3.3.3 Scanning a frequency comb

In order to scan a frequency comb over the transition to be measured, either the
carrier-envelope offset frequency or the repetition frequency can be varied. The
latter has the main advantage that the scan step A f,.¢;, is multiplied by the mode
number 1, meaning that only a very small range of f.c, has to be scanned in
order to make a wide scan around the transition frequency frqns to be mea-
sured. To give an example, for the 4s 251/2 — 4p2P3/2 transition at 762 THz,
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Figure 3.15: The spectrum from the frequency comb (thin trace) is broadened in a non-
linear fiber to an octave spanning spectrum (thick trace).
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Figure 3.16: Schematic of the f — 2f interferometer as used for the feq,-detection.
PF=photonic fiber, PBC=polarizing beamsplitter cube, IF=532 nm interference filter,
A/2=half-wave plate. One of the mirrors is mounted on a translation stage (indicated
with an arrow) to correct for a delay between the doubled and broadened spectrum.

at frep = 180 MHz, the mode number is n = 4.2 x 10, Therefore, a scan of
the repetition frequency of only 42.5 Hz is enough to scan over the full repetition
rate of 180 MHz at the transition frequency. In order to achieve such a scan the
laser cavity only needs to be scanned over a length AL = 0.4 pum, which is easily
achieved using the piezo-electric transducer that is also used for locking the comb
repetition rate.

On scanning the repetition frequency over a large frequency range, several
consecutive comb modes come into resonance with the transition frequency. A
resonance will occur for:

fceo +n X frep,n = ftrans (316)
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Figure 3.17: The measured f.., signal, measured on two frequency scales, showing the
good signal-to-noise ratio for the beatnote.

If mode m is resonant with the transition at a repetition frequency of fcp m, then
.. 1 .

the mode number m — ¢ is resonant for fr.ep m—i = T=ijm X frep,m- In the signal

that is acquired by scanning several comb modes over the transition (as is shown

in Fig. 3.18) the spacing between the modes m and m — 7 is thus:

1
m/i—1

Because of this well-controlled and known structure of the frequency comb, a
scan containing several resonant comb modes in sequence can be fit collectively to
give a single transition frequency. This method of scanning several comb modes
over the transition frequency of interest is used for the direct frequency comb

spectroscopy of the 4s 251/2 —4dp 2I’;))/Q-tramsition in 4°Ca™t, which is described
in Chapter 6.

Af = X frep,m ~ Z/m X frep,m (317)
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Figure 3.18: The signal for scanning 21 comb modes over the 4s 251/2 — 4p2P3/2—
transition, after correction for decay. The whole scan is collectively fitted. In the inset the
fit result for one of the peaks is shown.



Chapter 4

Precision spectroscopy and the
frequency comb

The current standard of time is, by definition, based on a transition in the caesium
atom®. By using this element in an atomic fountain, the best working caesium
clocks can now give an accuracy of 3.3 x 10716 [125, 126]. However, work
is in progress towards even more accurate standards, based on other trapped and
cooled atoms or ions which could lead to a redefinition of the SI second in the near
future. The impressive progress which was made in recent years is summarized
in Fig. 4.1, now leading to clocks based on a trapped ions with an accuracy at
the 10~ level [1]. A big advantage of these clocks over the caesium fountain
clocks lies in the much higher transition frequency used. While the transition in
caesium lies at 9 192 631 770 Hz, the ‘clock’ transition in for example 27Al* is at
v = 1121015393207 857.4(7) Hz [14]. The five orders of magnitude higher
transition frequency could in principle significantly improve the ion clock stability
on short timescales. The counting of such high frequencies has been made possible
by the invention of the frequency comb laser [6-8]. With a frequency comb,
optical transitions frequencies can be down-converted to radio frequencies (RF),
which can be electronically counted. This division is not only useful for defining
new standards, but also for measuring other optical transition frequencies. Since
the comb links the optical to the RF domain, the transition to be measured can
be linked to the caesium standard. In addition, it enables relative measurements
between transitions in the optical domain.

*Since 1968 “The second is the duration of 9 192 631 770 periods of the radiation correspond-
ing to the transition between the two hyperfine levels of the ground state of the caesium 133 atom’
[124]. In 1997 the definition was altered by adding the requirement of the atom being at rest: “This
definition refers to a caesium atom at rest at a temperature of 0 /.
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Figure 4.1: Overview of some important developments in high precision spectroscopy.
The dashed line indicates the invention of the frequency comb (FC). The points in the
graph represent: [a] The first caesium clock [127], [b] The first caesium fountain [128], [c]
‘The first optical ion clock [20], [d] The current state-of-the-art caesium standard [125],
[e] A relative measurement of two ion clocks with a fractional uncertainty of 1017 [14],
[f] Current record for accuracy [1].

4.1 Accuracy and stability

The performance of a frequency standard is judged both by the precision that
can ultimately be achieved on long averaging times, and by the stability of the
clockwork indicating the fluctuations of the output frequency. The stability is
usually expressed in terms of Allan deviation o, [129], which for a normalized

frequency difference y(7) is defined through the Allan variance O’Z:
N-1
(oy(1))* = D (isa (1) = 4i(1))*/ (2N —2) (4.1)
i=1

So for a sample averaging time 7 in a total measurement of duration N X 7, the
Allan deviation is an average frequency deviation between two consecutive points
in the sample. In the case where a frequency standard is based on an atomic
transition, this deviation can also be expressed in terms of measurement parameters

[41]:
1 T,
oy(T) = m\/ . (4.2)

In this equation @ = firans/Afrw m is the quality factor of the atomic tran-
sition, S/ N is the signal-to-noise ratio and 77 is the cycle time needed for mea-
suring the transition frequency in the ion. From formula (4.2) it follows that a
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clock based on a narrow optical transition in a trapped ion can have a much faster
realization of a standard than caesium, due to its much higher transition frequency
compared to the natural linewidth and resulting higher quality factor.

The second characteristic for a frequency standard, the accuracy, refers to how
well the clock agrees with the SI-definition of the second. The transition frequency
can be well determined at relative uncertainties down to 101, for which caesium
clocks (on which the definition of the second is based) can be built. However, for
the best available ion clock the optical frequency measurement is now limited by
the realization of the unit of time. Therefore, the ultimate performance of such a
clock can only be expressed in a relative uncertainty between two of these clocks,
as for example has been done between an aluminium and a mercury single ion
optical clock [14] or between two aluminium single ion optical clocks [1]. Some
examples of the highest achieved accuracies for both Cs-standards and ion clocks
over the years are represented in Fig. 4.1.

4.2 Calibrating a probe laser against the frequency comb

The frequency comb is a very versatile tool for spectroscopy due to the combina-
tion of a very wide bandwidth and the narrow width of the individual modes. The
combs described in this thesis can have a spectral width of > 200 nm (Fig. 3.8
and 3.10), while the individual modes have a width of ~ 2 MHz FWHM. Since
the absolute frequencies of the comb modes are very well controlled and known
(see section 3.3.2) it can be used as a ‘ruler’: To determine the unknown frequency
of a cw laser, it is measured against the frequency of the comb modes (Fig. 4.2).
This is done by mixing the cw laser with a frequency comb mode to generate a
beat signal. The two lasers are spatially overlapped onto an avalanche photodiode
(in a setup as depicted in Fig. 5.6), where the beat between the cw laser and the
modes of the combs is recorded. An example of such a beat signal between a cw
Ti:Sa ring laser at 729 nm and a Ti:Sa frequency comb is shown in Fig. 4.3.

From the beat between the two lasers the frequency of the unknown laser fe,
can be determined by the formula:

fcw = ifceo +n X frep + fbeat (43)

There are a few factors in this equation which are not directly obtained from the
beat measurement, which are the signs in front of feeo and fpeqt and the mode
number. The sign of the beat frequency fpeq: can be determined by keeping the
cw laser frequency locked to the same position (within a few MHz will usually be
enough), while scanning the repetition frequency frcp. If the beat results from
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Figure 4.2: The principle of measuring the frequency of a cw-laser with a frequency comb:
The comb consists of many modes over a broad wavelength range (schematically depicted
in the upper spectrum), while the cw laser will have a very narrow, single mode, spectrum
(depicted in the lower spectrum). By combining the two laser beams on an avalanche
photodiode (APD) the beat signal between the two can be measured. In the time domain
the beat signal appears as a modulation of the pulses, at the frequency of the beat. In the
frequency domain, this frequency (and its integer multiples) will manifest itself as a narrow
peak. A convenient frequency (in our experiments the one closest to zero) is filtered out
with a bandpass filter and measured using an RF counter.
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Figure 4.3: An example of the beatnote between an 899 Coherent Ti:Sa ring laser (sta-
bilized on its reference cavity) and the frequency comb, measured with an RF spectrum
analyzer with RBW=20 kHz, VBW=20 kHz, and a sweeptime of 50 ms. The frequency
of the cw Ti:Sa laser fluctuates on a timescale much faster than the sweep time, resulting
in the multiple peak structure in the recorded beatnote.
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Figure 4.4: The effect of changing frcp and feeo on fpeqr. In figures (a) and (b) frep
is increased (from the black to the grey bars), resulting in a de- (a) or increase (b) of
fveat (indicated by arrows) depending on the sign of fpeqs. In figures (c) and (d) feeo is
increased (from the black to the grey bars), resulting in an in- (c) or decrease (d) of fyear
depending on the sign of fc,.

a mode below the cw-laser mode, then on increasing frep, foeqr will decrease
(Fig. 4.4(a)). If on the other hand the cw-laser mode is at a lower frequency than
the corresponding comb mode, then on increasing frep, fpeqt Will increase (Fig.
4.4(b)). The carrier envelope offset frequency can subsequently be determined in a
similar manner by changing f.., while again keeping the laser frequency constant,
with fpeqr now of known sign (Fig. 4.4(c) and 4.4(d)). The frequency feeo can
also be determined by beating a laser of known frequency to the comb. Once
the sign of fce, has been determined, it can be deduced from the direction of the
PID feedback, which remains the same if the sign of f.c, does not change. The
measurements described in this thesis were performed with an fec, < 0.

The other unknown in equation 4.3 is the mode number 7, or in other words
the determination of the mode closest to the cw laser mode. If the frequency that
needs to be determined is known with an accuracy well within half the repetition
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frequency of the comb, the mode number can be assigned with confidence for
measurements at a single repetition frequency. Another option is to measure the
frequency of the cw-laser with a well-calibrated wavemeter. If these two options
are not available, the correct mode number can be determined by performing the
calibration at a number of different repetition frequencies. The output of a mea-
surement will be a beat frequency (with known sign), at a known fee, and frep.
From this measurement a series of possible laser frequencies can be calculated for
several possible values of n (indicated by a single set in Fig. 4.5). This mea-
surement can then be repeated at other repetition frequencies. For each of these
measurements a set of possible laser frequencies is calculated, based on equation
(4.3) with different mode numbers. At the correctly assigned comb mode the
values will be the same, while for neigboring comb modes the calculated frequen-
cies the numbers do not match. Depending on the spacing between the sets and
the number of sets, there will be are several frequencies where the different sets
give the same value within the measurement accuracy. The spacing between these
points can be increased by adding measurements at different frequencies if needed.
However, for the sets shown in Fig. 4.5 the next crossing already deviates 5 GHz
from the assigned value fy for a measurement accuracy < 5 MHz. Usually there
will be sufficiently accurate data available to determine the transition frequency

within this 5 GHz.

4.3 Direct frequency comb spectroscopy

4.3.1 Atomic one- and two-photon transitions

Frequency combs have had a great impact on the development of very precise
spectroscopy. The spectroscopy of so-called clock transitions in trapped ions to an
accuracy at the 107 17-level was made possible by the achievement of frequency
combs with Hz-level linewidths (and beyond) [1, 130]. Direct frequency comb
spectroscopy (DFCS) using the comb at the full repetition rate, for excitation of a
one-photon transition, can be treated similar to cw-excitation: One of the comb
modes is located at approximately the transition frequency, and therefore excites
the electronic transition. Excitation rates are determined by the power in this
one comb mode, while the other modes only contribute to the AC-Stark shift of
the line and the background signal. For a two-photon transition, in principle all
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Figure 4.5: Schematic example of the principle of mode determination by changing the
frep: Three different sets of possible frequencies for the calibrated cw-laser are shown
(squares, circles and triangles), measured at a repetition frequency as shown on the y-
axis. The different positions on the z-axis indicate several possibilities for the frequencies
(depending on the mode number), relative to a certain frequency fy. The frequencies
determined at the different fy, give the same value for the mode number at fj, which
thus is the frequency of the cw laser. The slopes between the points for the different
repetition frequencies with the same An will intersect at the laser frequency at fr.cp, = 0

(dashed lines).

comb modes can contribute, because different comb modes can add up to the
same frequency for two-photon excitation (Fig. 4.6).1

The direct excitation of transitions with a frequency comb laser was first per-
formed in 2004 on rubidium [131] and in 2005 on krypton [132]. This early
work on DFCS already points out many of the advantages of DFCS. The work
on rubidium shows that a broad spectrum can be covered in a single scan over
one repetition rate. The krypton-experiment shows the application of frequency
combs for spectroscopy at short wavelengths: The frequency comb provides short
pulses in the time domain, with which high peak powers can be obtained. By
using nonlinear effects such as sum-frequency mixing and high-harmonic gen-
eration, wavelengths can be obtained which are out of reach of cw-lasers. This
approach has now been extended to vacuum ultraviolet (VUV) [133] and extreme
ultraviolet (XUV) [134] wavelengths.

Since these first results, direct frequency comb spectroscopy has been demon-
strated in several experiments (an overview up to 2008 is given in [135]). A mea-

"Such an experiment with counter-propagating beams will not be entirely Doppler free any-

more, but will have a Doppler shift depending on the used bandwidth.
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Figure 4.6: The difference between one- and two-photon spectroscopy using a frequency
comb. For one-photon spectroscopy, only one comb mode is resonant at a time (figure
(). In the case of two-photon excitation, several combinations of comb modes can add
up to the same transition frequency (figure (b)).

surement that is particularly worth mentioning in the view of this thesis was per-
formed by Fortier ez al. in 2006. They demonstrated the first direct frequency
comb spectroscopy on a dipole-forbidden transition, the 452 'Sy — 454p3Py tran-
sition in cold calcium atoms (with a natural linewidth of 374 Hz) [136]. In a
later experiment they calibrated the 4s4p3P; — 45553S; transition, where the
transition frequency was measured at an accuracy of 1 x 10710 [137]. These ex-
periments are a first demonstration of the possibility of exciting a narrow clock
transition using direct frequency comb spectroscopy. We have demonstrated di-
rect frequency comb spectroscopy on a significantly weaker transition [138]. We
have measured the 45 %S /o —3d *Dj /2 transition frequency in 40Cat (which has
a natural linewidth of 0.14 Hz), as is described in detail in Chapter 7.

4.3.2 Molecular fingerprinting

The signal obtained by direct frequency comb spectroscopy repeats over every frep.
This repetition complicates the unfolding of the spectrum when many lines are
recorded simultaneously over a broad spectrum, as is the case for molecular spectra.
This issue can be overcome by using a high (1 GHz) repetition rate frequency
comb, in combination with a so-called Virtually Imaged Phase Array (VIPA) and
a grating [139] or a high-finesse cavity [140] to resolve all individual comb modes.

An example of a setup for measuring molecular absorptions using a frequency
comb is depicted in Fig. 4.7. Light at around 1.5 yzm (a wavelength range where
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Figure 4.7: A simplified scheme for cavity enhanced frequency comb spectroscopy: Light
from a frequency comb is converted to a spectrum around 1.5 ysm using an Optical Para-
metric Oscillator (OPO) (for this purpose also a fiber comb around 1.5 pim can be used).
The output light is coupled into an enhancement cavity in order to achieve highly sensitive
absorption spectroscopy. The output is resolved into a 2D-array displaying the individual
comb modes using a spectrometer consisting of a VIPA (Fig. 4.8) and a grating.

lens

Figure 4.8: The working mechanism in a Virtually Imaged Phase Array (VIPA): The VIPA
consists of a thin etalon, with one side coated to have a high reflectivity (R = 96% in the
picture), while the other side is partially coated to provide a 100% reflectivity. The change
in refractive index n with wavelength results in different path lengths (AL = m x \/n for
constructive interference. Consequently, the outputangle of the VIPA is angle-dependent,
providing separation of the comb modes. For a spectrum broader than the free spectral
range, the diffraction orders however do still overlap.

many molecular absorptions can be observed) is generated either directly using a
fiber frequency comb, or by coupling light from a Ti:Sa frequency comb into an
optical parametric oscillator for generation of light at the desired wavelength. The
absorption signal is then focused onto a VIPA (Fig. 4.8) to provide angular disper-
sion, followed by a grating in the perpendicular direction to separate overlapping
diffraction orders (see for example [139, 141]). The resulting signal can provide
a single shot absorption spectrum over a wide range of wavelengths. In addition,
the comb can be scanned over the repetition frequency in order to further resolve
the absorption features.
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Figure 4.9: Simplified schematic for the application of comb cavity ringdown spec-
troscopy using a scanning cavity: The comb and OPO are the same as in Fig. 4.7. How-
ever, the enhancement cavity now has a length which is no longer exactly matched to the
cavity length of the frequency comb. By choosing an appropriate ratio between the en-
hancement and frequency comb cavity length, the spacing of the transmitted frequency
comb is much larger compared to the original comb spectrum, and can be resolved using
a grating. By scanning the cavity over one free spectral range, the entire comb spectrum
can be recorded.

The drawback of the above described method lies in the use of a static cavity,
so that both its length and dispersion must be properly matched in order to obtain
a broadband signal containing all of the comb modes. This problem can be over-
come by using the cavity itself as the mode filtering device [140, 142]. The spacing
between transmitted modes is given by the free spectral range F'SR = 2mc¢/nL
(where n is the effective refractive index, and L the cavity length). The cavity is
designed to have a FSR which is a multiple i/j of the frequency comb repetition
rate where j is an integer and @ = j + 1. As a result only every integer times
ith comb mode is transmitted (surpressing the other modes with a cavity with a
high enough finesse). The reduced frequency comb can be spectrally resolved on
a CCD camera using a grating. By simultaneously scanning the cavity length and
the image on the camera, a 2D image of all the comb modes can be obtained.
This method suffers from a lower signal compared to the first one, but does gain
in simplicity of the setup.

4.3.3 Multiheterodyne spectroscopy

Another method to resolve the individual modes in the comb spectrum involves
the application of two frequency combs simultaneously, as suggested by [143] and
demonstrated by [144-146]. The so-called multiheterodyne spectroscopy uses the
time domain signal in order to observe the frequency domain absorption spec-
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trum. In the time domain, the frequency comb shows a pulse shape (where feco
is omitted for ease of explanation):

I(t) =Y Cy cos(nwyept) (4.4)

The frequency dependent absorption spectrum of a medium gives a frequency
dependent modulation:

I'(t) = Amodn X Cp cos(nwrept) (4.5)

n
A beat can be made between such a modulated comb with a repetition frequency
Wrep,1 and a second, non-modulated frequency comb, with repetition frequency
Wrep,2, resulting in a beat signal:

Lint(t) = % Z Apod,n{cos(Nwrep, 1t —Mwyep 2t) + cos(Nwrep, 1t +Mmwyep 2t) }

m (4.6)
With a fixed frequency difference Aw = wyep,1 — Wrep,2 between the combs, after
low-pass filtering, the time signal will read:

1
Lot (t) = 5 > Apod.n cos(nAwt) (4.7)

For which the Fourier transform will give a spectrum:

1
Tiot (w) = Z Z Amod,nnAw (4.8)

The near-infrared spectrum is thus mapped onto an RF-spectrum, which can be
mapped back onto the original spectrum mathematically. Since there are no mov-
ing parts involved, the scanning can be done very fast (in the order of tens to
hundreds of js [147]), making this a very powerful method to scan over a large
frequency range. The fact that two frequency combs are involved does make it
more expensive then the previously mentioned methods.






Chapter 5

Frequency metrology on calcium
ions

5.1 Introduction

The detection of a possible variation in the fine structure constant o by Webb ez
al. [31] was founded on the so-called many-multiplet method. In that study ac-
curate wavelengths of absorption lines of a number of atoms and ions, observed
at high redshift in the line-of-sight of Quasi Stellar Objects (QSO or ‘quasars’),
are compared with the laboratory (zero redshift) wavelengths of those atomic res-
onances. Such an analysis may yield a value for Aa/av over time spans of many
billion years. Improved methods and inclusion of over a hundred of high-redshift
absorption systems now have delivered a positive effect with a 50 significance
[148]. However, comparison of highly-accurate single ion optical clocks in the
laboratory have yielded results consistent with a zero change, measuring a present-
day value of &¢/av = —1.6 + 2.3 x 10717 per year [14].

Echelle-grating spectrometers attached to very large telescopes, provide the
opportunity for highly accurate wavelength calibration of astrophysical data, with
the prospect of detecting a change in the fine structure constant over cosmolog-
ical timescales. However, for several spectroscopic lines the absolute wavelength
accuracy does not match the level of 1077, which is feasible in astrophysical ob-
servations, bringing about the need for renewed and updated laboratory precision
measurements. One of the lines that need a more accurate frequency calibration
is the 4s 251/2 — 4p2P1/2 transition in Ca™ [149], which is the subject of this
paper.

In general, trapped calcium ions are studied both for use in very accurate ion
clocks [41, 150] and for quantum computation [151, 152] (more information on
this subject can be found in Chapter 1). Nevertheless, the 4s 251/2 — 4p2P1/2
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transition that is used for Doppler cooling these ions, has been given far less at-
tention. For this transition, often the value v = 25191.5182 cm ™! is cited
[153]. This frequency is based on a private communication with U. Litzén, who
recently recalibrated the corresponding data yielding an updated value of v =
25191.519(0.002) cm ™! [154]. The next best wavelength calibration dates back
as far as 1956, with a value v = 25191.51(0.13) cm ™!, obtained by Edlén and
Risberg using classical spectroscopy [155].

In the present study, a linear Paul trap is used for confinement of a cloud of
calcium ions, while laser cooling is employed to obtain a linewidth equal to twice
the natural linewidth of the transition. The cold ions are probed using a second
laser beam of lower intensity. Simultaneously, a part of this laser is heterodyned
to a frequency comb for absolute frequency calibration.

5.2 Experimental setup and procedures

5.2.1 Ion production and trapping

The calcium ions are trapped in a linear Paul trap (Fig. 5.1) consisting of 4 linear
electrodes for radial confinement, and 2 ring electrodes for restriction in the axial
direction. These elements are suspended and separated by insulating spacers. The
electrode dimensions enable fluorescence collection over a large solid angle of ~
0.27 sr. The four linear electrodes are placed at a distance 79 = 4 mm from
the trap axis, and the ring electrodes are 17 mm apart. A radio frequency (RF)
voltage Vj at a frequency 2 = 27 x 3.3 MHz is applied to the electrodes 1 and 4,
while the electrodes 2 and 3 are grounded. The characteristic stability parameter
of the Mathieu equation, which describes the motion of an ion in an harmonic
RF potential, is ¢ = 2QVy/mQ?r3 [55]. Here Q and m are the charge and mass
of the ions respectively. A small stability parameter (¢ << 1) is advantageous to
reduce RF heating [78, 79]. However, trap imperfections and micromotion in an
extended cloud can still lead to substantial heating of the confined ions [55, 86].
The trap is generally operated with a Vj =~ 60V, corresponding to ¢ = 0.04. The
ring electrodes that are held at a constant voltage of typically Vpc = 10 V create
a harmonic potential for axial confinement. The ion trap is described in detail in
Chapter 2.

The trap is installed in a vacuum chamber, which is evacuated to a pressure
of 2 x 107 mbar. Neutral calcium atoms are evaporated from an oven into the
linear Paul trap. In the trapping region calcium atoms are resonantly excited to
the 4p 'Py level by a frequency-doubled CW (continuous wave) Ti:sapphire ring
laser (Coherent 899) producing 422 nm, and subsequently ionized by a frequency
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(a) Side view (b) Axial view

Figure 5.1: Electrode configuration for the linear trap. The trap consists of four linear
electrodes (labeled 1-4) for radial confinement: A Radio Frequency voltage is put on two
diagonally facing rods (1,4), while the other two rods are grounded (2,3). A DC voltage
is applied to the ring electrodes for axial confinement.

tripled Nd:YAG (yttrium aluminum garnet) laser operating at 355 nm (Fig. 5.2).
The RF source for the trap (Agilent 33120A) is resonantly enhanced and filtered
by a helical resonator (with a loaded Q~140). For diagnostic purposes a Channel
Electron Multiplier (CEM) and extraction grid were installed underneath the Paul
trap. By pulsed extraction of the ions from the trap with a variable delay and
detection on the CEM, the ionization rate and trapping conditions can be probed
and optimized.

5.2.2 Doppler cooling to ion cloud crystallization

In order to counteract RF heating and reduce the Doppler width of the measured
transition, the ions are laser cooled on the 4s 251/2 —4dp 2P1/2 transition (the
relevant energy levels are shown in Fig. 5.3). The cooling laser is a 397 nm grating
stabilized diode laser (P = 3 mW, Toptica DL100). Since the ions in the excited
4p 2P, /2 state have a 7% probability of decaying to the long-lived 3d 2Dy /2 state,
an additional diode laser at 866 nm (P = 1 mW, Toptica DL100) is used for
repumping.

Excitation of the transition is observed through the emitted fluorescence at
397 nm. Using a 25 mm diameter lens with a focal length of 25 mm inside the
vacuum chamber, 5 % of this light is collected. The ion cloud is imaged onto a pin-
hole to remove background radiation and scattered light from the electrodes, and
its fluorescence is detected on a photomultiplier tube (PMT, Philips XP2020Q).
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Figure 5.2: Schematic design of the laser system and linear Paul trap. The lens used
for focusing the light onto the single mode fiber is a 40 times microscope objective.
More details on the frequency doubling can be found in Fig. 5.5. DL=Diode laser,
PMT=Photo-Multiplier Tube, 2w=frequency-doubling setup, 3w=frequency-tripling
setup, PBC=Polarizing Beamsplitter Cube, CEM=Channel Electron Multiplier.

Before being focused into the trapping region, the cooling laser is spatially filtered
by a single-mode optical fiber (3M FS-VS-2614, mode field diameter 3.14 y4m),
which reduces the effective cooling laser power to P = 1 mW. The filtering fur-
ther reduces the background signal due to scattered light from the trap electrodes,
which mainly originates from the 397 nm cooling laser. In Fig. 5.4 two excita-
tion spectra of trapped and laser cooled ions are shown, obtained by scanning the
cooling laser. Depending on the cooling efficiency (controlled by the repumper
detuning), the recorded fluorescence as a function of the cooling laser frequency
can follow two characteristic curves [156]. If the ions keep relatively warm and
do not crystallize, the profile is a red-shifted, distorted Gaussian (red curve). On
the other hand, with sufficient laser cooling, the fluorescence can start out on a
similar curve when the cooling laser is far from resonance, until the ions become
sufficiently cold and crystalize. This sudden localization of the ions leads to a
smaller Doppler width, resulting in a decrease in fluorescence. On further scan-
ning of the cooling laser over the transition, a narrower resonance appears due to
the lower temperature of the ions (blue curve). Such a crystallized ion cloud is used



5.2 Experimental setup and procedures 81

4p 2P3/2 i

4P2P1/z_f 854 nm
d*D
866 nm 4 3 5/2
A 3d 2]33/2
394 nm 397 nm
729 nm 733 nm
Yy y

4s S

1/2

Figure 5.3: Partial energy level diagram of Cat

for the spectroscopy to minimize Doppler broadening. Laser cooling is performed
with the cooling laser set at detuning A f ~ 10 MHz from resonance (locked to
a wavemeter (Atos model LM-007) within ~ 6 MHz), which is approximately
half the natural linewidth. The achieved temperature is typically 7" ~ 1 K. This is
higher than the Doppler limit of 7" = 0.5 mK, probably due to anharmonicity of
the applied electric field or other trap imperfections [55, 86]. The large number
of trapped ions (~ 100) magnifies this effect, since the Coulomb repulsion forces
the ions away from the more harmonic trap center. The lifetime of the ions in
the trap is measured to be 7 ~ 8 min by monitoring the fluorescence from the
cooling laser.

5.2.3 Spectroscopy and absolute frequency calibration

Because the 45 2S; s2—4p 2p, /2 transition is both the cooling and measured tran-
sition, the cooling laser is periodically switched off using a chopper with a duty
cycle of 0.5 at a frequency of 0.3 kHz. The fluorescence due to the spectroscopy
laser is recorded during these periods. A diode laser at 794 nm (Toptica DL100)
is frequency doubled to 397 nm to probe the transition (Fig. 5.5). To minimize
heating of the cloud the probe laser intensity is a thousand times weaker than the
cooling laser. After spatial filtering a power of only P ~ 1 pW remains, which
is focused to 0.5 mm diameter in the trap. The induced fluorescence is detected

with the imaging system and PMT described previously (Fig. 5.2). The fluores-
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Figure 5.4: Observed fluorescence vs. frequency detuning A f, on scanning the cooling
laser over the 4s 281/2 —4p 2P1/2 transition in Ca™’. Red thin trace: Tions =~ 40 K, blue
thick trace: Tions ~ 4 K. The sudden decrease in fluorescence in the blue curve is the
typical signature for crystallization of the ion cloud (see text).

cence of both the cooling laser and the spectroscopy laser are separately recorded,
using a gating technique synchronized to the chopper in the cooling laser beam.
The cooling and probe laser are guided through the same single mode fiber (Fig.
5.2), ensuring good alignment of the weak probe beam onto the cold ion cloud,
while also spatially filtering the probe beam. In addition, by monitoring the cool-
ing laser induced fluorescence, ion loss from the probed region can be observed
during the scan.

The probe laser is calibrated on an absolute frequency scale by referencing it to
a frequency comb (see Chapter 3 and [7, 8]). A frequency comb laser is character-
ized by two frequencies: The repetition frequency f., which determines the mode
spacing, and the carrier-envelope offset frequency feeo, that gives the comb its off-
set from zero frequency. Both frequencies are locked to a Rubidium atomic clock
(Stanford Research Systems PRS-10), which is referenced to the Global Position-
ing System (GPS), fixing the frequency of the n* mode to f, = £ freotnx Jrep-
The Allan deviation of the frequency comb modes is determined from the stabil-
ity of the repetition rate relative to the clock combined with the stability of the
frequency reference. For the typical averaging time of 1 second, the contribu-
tions to the Allan deviation are 0.09 and 0.05 MHz respectively. Due to the short
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Figure 5.5: The diode laser and doubling cavity as used for the spectroscopy.
APP=anamorphic prism pair ISO=Faraday isolator CYLl=cylindrical lens f=70 mm
CYL2=cylindrical lens f=100 mm

measurement times, the latter is determined by the stability of the Rubidium refer-
ence. The contributions are added up in quadrature to a 1 second Allan deviation
of o = 0.1 MHz for optical modes at 377 THz, leading to an uncertainty of 0.2
MHez in the calibration at 755 THz. The comb laser operates at a repetition rate
of 207 MHz and with a spectrum of 54 nm FWHM around 825 nm.

An interference beat note is generated between the spectroscopy laser and the
comb laser modes, by overlapping the near-infrared fundamental output of the
spectroscopy laser with the output of the frequency comb laser. The comb light
is spectrally filtered using a grating and curved mirror in a 2f configuration (Fig.
5.6) to reduce the amount of comb modes and improve the signal to noise ratio
of the recorded beat note with the spectroscopy laser. An avalanche photodiode
(Menlo Systems APD210) detects the 40 dB (bandwidth 400 kHz) beat note fp,,
between the two lasers, which is monitored using a frequency counter (Agilent
53132A, referenced to the aforementioned Rubidium clock).

The laser frequency f; follows from the locked frequencies feco, frep, and the
measured beat frequency f,, through the equation:

fi :ifbn+ifceo+nxfrep (5.1

The sign of f,, can be simply deduced from the known scanning direction of
the laser. The scan over the transition was repeated at a different locking frequency
of the carrier envelope offset frequency to determine the sign of feco. To calibrate
the laser frequency the mode number 7 still has to be determined. The most
accurate measurement up to date for the 4s2S; 2 —4p 2p, /2 transition in Ca™
has an uncertainty of 60 MHz, which complicates assigning the mode number
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Figure 5.6: Schematic view of the setup for heterodyning the CW diode laser with the
frequency comb. The CW laser is overlapped with the comb on a beamsplitter (BC). A
grating-based spectral filter is used to reduce the number of comb modes on the detector.
For clarity a lens is drawn with focal length f’ = 50 cm, but in practice a curved mirror
is used. APD=Avalanche Photodiode, ph=pinhole, \/2=half-wave plate.

n with confidence. This is solved by repeating the measurement at two differ-
ent comb repetition frequencies, sufficiently far apart to distinguish between the
adjacent mode numbers. As the transition frequency is independent of the used
comb repetition rate, the measurements coincide for a particular mode number n,
from which the absolute frequency can be determined (see below). This method
is similar to that proposed in [157] and used in [132].

5.2.4 Results

A typical scan of the spectroscopy laser takes about 2 minutes (Fig. 5.7), which
is substantial compared to the trap lifetime of ~ 8 min. In order to minimize
distortion of the line profile, the spectroscopy signal is corrected for this ion loss,
and scans are always performed in both the forward (increasing frequency) and
backward (decreasing frequency) direction. Since the cooling is insufhicient to
reach the natural linewidth of the transition, a Voigt profile, i.e. a convolution of
a Gaussian and a Lorentzian is fitted to the data. The width of the Lorentzian is
fixed to 22.4 MHz [158], the natural linewidth of the transition. The width of
the Gaussian component is fitted, with a typical full width half maximum on the
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Figure 5.7: An example of the measured fluorescence spectrum for the 4s2S; /2 —
4p 2P, /2 transition in Ca™ (black dots) and the corresponding Voigt fit (red line), cor-
rected for the trap loss during the scan.

order of 45 MHz. From this fitted value an ion cloud temperature of 7'~ 1 K is
deduced.

The mode number is determined by measuring the transition frequency using
different frequency comb repetition rates of fre, = 189 MHz and f,.p, = 207
MHez. This results in two sets of possible transition frequencies (Fig. 5.8). The
measurements clearly coincide at a value of f = 755222 766 MHz, which is near
the literature value of f = 755222 740(60) MHz.

Several effects that can introduce systematic and statistical errors on the tran-
sition frequency have been investigated. These include the Stark shifts caused by
both the light field and the Paul trap, the stability of the comb modes and the Zee-
man shift caused by the earth magnetic field. The respective shifts and statistical
uncertainties are tabulated in Table 5.1.

In order to probe the Zeeman shift, a magnetic field is generated in the direc-
tion of the laser beam using Helmholtz coils (9 windings, diameter 2r = 19 cm).
For magnetic fields in this direction, if the polarization of the spectroscopy laser is
not completely linear, the Am = =£1 transitions will have a different excitation
rate. The Zeeman shift (AE = gym jpupB) in the involved energy levels results
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Figure 5.8: Absolute calibration of the 45 2S; s2—4p ’p, /2 transition in Ca™ is performed
by finding the coincidence of measurements with two different frequency comb repetion
rates of 189 MHz (circles) and 207 MHz (triangles). The depicted transition frequency
f = 2 x fi, since the laser frequency is measured in the infrared, after which the laser
is frequency doubled for the spectroscopy. Consequently the spacing between adjacent
points in the picture is 2 X fy.¢p. The upper graph shows the frequency dependence on
the choice of mode number. The lower graph shows the frequency difference between the
points in the upper graph, with Af = f — 755222766 MHz — 2 x n’ x 198 MHz,
where n’ is the relative mode number (error bars are smaller than the point size).

in an expected magnetic field dependent shift in the transition frequency of 19
kHz/pT for the Am = =1 transitions. For perpendicular magnetic field com-
ponents no shifts of the line center, but only broadening can be expected to first
order. These are therefore not considered.

The line center of the transition as a function of the applied external fields
was recorded for three different polarizations: right- and left-circular (6" and
o~ respectively) and linear (= o + o7). The result is shown in Fig. 5.9.
Linear fits to the data show Zeeman coefficients of 19(1) kHz/uT and 15(1)
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Figure 5.9: Transition frequency for the 4s2S; /2 — 4p?P, /2 transition in Cat with
respect to an applied magnetic field Bgppiicd (not yet corrected for systematic shifts).
Three different polarizations were used (see text): right-circular (0", green triangles), left-

circular (o7, red circles) and linearly polarized light (6" 4o, black squares). The dotted
line indicates the value of the applied field where Byppiicd = —Bearth.-

kHz/iuT for the 0" and 0~ components. The deviation of the latter from the
calculated value can be attributed to an inaccurate control of the polarization in
the interaction region, due to depolarization by the Brewster angled vacuum win-
dows. For excitation with linear polarization, a first order Zeeman coefficient
of 0.0 kHz/uT is expected, and it was correspondingly measured to be 0.2(1.0)
kHz/ ;i T. Therefore the final calibration of the 4s %S, /2 — 4p 2P, /2 transition is
based on an average over the measurements with linear polarization. The crossing
of the curves with ¢ and o~ polarization yields the zero total magnetic field at
Bappliea = —21(6) T (in good agreement with the expected earth magnetic field
component of —19 pT). Based on the magnetic field uncertainty of 64T, an upper
limit for the total residual Zeeman shift of 64T x0.2(1.0) kHz/uT = 1.2(6.0)
kHz is calculated, which is negligible.
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Effect Shift (MHz) | 1o Uncertainty (MHz)
Zeeman 0.0 0.0
AC Stark repumper -0.4 0.6
AC Stark spectroscopy laser -0.4 0.8
RF Stark effect 0.0 1.2
Comb calibration 0.0 0.2
Statistics 0.6
Total -0.8 1.7

Table 5.1: Measured systematic shifts and uncertainty budget (10). All values in MHz.

AC Stark shifts in the spectroscopy data for both the repumper laser and the
probe laser were evaluated by changing their respective intensities. As expected,
both shifts were found to be small compared to the the measurement uncertainty
(—0.4(0.6) MHz and —0.4(0.8) MHz respectively, Table 5.1). In order to assess
possible trap induced shifts, the RF voltage Vj was varied over a range from 50-
200 V. The corresponding shift was measured to be consistent with a zero value:
Af = 0.0(1.2) MHz.

The 4°Ca™ 4528, 12 —4p 2p, /2 transition frequency follows from the statis-
tical average of the measurements with linearly polarized light, corrected for the
measured shifts. The total measured value adds up to f = 755222 765.4(0.6) +
0.4(0.6) + 0.4(0.8) + 0.0(1.2) 4+ 0.0(0.0) = 755222766.2(1.7) MHz, with
the uncertainties taken in quadrature. The present result is consistent with the
most accurate previously reported value of v = 25191.519(0.002) cm™! (f =
755222 740(60) MHz).

5.3 Conclusions

We have performed an absolute frequency calibration of the 45 2S; 2 —4p 2p, /2
transition in “°Ca™ ions in a linear Paul trap, including a study of Zeeman and
Stark shifts. The transition was measured to be at f = 755222 766.2(1.7) MHz,
in a laser cooled ion cloud of 7" ~ 1 K. The presented value represents more
than an order of magnitude improvement over the previous most accurate mea-
surement. This level of accuracy, at AN/A = 2 X 1079, is such that for any
comparison with state-of-the-art astrophysical data, the laboratory value can be
considered exact.

The employed technique for trapping and cooling ions will be used for spec-
troscopy on other ions in the near future. We plan to trap and sympathetically
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cool ions such as Mn™ and Ti* with Ca™. In this way, we expect to reach im-
provements in energy level calibration of these ions, similar to the demonstrated
accuracy for calcium. This will provide accurate laboratory wavelengths for the
comparison with high-redshift astronomical data in a search for a possible varia-
tion of the fine structure constant over cosmological time scales.






Chapter 6

Direct frequency comb
spectroscopy of trapped ions

6.1 Introduction

Optical frequency comb lasers provide a phase coherent link between radio fre-
quency sources and optical frequencies [7, 8]. As a result optical frequencies can
be counted, which has made spectroscopy and optical clocks possible with an ex-
tremely high accuracy on the order of 10716 — 10717 [14, 25]. In most experi-
ments a continuous wave (CW) laser is used as a probe of an atomic or molecular
transition, which is then calibrated against a frequency comb (see e.g. [159] for an
experiment on atoms, [160] for references to measurements on tightly confined
ions, and [47, 161] for measurements on ions in the weak binding limit).

However, frequency combs can also be used for direct excitation, without the
need of a CW laser. This is possible because the pulsed output of a comb laser (as
seen in the time domain) is equivalent to many equidistant narrow modes in the
frequency domain. Direct frequency comb spectroscopy has been demonstrated
in beam experiments [132, 162], atomic vapour cells [163] and cold neutral atoms
in magneto-optical traps [131, 136], but not yet on cold ions in an ion trap.

lon traps provide the opportunity to simultaneously trap different species. By
laser cooling one type of ion, the other ions in the trap can be sympathetically
cooled [164, 165]. A system to trap and cool one ion species can then be used
without major modifications to trap and cool other types of atomic and molecu-
lar ions. Frequency combs offer a wide spectrum of frequencies through coherent
broadening in nonlinear optical fibers [166] and doubling in nonlinear crystals
or higher harmonic generation in gas jets [167, 168]. The combination of direct
frequency comb spectroscopy and ion trapping thus provides the possibility to
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Figure 6.1: Schematic layout of the laser system and linear Paul trap. The indicated
doubling setup is shown in detail in Fig. 6.2. DL=Diode laser, PMT=Photo-Multiplier
Tube, 2w=frequency-doubling setup, CEM=Channel Electron Multiplier.

perform spectroscopy on various jonic transitions in a single measurement system.

In this Chapter we demonstrate for the first time direct frequency comb spec-
troscopy of ions in a trap. It is shown that this technique can be applied using
an upconverted frequency comb at 394 nm, without amplification of the comb
pulses. Furthermore, we combine it with a shelving scheme [169] to suppress
background signal from non-resonant comb modes, resulting in a good signal to
noise ratio despite the low power per comb mode. Calcium ions are used for this
experiment because a more accurate calibration of the 4525, 12— 4p 2p, /2 state
is of interest for the search for a change of & over timespans of many billion years
[149]. Apart from this application, trapping and laser cooling of the calcium ion
has been widely studied [170-172], in particular for atomic clocks [26, 41] and
quantum computation [152].

6.2 Experimental setup and procedures

6.2.1 Ion trapping

The spectroscopy is performed in a linear Paul trap. This trap consists of four linear
electrodes at a distance 79 = 4 mm to the trap axis. To two diagonally facing rods
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Figure 6.2: Sctup for chirped doubling of the frequency comb. Lenses are drawn for
clarity, in practice only reflective optics are used. The comb spectrum is dispersed on a 600
I/mm grating before being doubled in a BBO-crystal, in order to obtain a good conversion
efficiency over a wide spectrum. The colors in the doubled spectrum are overlapped again
using a 1200 I/mm grating. f; = 20 cm, f5 = 10 cm.

an oscillating voltage Vo = 60 V at a frequency 2 = 27 x 3.3 MHz is applied,
corresponding to a stability parameter ¢ = 0.04. The endcaps are formed by two
ring electrodes at a voltage V' = 10 V. Further details on the trap are described in
Chapter 2. The ion trap is mounted in a vacuum chamber, evacuated to a pressure
of 3 x 107 mbar. Calcium ions are produced by a two-step ionization process:
Evaporated atoms from an oven are first excited at 422 nm to the 4p 'P; state
by a frequency-doubled CW Ti:sapphire laser (Coherent 899), and subsequently
ionized by part of the doubled frequency comb spectrum at A < 391 nm (see
Section 2.3.4). The comb is also used for the spectroscopy on the ions (see below).
The total system is schematically depicted in Fig. 6.1.

6.2.2 Doppler cooling to ion cloud crystallization

In order to reduce the Doppler effect on the single-photon spectroscopy transition,
laser cooling is applied on the 45 2S; s2—4p 2p, /2 transition using a 397 nm diode
laser (Toptica DL100). The relevant energy levels are shown in Fig. 6.4. The
cooling laser is set at a red-detuning A f ~ 10 MHz from resonance, referenced
to a wavemeter (Atos model LM-007). The wavemeter is regularly calibrated by
scanning the cooling laser over the transition, and the locking point is set relative
to the resonance. During the measurements the cooling range is locked within the
relative accuracy of the wavemeter of +3 MHz.

The spatial mode of the cooling laser is cleaned up in a single mode fiber to
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reduce background from scattered light. The remaining 0.3 mW is focused to
a beam diameter of wg = 0.5 mm in the trap. Since the excited ions have a
7% chance to decay to the long-lived 3d 2Dy 5 state, a repumper diode laser at
866 nm is used (P = 1 mW, Toptica DL100). The spectroscopy is performed
on a crystallized ion cloud to reduce the Doppler broadening. The center of the
trap is imaged onto a pinhole to remove background radiation and scattered light
from the electrodes. Fluorescence from the 45 2S; 2 —4p 2p, /2 transition is then
observed using a photomultipler tube (PMT, Philips XP2020Q). From the decay
in fluorescence we determined a lifetime for the ions in the trap of 7 &~ 8 minutes,
which is limited by the vacuum conditions. This lifetime can vary ~ 10 % from
scan to scan due to a change in cooling parameters, in particular due to the free
drifting repumper laser. The exact number of ions is difficult to determine with
the current setup, but is estimated to be of the order of a few hundred ions per
cloud based on the absence of discretization in the fluorescence signal (even for
long measurement times) and the short loading time of < 1.

6.2.3 Absolute frequency calibration

The modes from a frequency comb can be described by the repetition frequency
frep of the pulses and a carrier-envelope offset frequency feeo. The frequency
of the n' mode is equal to f, = £ feeco + 1 X frep. Both frep and feeo are
radio frequencies, which are locked to a frequency standard (in our case a Stanford
PRS10 Rubidium atomic clock, referenced to the Global Positioning System).
The frequency comb laser for this experiment is based on Ti:sapphire. Chirped
mirrors are used in the laser for dispersion management, and are chosen such that
the output is maximized at the desired wavelength of A = 788 nm (see Chapter
3). This light is frequency doubled in a 3 mm BBO-crystal to obtain the right
wavelength range to excite the 4525, 2 —4p 2p, /2 transition. By matching the
angular dispersion induced by a grating to the wavelength derivative of the phase-
matching angle [173], a wide bandwidth can be phase-matched. This method is
used (Fig. 6.2) to obtain a frequency comb in the blue with a FWHM of 13 nm
and a power of P ~ 2 mW (Fig. 6.3).

The calcium ions are excited by focusing the upconverted comb light in the
trap to an elliptical beam with a major axis (1/e? width) of 0.8 mm, and a mi-
nor axis of 0.4 mm. In order to scan over the transition, f¢), is varied. A small
change in this parameter leads to a frequency scan of the comb near the resonance.
Only one comb mode is resonant at the time because a single-photon transition
is probed. All other ~ 10° modes do not contribute to the signal, but do give
background signal due to scattered photons. This signal-to-noise issue is over-
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Figure 6.3: (The comb spectrum that is used for this spectrum: both the fundamental
in the infrared (thin line, axis at the bottom) and the doubled blue spectrum (thick line,
wavelength axis above the picture) are shown.
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Figure 6.4: Schematic view of the energy levels and the shelving principle. Arrows indi-
cate laser beams, the wavy lines spontaneous fluorescence. The second repumper at 854
nm is periodically blocked using a chopper. If this repumper is present (situation (a)) all
ions stay in the cooling cycle. A blocked repumper leads to transfer of the ions into the
dark state, and the fluorescence from the cooling laser decreases (situation (b)).



96 Direct frequency comb spectroscopy of trapped ions

time (s)
400
2.50 . 2(|)o . I . 6c|>o . 8(|>o .
I
—~~ | I 7
% 2.0 m ,m -
=i L , ]
2 T
O 151 ! ’\ ‘ | _|
mg L ‘“’ [l p
= (i )
1.0 — \ W KA s o
- 1 I 1 I 1 I 1 I 1 -
i T I T I T I T I T ]
S - -
]
XN L 4
I
E 0.5 '
S}
£ /|
— |
o
1 I 1 I 1 I 1 I 1
183372400 183372500 183372600 183372700
frep (H2)

Figure 6.5: Top: Measured fluorescence signal for the periods where the second repumper
at 854 nm is on (red trace) and the periods where the repumper is off (black trace). The
comb repetition frequency fy, is scanned against time (upper axis) and frequency (lower
axis). Bottom: Normalized fluorescence signal (corrected for decay, thin black trace) and
the corresponding fit (thick red trace).

come by employing a ‘shelving’ scheme (see e.g. [169]), depicted schematically in
Fig. 6.4. Tons that are excited to the 4p 2Py /2 state, have a 7% chance to decay
to the 3d2D5/2 state which has a lifetime of 1.2 s [174]. Trapped in this state
they can no longer contribute to the cooling cycle. Since the fluorescence from
the cooling laser is monitored, less signal will be observed in this situation (Fig.
6.4(b)). However, if a second repumper laser is used on the 3d2D5/2—4p2P3/2
transition at A = 854 nm, ions will be pumped back into the ground state and
participate in the cooling cycle (Fig. 6.4(a)).

The periods with and without the second repumper are alternated using a
chopper at 100 Hz, and for each data point the fluorescence counts for both sit-
uations are recorded. The fluorescence signal detected at 397 nm will now be
unaffected by the presence of the comb laser for the periods where the 854 nm
repumper is present (‘repumper on’ in the upper part of Fig. 6.5). The situa-
tion is different for the periods where the second repumper is blocked. In this



6.2 Experimental setup and procedures 97

-

joy
‘B
§ 0.8
c
5 0.6
(7]
N
TU 0.4
£
S 0.2
=
o
— o o o o o [} o — 189 MHz
. . . . . . = 183 MHz
C L L f o o . |78 MHz
-600 -400 -200 o 200 400 600
f~761 905 013 (MHz)

Figure 6.6: Mode number determination: The upper part of the graph shows the fits
to the scans at different frequency comb repetition frequencies (fycp), multiplied with a
mode number n to the approximate optical transition frequency (see text). Three dif-
ferent fr¢;, are shown (frequency uncertainty margins are smaller than the shown data
points): 178 MHz (thin green trace), 183 MHz (blue thick trace) and 189 MHz (cir-
cles, red trace). The lower part shows the possible transition frequencies corresponding to
the upper graph. The overlap of the traces at firqns = 761905012.7 MHz can clearly

be seen, and was checked for five different repetition frequencies (only 3 are shown for

clarity).

case, every time a comb line comes into resonance with the 45 2S; 2 —4p 2p, /2
transition, ions are pumped into the dark 3d 2Dy /2 state, so the measured flu-
orescence will decrease proportional to the excitation rate. Due to the periodic
nature of the frequency comb, this signal is repeated for every comb mode that
comes into resonance with the probed transition (‘repumper off’ in the upper part
of Fig. 6.5). The recorded signals for the situations with and without repumper
are subtracted and corrected for the loss of calcium ions from the trap, resulting
in a typical measurement curve as shown in the lower part of Fig. 6.5. In order to
eliminate residual directionally dependent effects, all measurements are performed
in both increasing and decreasing frequency direction. A comb of Gaussians is fit-
ted to the corrected curves, where the width and height of each resonance is varied
separately, but with fixed distances as given by the frequency comb spacing. The
statistical uncertainty of such a fit is typically 1.8 MHz.

An important issue in frequency comb spectroscopy is the determination of
the mode number ng, usually based on previous measurements. The best known
value for the 4s 281/2 — 4p2P3/2 transition has long been v = 25414.40(15)
cm~! [155], until a new value was reported of v = 25414.4137 cm~ ! [153].
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Figure 6.7: (a) Measured data for light shifts induced by the cooling laser at Propmp =
1.9(0.2) mW (circles). (b) Measured data for light shifts induced by the frequency comb
laser at Prooling taser = 200(10) peW. The weighted fits to the data are also shown (lines).

Because no uncertainty was known for this measurement, it has been re-evaluated
recently leading to a best value of v = 25414.415(2) cm ™! [154]. The resulting
1o accuracy of 60 MHz is insufhicient to assign the mode number with confidence.
We can, however, determine the mode by changing f;p, which is graphically
shown in Fig. 6.6. First an approximate mode number can be deduced from the
earlier presented values. Using the selected mode number, one of the peak centers
overlaps with the transition frequency, while the others deviate an integer times
the repetition rate from this value. After f, is changed by several MHz, the
procedure is repeated. The peak centers of scans with different f;.¢, will overlap at
the peak with the correctly assigned mode number, but seperate on neighbouring

peaks (Fig. 6.6).
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6.2.4 Results and systematic effects

In order to absolutely determine the transition frequency of the 45 2S; J2—4p 2p, /2
transition, we have investigated several systematic effects on the transition fre-
quency. The strongest is due to the always present 397 nm cooling laser on the
4s 251/2 —4p 2P1/2 transition. Since its detuning is set at about half the natural
linewidth, and the cooling laser couples to the same ground state as the transition
that is measured, this laser can cause a significant AC Stark shift. Fluctuations in
the cooling laser frequency may lead to a variation in this shift during measure-
ments. However, this does not lead to a systematic effect due to the regular cali-
bration of the detuning. For this average detuning an effective shift is measured,
by varying the cooling laser intensity (Fig. 6.7 (a)). The measured frequency shift
is A firans = 9.7(1.3) kHz/ WX Peooping, where Progling is the cooling laser
power in ;tW. The corresponding zero-crossing is firans = 761905 013.06(0.21)
MHz. In addition, at Peoping = 200(10)uW the measured dependence of the
transition frequency on the frequency comb laser power is A firqns = 0.19(0.24)
MHz/mW X Pomp, with Peopp the comb laser power in mW (Fig. 6.7 (b)). The
transition frequency is corrected for the corresponding shift at Peppp = 1.9 mW
of A ftrans = 0.36(0.46) MHz. The repumper lasers do not cause a significant
light shift, since the 866 nm laser does not couple to either one of the levels in-
volved in the measured transition, and the 854 nm repumper is not present during
the shelving intervals. The recoil shift is calculated to be 32 kHz, which is small
compared to the measurement accuracy.

Due to stray electric fields, ions can be pushed from the axis towards a higher
electric field region. The spectroscopy laser enters the trap on axis, through a 3 mm
diameter hole, limiting the maximum deviation from the center at which ions can
be probed. We made a conservative estimation of the Stark shift by calculating the
maximum Stark shift at the edge of this region, using the Einstein A coefhicients as
published in [175]. The calculated shift is only 0.2 kHz, and can thus be neglected
for the current measurement. This value is small due to the large energy difference
between the 45 and 4p and the s, p and d levels that are connected through the
Stark interaction, in combination with the low trapping fields that were used.

Since the comb laser beam is linearly polarized, both magnetic substates of the
ground state are equally exited. Hence, without optical pumping between the lev-
els no first order Zeeman shift is expected. The relative population of the ground
states is expected to be mainly influenced by the lasers involved in the cooling
cycle, which are both linearly polarized, so no optical pumping is expected. To
experimentally verify this assumption, the Zeeman coefficient was measured by
applying external magnetic fields perpendicular and parallel to the propagation
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directions of the laser beams. On the basis of a previous Zeeman shift determi-
nation [47] and magnetic field measurements outside the vacuum chamber, the
magnitude of the magnetic field in these directions is estimated to be 40 xT and
20 pT respectively. These fields correspond to shifts in the transition frequency of
+0.04(0.08) MHz and —0.04(0.08) MHz using the measured field dependence,
and are thus negligible compared to the measurement accuracy. This leaves the
statistical uncertainty due to the comb laser to consider. For a measurement time
per data point of 0.1 s, the Allan deviation is 10™". Since a typical scan consists of
about 3000 points measured over 10 minutes, this deviation averages down further
to 107! and does not contribute significantly to the uncertainty budget. Once
corrected for the measured shifts, the unperturbed transition frequency of the
4s 281/2 — 4p2P3/2 transition in “°Ca™ is found to be f = 761 905012.7(0.5)
MHz (1o uncertainty). This result is consistent with the previous most accurate

result of f = 761904 994(60) MHz [154]

6.3 Conclusion

In conclusion, direct frequency comb spectroscopy on ions in a linear Paul trap has
been demonstrated for the first time, using an upconverted comb laser and shelv-
ing detection. The 4s2S; /2 —4p 2p, /2 transition in 40Cat has been calibrated
to be at f = 761905012.7(0.5) MHz. The obtained level of accuracy is more
than two orders of magnitude better than previous calibrations. The applicability
of this method extends well beyond the probed ion and transition used for this
experiment, if direct frequency comb spectroscopy were used on sympathetically
cooled ions in a Paul trap.



Chapter 7

Direct frequency-comb
spectroscopy of a
dipole-forbidden clock transition

in trapped *’Ca™ ions

7.1 Introduction

Optical frequency combs provide a direct link between optical and microwave fre-
quencies [7, 8]. This link enables to carry the accuracy of a microwave frequency
standard to the optical domain, or to transfer the extreme accuracy achieved in
optical spectroscopy (currently reaching below the 10~17-level [1]) to any other
part of the optical spectrum and to the microwave domain. In addition, the devel-
opment of broadband titanium-doped sapphire frequency-comb (FC) lasers with
a wavelength span of hundreds of nanometers [130, 176] makes high accuracy
frequency calibration possible over a very wide wavelength range. These FCs can
be employed to calibrate an additional laser that is used for excitation, but it is
also possible to directly use the light of the comb modes to perform the metrol-
ogy [48, 132, 135, 162]. This technique of Direct Frequency-Comb Spectroscopy
(DECS), is advantageous in that the full comb spectrum is in principle available
for excitation, without the need for an additional probe laser.

An jon trap containing laser-cooled ions provides an ideal system for DFCS
as it allows for long interaction times. Furthermore, different ionic species can
be trapped simultaneously, and be sympathetically cooled and detected by the
laser-cooled ions [164, 165]. The application of DFCS to trapped ions [48] thus
provides the possibility to perform spectroscopy on various ionic transitions in a
single measurement setup. To our knowledge, the possibility of DFCS of trapped
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ions has been demonstrated only for strong resonance lines. The range of appli-
cability of this method would be greatly extended if also weak and narrow tran-
sitions could be detected. For example, such a narrow ‘clock’ transition could be
used as an in situ frequency reference for the calibration of other transitions in
ions, or as an accurate probe for external fields in the ion trap. Also the compar-
ison of several different clock transitions in an ion trap, with a single excitation
laser would be possible. In this Letter we show that DFCS can be performed on
significantly weaker transitions, using an ion trap and even without amplification
of the FC laser. This is demonstrated on a laser-cooled crystal of calcium ions,
in which the dipole-forbidden 45 2S; /2 —3d 2Dy /2 transition at 729 nm (natural
linewidth 0.14 Hz) is induced with DFCS. On this transition one can potentially
reach Hz-level accuracy, as was shown previously by Chwalla ez a/. using CW laser
excitation [27].

7.2 Experimental setup and procedures

7.2.1 Ion trapping and laser cooling

In our experiment, calcium ions are produced by two-photon excitation involving
a frequency-doubled portion of the FC [48]. The created ions are trapped in a
segmented linear Paul trap (Fig. 7.1), which consists of four cylindrical molybde-
num electrodes with a radial spacing of 2 X ryp = 7mm. Two of these rods are
segmented into 5 pieces of 12 mm length each, to which different direct-current
(DC) voltages can be applied. These potentials serve to confine the ions to the trap
axis and compensate for possible stray electric fields. The endcaps of the trap are
formed by the electrodes adjacent to the central region, hence the spacing between
the endcaps is z = 12 mm. A voltage of V.. = 10V is applied to these electrodes
to provide axial confinement.

The other two electrodes are unsegmented cylindrical rods of 60 mm length.
To these electrodes a radio-frequency (RF) signal is applied, to provide radial
ponderomotive confinement of the ions. This RF voltage oscillates at frequency
Q = 27 x 2.6 MHz with amplitude Vrr = 150V, leading to a Mathieu stability
parameter g, = 0.2 and a radial secular trapping frequency of 27 x 202 kHz. The
pressure inside the vacuum chamber is 10~ mbar, for which the lifetime for a
string of confined ions is larger than 8 hours. Further information on the ion trap
can be found in Chapter 2.

The trapped “°Ca™ ions are Doppler cooled on the 4s 251/2 —4p 2P1/2 tran-
sition, using a grating-stabilized diode laser at 397 nm (P = 0.1 mW after spatial
filtering, Toptica DL100) in combination with a repumper diode laser at 866 nm
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Figure 7.1: Schematic of the setup: 4°Ca™ is trapped in a linear Paul trap, and Doppler-
cooled using two diode lasers (DL). Fluorescence at 397 nm due to the cooling laser is
spatially filtered and detected by an EMCCD camera. A simplified energy level scheme for
40Ca* is shown in the inset. [F=interference filter, \/2=half-wave plate, PBC=polarizing
beamsplitter cube, SMF=single mode fiber.

(P = 0.8 mW, Toptica DL100) [47]. Fluorescence photons emitted by the ions
are imaged onto an Electron Multiplying CCD camera (EMCCD, Andor iXon®™
+), with a telescope comprising one lens inside the vacuum with an effective focal
length EFL = 25 mm, and a second lens outside the vacuum with a focal length
of f = 100 mm. In order to reduce stray light, the beam is spatially filtered at the
intermediate focus in between the two lenses.

7.2.2 Frequency calibration

The 4s 251/2 —3d 2D5/2 transition is excited with light near A = 729.5 nm from
an unamplified FC, which is described in chapter 3. The spectrum that is used for
excitation is shown in Fig. 7.2. Both the carrier-envelope offset frequency (feeo)
and the repetition frequency (fyep) of the FC are locked to a Stanford PRS10
Rubidium atomic clock, that is referenced to the Global Positioning System. The
FC has a power of P = 0.12(2) W per mode at the transition frequency, focused
to a spot size of wy = 0.17 mm. A 60 nm bandwidth interference filter with 99%
transmission at 729.5 nm and an optical density of 7 in the wavelength range of
760 — 870 nm is used in this beam to suppress excitation of the dipole allowed
3d2D5/2 — 4p2P3/2 and 3d2D3/2 — 4p2P3/2 transitions. To avoid an AC-
Stark shift by the 397 nm laser, the cooling and comb laser are alternately chopped
mechanically at a frequency of 59 Hz.
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Figure 7.2: The comb spectrum as used for the direct excitation of the clock transition
in calcium. The spectrum is cut by a combination of a dichroic beamsplitter and an
interference filter.

The fluorescence of the ions due to the cooling laser is monitored with the
EMCCD camera, at a speed of 1 Hz. Excitation of the clock transition is detected
by observing the disappearance of fluorescence from the cooling laser throughout
the lifetime of the Dy /o-level (similar to the method we used for the direct fre-
quency comb spectroscopy described in Chapter 6). This shelving method yields
near 100% detection probability, enabling to detect the transition despite a very
low excitation rate of ~ 7 per 1000 seconds per ion, over a background count rate
of ~ 0.9 per 1000 seconds per ion.

Typical images as recorded in this process are shown in Fig. 7.3.a and 7.3.b.
Integration of the signal over several image rows results in the traces shown below
the images, where the distinction between dark and bright ions is made based on
a threshold at 50% of the peak fluorescence intensity. The count rate is limited
to 20 counts/100s for a string of 10 ions, to avoid ion heating and count ambi-
guity. An example of the detection of dark ions on resonance in 1005 is shown
in Fig. 7.3.c. To record the transition, the FC is scanned over the transition in
steps of frequency A f = 1.2 MHz every 100 seconds, resulting in a total time of
30 minutes per scan. A single trace as recorded in this way is shown in Fig. 7.4.
The corresponding total measurement signal is shown in Fig. 7.5 (the error bars
indicate a v/N count uncertainty, and are based on the underlying Poissonian
statistics of the ion excitation process[177]).



7.2 Experimental setup and procedures 105

a)

5
]
N—"
oy
%]
(=]
3 1
=10 50 100 150 200 250
b) ~
=
5
2
7]
c
3 | ] l ?
=0 50 100 150 200 250
ixel
9} P
8!
2 |
..g 1200 1220 1240 1260 1280 1300
t(s)

Figure 7.3: Detection method: Parts a) (all bright ions) and b) (one dark ion at arrow)
show the camera image of a string of ions. The distance between the ions is ~ 20 pum.
Integration over ~ 15 lines of the camera images results in the traces as shown underneath
the images. The detection of dark ions close to resonance in 100 seconds is shown in figure
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Figure 7.4: Example of a single scan over the transition. Even though the count rates
are very low, the transition can still be identified. The frequencies are relative to the clock

transition feocr = 411042 129.776 MHz [26, 27].
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Figure 7.5: Graph of the resonance line, relative to the literature value of fejocr =
411042129.776 MHz [26, 27], consisting of two measurement sets (one indicated by
circles, the other by squares). For each set the data is collected by scanning the FC over
the resonance from both sides. The solid line shows a Gaussian fit through all the data
points.

7.2.3 Results and systematic effects

There are several contributions to the current frequency uncertainty budget, which
all have the prospect to be reduced to the Hz-level. The largest of these is caused
by a residual time overlap between the cooling laser and the FC excitation pe-
riod. Due to the change in intensity during the switching, this overlap leads to a
time-dependent AC-Stark shift. The average result of this effect is a deformation
of the lineshape. The effect has been simulated (Fig. 7.6), yielding an effective
AC-Stark shift of Af = 0.15(0.10) MHz. The repumper causes a small shift
of Af = —0.01(0.01) MHz. These two effects are relatively easy to reduce by
total blocking of the cooling laser and repumper during the excitation with the
frequency comb. Other systematic effects we investigated (AC-Stark effect due
to the FC, the Zeeman effect in combination with possible optical pumping by
the cooling laser, the AC- and DC-Stark effect due to the trap electric field and
comb accuracy) give a total contribution < 8 kHz. An overview of the considered
systematic effect is given in table 7.1. Correcting for all systematic shifts, we find a
transition frequency 411 042 129.6(0.3) MHz, consistent with the value reported
in [27].
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Table 7.1: Measured systematic shifts and uncertainty budget (10).

Effect Av (MHz) | 1o Uncertainty (MHz)
AC Stark:

-frequency comb 0.00 0.00
-repumper -0.01 0.01
-cooling laser 0.15 0.10
Zeeman and optical pumping 0.00 0.00
RF Stark effect 0.00 0.00
Comb calibration 0.00 0.00
Statistics 0.00 0.29
Total 0.14 0.30

14 = . . . . . =

Intensity (a.u.)

5 10 15 20
f_ f;:lock (MHZ)

Figure 7.6: Simulation of the effect of a residual overlap between the spectroscopy and
cooling laser: Due to the time overlap of the two, part of the time there will be a shift of
the central frequency of the line profile. The lines indicate the resulting line profile, the
dots the points as they would be recorded in our measurements. The different sets indicate
different laser intensities, corresponding to AC Stark shifts (as would be recorded without
the chopper) of: A f = 5 MHz for the circles (solid line), A f = 13 MHz for the squares
(dashed line) and A f = 20 MHz for the diamonds (dotted line).
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7.3 Improvements towards building an ion clock

With some improvements to the current experiment, the 45 2S; /2 — 3d°Dy /2
transition in either *°Ca* or 3Ca™ could be used to built an ion clock. In the
current experiment, an FC with a =~ 2 MHz FWHM mode linewidth was used.
The measured linewidth of 5.5 MHz FWHM is mainly limited by Doppler broad-
ening, and corresponds to 7' = 14 mK. To improve on the presented results, both
of these linewidths should be reduced. Doppler broadening may be removed by in-
creasing the confinement of the ions by the trap such that the Lamb-Dicke regime
is attained [41]. In this regime, the amplitude of the ion motion is smaller than
the wavelength used for excitation, resulting in the cancellation of the first order
Doppler effect. Due to this cancellation, the linewidth of the line to be measured
is drastically reduced, allowing for higher precision measurements.
The criterion for trapping in the Lamb-Dicke regime is [41]:

EXtrapV2 <n>+1<1 (7.1)

In this equation £ is the laser wavenumber, < n > the mean vibrational quantum

number, and A\yrqp = \/1/(2mwirep) . The energy of the vibrational quantum

levels is By, = hwipap(n + %) For a thermal distribution over these levels, the
0 . T .

mean vibrational quantum number is given by < n >= Rl _ 3. Combining
. . .2, . hwira . .

these equations, the Lamb-Dicke criterion translates into the %ollowmg criterion

for the trapping parameters:

kyT WEh oM
Wirap 2 k[ = or T< Z;}i’b (7.2)

In alinear trap as used in the current experiment, this is most easily achieved in the

radial direction. For the current trap conditions it would require implementation
of 3D laser cooling to T < 20.5 mK (which is well above the Doppler limit of
Tpoppler = 0.5 mK), and excitation perpendicular to the trap axis.

In addition to the narrowing of the atomic linewidth described above, the
width of the frequency comb modes also needs to be reduced in order to achieve
a high accuracy and stability, as the current RF repetition rate locking results in
frequency comb modes with a large bandwidth. This may be achieved by locking
the comb to a high-finesse cavity [130]. Besides the increase in precision, a reduc-
tion of the comb linewidth in combination with a narrower atomic linewidth will
enhance the excitation probability by orders of magnitude. On the assumption of
an instrument linewidth of 23 Hz, as in [27], combined with such an FC, a 10°
fold improved excitation rate can be obtained. Lowering the FC intensity by a
factor of 102 then reduces the AC-Stark shift to < 1.5 Hz, with still a 103 times
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increased excitation rate compared to the present experiment. The higher excita-
tion rate requires a repumper on the 3d 2Dj /2 — 3p 2Py /2-transition, for which
light is available in the FC. With the aforementioned linewidths, in combination
with a Poisson-limited noise, and a count rate of 5 counts/s, theoretically a stabil-
ity of o(7) = 10713/,/7 could be reached. Under these conditions, DFCS as
demonstrated here could provide a relatively simple method to operate a FC as
an optical frequency standard with both stability and accuracy surpassing that of
GPS-disciplined Rb standards by orders of magnitude.

The theory on further experimental requirements are described in [41] and
shown to be experimentally achievable by [27].

7.4 Conclusions and outlook

In conclusion, we have demonstrated the feasibility of direct frequency comb spec-
troscopy of a dipole forbidden (clock-) transition in an ion trap. The measured
transition frequency is consistent with previous measurements. The combination
of long ion storage times with single-ion fluorescence imaging and detection by
electron shelving yields a very high sensitivity. It enables DFCS even on narrow
dipole-forbidden transitions, which are Doppler-broadened to several MHz.

We also point out that with the use of a FC with narrow linewidth and ion con-
finement in the Lamb-Dicke regime, DFCS as demonstrated here has the poten-
tial to reach a Hz-level accuracy. Work is ongoing to narrow down the frequency
comb modes. This can be achieved by locking the comb modes via a transfer laser
to a highly stable optical cavity. In addition, a tighter ion trap is needed in order
to confine the ions in the Lamb-Dicke regime. The combination of these im-
provements will increase the excitation rate of the 45 2S; /2 —3d ’Ds /2-transition
by orders of magnitude, allowing to lock the frequency comb to the atomic tran-
sition. The presence of such a clock allows for more accurate measurements of
atomic transition frequencies, relative to the clock transition in calcium ions. An
option particularly worth mentioning would be to directly compare atomic tran-
sitions in a single ion trap.

In future work, the developed techniques of spectroscopy on laser-cooled and
trapped ions can be applied to perform spectroscopy on other ions that are sym-
pathetically cooled by calcium. For example, Ti™ and Mn™ could be trapped
simultaneously with Ca™. These ions are interesting to investigate at a MHz-level
accuracy, in order to provide accurate laboratory wavelengths for use in the Many-
Multiplet method. The technique of multiheterodyne spectroscopy (described in
section 4.3.3) may be applied to unravel the complicated hyperfine structure of
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Mn™. Using this technique, also molecular ions could be trapped, cooled and
studied.

Another direction of research could be spectroscopy of He™ from the ground
state, in order to provide a stringent test of the theory of quantum electrodynamics.
The 1s-2s transition in these ions could be studied using two-photon excitation
at a wavelength of 60.8 nm [178]. Light at this wavelength can be generated
by focusing an amplified comb in a gas jet, generating high harmonics of the
frequency comb at the desired frequency [134]. A similar approach may be used to
search for the nuclear transition at 7.6 + 0.5 eV in 22°Th [179]. Due to its narrow
natural linewidth (estimated to be in the order of one mHz) and reduced sensitivity
to the environment, this transition may be interesting for future clock applications.
Despite being a nuclear transition, the expected transition wavelength of ~ 160+
10 nm is still accessible using upconverted frequency combs. To pinpoint this
transition, a frequency comb can be used to scan over a large range of frequencies
simultaneously.
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Summary

Frequency is currently the physical quantity which can be measured to the highest
precision. The record in accuracy for such a measurement was obtained in a
comparison of the 1Sy —3Pg transition in two 27 Al™ clocks, where an inaccuracy of
9 parts in 10'8 was obtained [1]. The described experiment uses the combination
of a Paul trap for confinement and a frequency comb for calibration. This combi-
nation provides an ideal tool for spectroscopy experiments, because the ions in a
trap can be directly or sympathetically cooled and studied with a long interaction
time, while a frequency comb adds a broad range of wavelengths for spectroscopy.
In the work described in this thesis, we combine the advantages of ion trapping
with (direct) frequency comb spectroscopy. We trap and study *°Ca™, which is of
interest for applications in ion clocks, the search for a variation of the fine-structure
constant and quantum computing, as is described in Chapter 1.

For our experiments, two types of linear Paul traps have been constructed,
which are discussed in Chapter 2. A linear Paul trap uses electric fields to trap
ions. The field is formed by a combination of oscillating Radio Frequency (RF)
fields for radial confinement, and DC electric fields on so-called endcaps to trap
the ion in the axial direction. The first ion trap that we have constructed uses
four elongated RF electrodes for radial trapping, and two ring electrodes to which
the endcap potential is applied. Ions are made from a neutral beam of evaporated
calcium atoms, which is photo-ionized inside the trapping region. The trapped
ions are laser cooled using only diode lasers, with the combination of a cooling
laser at 397 nm on the 4s52S; /2 — 4p 2P, /2 transition and a repumper laser at
866 nm on the 3d 2D3/2 —4p 2P1/2—transition. With this method calcium ions
have succesfully been trapped and laser cooled to crystallization. The first trap has
been employed in two experiments on dipole-allowed transitions in calcium ions,
which are described in Chapter 5 and 6.

A second ion trap has been developed with a combination of two RF electrodes
that extend over the full length of the trap, and two segmented electrodes which
serve both as endcap electrodes and for correction of patch potentials. In this trap
calcium ions are made and laser cooled using the same methods as described for
the first trap. The second trap has been employed for an experiment on direct
frequency comb spectroscopy of a dipole-forbidden (clock) transition in 4°Ca™,
as is described in Chapter 7.
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Besides the ion traps, two frequency combs have been constructed, for the
purpose of high precision spectroscopy of transitions in the trapped ions. These
combs are the subject of chapter 3. Both frequency combs are based on a Ti:Sa
laser, in which Kerr-lens mode locking together with group velocity dispersion
control and a broadband gain spectrum makes the generation of ultrashort pulses
possible. We have built a laser with a broadband spectrum that is used as a seed
laser for a noncollinear optical parametric chirped pulse amplifier, and a laser with
a narrower spectrum for the purpose of direct frequency comb spectroscopy.

A frequency comb can be used in two ways to calibrate a transition frequency:
either through an intermediate cw laser, or by directly exciting the transition of
interest. In the first case, a resonance is detected using the cw laser, while the laser
frequency is calibrated against the frequency comb. In the case of direct frequency
comb spectroscopy, the comb is used both for excitation and calibration. However,
the power from a comb mode usually is orders of magnitude lower than for the
case with a cw laser. For a one-photon transition, an additional disadvantage is
the presence of a large number of background modes, while only one mode at a
time can excite the transition. We have performed both types of experiments on
transitions in calcium ions, using the method of shelving to overcome the signal-
to-noise issues of direct frequency comb spectroscopy.

The three frequency metrology experiments that we performed on trapped
and cooled calcium ions are described in Chapter 5-7. The first experiment is the
calibration of the 45 %S, 2 —4p 2p, /2 transition, which is described in Chapter 5.
In this experiment, a frequency doubled diode laser is used to excite the transition,
while the fundamental laser wavelength at 794 nm is calibrated against a frequency
comb. The jon fluorescence is measured using a Photomultiplier Tube (PMT).
The total measurement, accounting for the measured systematic effects, yielded a
transition frequency of v = 755222766.2 (1.7) MHz. The obtained accuracy
presents an order of magnitude improvement over the previous most accurate
result.

A second spectroscopy experiment was conducted on the 45 2S; /2 —4p 2p, /2
transition at 393.5 nm, which is the subject of Chapter 6. For the excitation of the
transition a frequency comb was employed directly, which was frequency doubled
at full repetition rate. The signal-to-noise issue described earlier is overcome by
employing a shelving scheme, using the 7 % chance of excited ions to decay to the
long-lived 3d%Dj /2 energy level. By monitoring the cooling laser fluorescence
with a PMT, while the 45 %S, 12— 4p 2p, /2 transition is resonantly excited with
the frequency comb, the excitation can be indirectly detected through a decrease of
fluorescence on the cooling transition. The cooling laser fluorescence is alternately
measured with and without a repumper on the 3d 2D /2 —4p 2p, /2 transition,
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collecting both signal and background. These two datasets are subtracted and
corrected for loss of ions from the trap. The determined 4s2S, /2= 4p 2Py /2
transition frequency in *°Ca™ is v = 761905 012.7 (0.5) MHz, improving the
best previously known value by more than two orders of magnitude.

In Chapter 7 a third experiment is described, where direct frequency comb
spectroscopy applied to a dipole-forbidden clock transition: the 4s2S; s2— 3d
’Ds /2 transition at 729.5 nm. The natural linewidth of this transition is 0.14 Hz
which, combined with the low power per comb mode in modes of ~ 2MHz
linewidth, leads to a very low excitation rate of ~ 7 per ion per 1000 seconds.
Despite this low rate, the transition can still be detected by again using shelving
in the 3d2D5/2 state. A string of 10 calcium ions is created, and its cooling
laser fluorescence is imaged onto an electron-multiplying CCD camera. When
an ion is excited to the 3d ?Dj /2 state, it will turn dark in the camera image for
the lifetime of the ion of about 1 second, since it no longer participates in the
cooling cycle. The dark ions are detected, and the rate of ions turning dark is
measured as a function of the excitation wavelength. Using this method, we found
a transition frequency of v = 411 042 129.6 (0.3) MHz, which is consistent with
previously reported measurements [27]. The accuracy and measurement rate of
this experiment is currently limited by the Doppler temperature of the trapped
ions, in combination with the linewidth of the comb modes. It can be improved
upon by trapping and probing the ions in the Lamb-Dicke regime, in combination
with a reduction of the comb mode linewidth by locking to a high-finesse optical
cavity.

In conclusion, in this thesis the versatility of (direct) frequency comb spec-
troscopy in an ion trap is demonstrated through several experiments on calcium
ions. We have shown that transitions can be calibrated both in the infrared and
in the visible frequency regime. These experiments demonstrate the wide range
of wavelengths that can be accessed for direct frequency comb spectroscopy using
a single laser. In addition, the method of direct frequency comb spectroscopy
has been applied to measure both a dipole allowed and an electric quadrupole
transition. These results illustrate the possibility to employ the combination of a
frequency comb and an ion trap for a wide range of calibration purposes.






Samenvatting

Frequentie is de fysische grootheid die met de grootste nauwkeurigheid gemeten
kan worden. Het record voor een dergelijke meting is behaald op de 'Sy —3 Po-
overgang in 27Alt ionen, waarvan de overgangsfrequentie is gemeten met een
relatieve nauwkeurigheid van 9 x 107!® [1]. Dit experiment maakt gebruik
van de combinatie van een zogenaamde Paul val om ionen vast te houden, met
een frequentickamlaser om overgangen te calibreren. Deze combinatie is ideaal
voor het doen van spectroscopie. In de eerste plaats omdat ionen in een val
(direct of indirect) gekoeld kunnen worden met lasers en ze daarom lang gevangen
en bestudeerd kunnen worden. Het tweede grote voordeel is dat met de fre-
quentickam overgangen gemeten kunnen worden over een breed spectrum van
frequenties. In de experimenten die in dit proefschrift beschreven worden, com-
bineren we de voordelen van het opsluiten van ionen in een val met (directe)
frequentiekam-spectroscopie. Het ion dat we hiervoor gebruiken is °Ca*. Dit
ion heeft toepassingen in ionenklokken, het zoeken naar een verandering in natu-
urconstantes en quantumcomputers zoals is beschreven in Hoofdstuk 1.

Om deze experimenten uit te voeren hebben we twee verschillende lineare
Paul vallen gebouwd, die beschreven zijn in Hoofdstuk 2. In zo'n lineare Paul
val worden jonen gevangen met behulp van electrische velden. De velden worden
gecrecerd met behulp van oscillerende velden in radiéle richting, gecombineerd
met statische velden op de zogenaamde eindelectrodes. Op deze manier worden
de ionen in alle richtingen opgesloten. De eerste ionenval die we gebouwd hebben,
bestond uit vier cilindrische electrodes met een oscillerend electrisch veld, en twee
ringvormige electrodes als eindelectrodes. De calcium ionen worden gemaakt door
neutraal calcium te verdampen uit een oventje, om de atomen vervolgens te foto-
ioniseren in de ionenval met behulp van lasers. De ionen worden gevangen in
de val, waar ze worden afgekoeld met behulp van diodelasers. Hiervoor wordt
de combinatie van een koellaser bij 397 nm op de 4s 251/2 —4p 2P1/2—overgang
en een zogenaamde repumper bij 866 nm op de 3d2D3/2 — 4p2P1/2-overgang
gebruikt. Op deze manier hebben we calcium jonen gevangen en afgekoeld tot ze
een kristalrooster vormen. De eerste ionenval is gebruikt voor de uitvoering van
twee experimenten op toegestane overgangen in calcium (Hoofdstuk 5 en 6).

Na deze ionenval is een tweede ionenval gemaake. Deze val bestaat uit twee
electrodes met een oscillerend veld over de gehele lengte van de val, gecombi-



132 Samenvatting

neerd met twee gesegmenteerde electrodes die gebruikt worden als eindelectrodes.
Daarnaast kunnen de gesegmenteerde electrodes gebruikt worden om te corrigeren
voor strooivelden. In deze jonenval kunnen calcium ionen op dezelfde manier
worden gevangen en afgekoeld als in de eerste ionenval. In deze tweede val is
een experiment uitgevoerd waarbij directe frequentieckam-spectroscopie op een
zogenaamde klokovergang in 0Cat s toegepast (Hoofdstuk 7).

Naast de ionenvallen hebben we ook twee frequentiekamlasers ontwikkeld,
om te gebruiken voor precisiespectroscopie van overgangen in gevangen ionen. In
Hoofdstuk 3 worden deze frequentickammen beschreven. Beide frequentiekam-
lasers zijn Ti:Sa lasers, een type gepulste lasers waarin de combinatie van het Kerr-
effect, controle over dispersie van de groepssnelheid en breedbandige versterking
ervoor zorgt dat er ultrakorte pulsen gemaakt kunnen worden. Eén van deze lasers
produceerde een breedbandig output spectrum om te gebruiken voor versterking
in een niet-collineaire optische parametrische gechirpte puls versterker. De an-
dere laser had een smaller spectrum, wat gunstig is voor de toepassing in directe
frequentickam-spectroscopie.

Een frequentiekamlaser kan op twee manieren gebruikt waren om een over-
gangsfrequentie te meten: De meest toegepaste methode gebruikt een extra con-
tinue laser voor excitatie, waarvan de golflengte gecalibreerd wordt met behulp
van de frequentickam. De tweede methode gebruikt het licht in de kamlijnen
direct voor excitatie. De eerste methode heeft het voordeel dat er meestal ordes
van grootte meer licht bij de overgangsfrequentie beschikbaar is in een cw laser
dan in de frequentickam. In het geval dat er wordt geéxciteerd met één foton,
komt daar nog bij dat er in de kam een groot aantal modes aanwezig is die voor
een achtergrondsignaal zorgen, terwijl maar één mode gebruikt wordt voor het
aanslaan van de overgang. Daar staat tegenover dat in de frequentiekam direct
een breed spectrum aan golflengtes beschikbaar is voor de spectroscopie, terwijl
de cw laser doorgaans maar over een smal golflengtegebied te gebruiken is. Door
de kam direct voor de excitatie te gebruiken, kunnen daarom vele overgangen
gemeten worden met één laser. Wij hebbenbeide methodes gebruikt voor het
meten van overgangen in calcium ionen, waarbij een ‘shelving’-techniek gebruikt
wordt om de signaal-ruis verhouding in de directe frequentickam-spectroscopie te
verbeteren.

De Hoofdstukken 5-7 beschrijven de drie metrologie-experimenten die we
hebben uitgevoerd. Het eerste experiment (Hoofdstuk 5) is het meten van de
4528, s2—4p 2p, /2-overgangsfrequentie. In dit experiment wordt een frequentie-
verdubbelde diodelaser gebruikt om de overgang mee aan te slaan, en wordt de
(onverdubbelde) lasergolflengte bij 794 nm gemeten met de frequentickam. Op
deze manier is een overgangsfrequentie van v = 755222 766.2 (1.7) MHz geme-



133

ten, waarbij systematische effecten in het resultaat zijn meegenomen. De behaalde
nauwkeurigheid is een orde van grootte beter dan het meest nauwkeurige bekende
meetresultaat.

In een tweede experiment hebben we de overgangsfrequentie van de 45 2S; 5 —
4p 2Py /2 overgang bij 393.5 nm gemeten (Hoofdstruk 6). Bij dit experiment is de
kamlaser frequentieverdubbeld, en is het licht van de kamlijnen in de resulterende
kam gebruikt om de overgang aan te slaan. Het eerder geschetste probleem van de
signaal-ruisverhouding voor het aanslaan van een één-foton overgang kan worden
opgelost door gebruik te maken van ‘shelving’: Van de aangeslagen ionen vervalt
7 % naar het 3d 2Dy, /2-niveau, dat een levensduur heeft van 1 seconde. Omdat de
koellaser deze ionen niet meer exciteert, kunnen deze ionen gebruikt worden om
het aanslaan van de overgang te detecteren. Door de fluorescentie die geinduceerd
wordt door de koellaser te meten, terwijl de 4s2S; /2 — 4p 2Py /2-Overgang res-
onant wordt aangeslagen, wordt het maken van de overgang indirect gemeten
als een afname van fluorescentie van de koelovergang. De fluorescentie wordt
afwisselend gemeten met en zonder een repumper op de 3d2D5/2 —4p 2P3/2-
overgang, zodat zowel het signaal als de achtergrond gemeten worden. Deze twee
datasets worden van elkaar afgetrokken en gecorrigeerd voor het verlies van ionen
uit de val. De gemeten overgangsfrequentie van de 45 2S; 2 —4p 2p, /2-Overgang
in 1°Ca* is v = 761905012.7 (0.5) MHz. Dit resultaat is een verbetering in
nauwkeurigheid van meer dan twee ordes van grootte ten opzichte van eerder
behaalde resultaten op deze overgang.

In Hoofdstuk 7 wordt een derde experiment beschreven, waarbij directe fre-
quentiekam-spectroscopie wordt toegepast op een smalbandige klokovergang: de
4528 j5 — 3d *Dj 5 overgang bij 729.5 nm. De combinatie van de smalle natu-
urlijke lijnbreedte van deze overgang van 0.14 Hz met het lage vermogen per
kammode in lijnen met een breedte van ~ 2 MHz, leidt tot een zeer lage sig-
naalsterkte van ~ 7 overgangen per ion per 1000 s. Ondanks deze lage exci-
tatiesnelheid, kan de overgang toch gedetecteerd worden door wederom ‘shelving’
in de 3d2Ds /2-toestand toe te passen. In dit experiment wordt een rij van 10
calciumionen gebruikt, waarvan de koellaser-fluorescentie wordt afgebeeld op een
EMCCD (electron-multiplying CCD) camera. Als een ion wordt aangeslagen
naar de 3d 2D 5/2 toestand, dan wordt deze donker in de afbeelding op de camera,
omdat de koellaser het ion niet langer kan aanslaan. Na ongeveer 1 seconde vervalt
het ion weer naar de grondtoestand, en kan het opnieuw geéxciteerd worden. De
donkere ionen worden gedetecteerd, en de hoeveelheid ionen die donker wor-
den in 100 secondes wordt gemeten ten opzichte van de excitatiegolflengte. Zo
hebben wij een overgangsfrequentie van v = 411 042 129.6 (0.3) MHz gemeten,

een resultaat dat in overeenstemming is met andere gepubliceerde meetresultaten
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[27]. De nauwkeurigheid en meetsnelheid van deze meting is momenteel beperke
door de Dopplertemperatuur van de gevangen ionen en de lijnbreedte van de
frequentiekamlijnen. Deze twee factoren kunnen verbeterd worden door de ionen
in het Lamb-Dicke regime te vangen en te meten, en de lijnbreedte van de kam te
versmallen door deze te locken aan een optische resonator met hoge finesse.

In dit proefschrift wordt kortom de veelzijdigheid van (directe) frequentie-
kam-spectroscopie in een ionenval aangetoond, door middel van verschillende
experimenten aan calcium ionen. We hebben laten zien dat de frequentiekam
gebruikt kan worden om zowel bij infrarode als bij zichtbare golflengtes overgan-
gen te calibreren. Dit laat zien dat het brede golflengtegebied dat bereikbaar is met
de frequentiekam ingezet kan worden voor directe frequentiekam-spectroscopie.
Daarnaast is de methode van directe frequentiekam-spectroscopie toegepast op
zowel een dipool als een electrische quadrupool overgang. Deze resultaten laten
zien dat de combinatie van een frequentickam en een ionenval ingezet kan worden
voor vele toepassingen in de calibratie van overgangsfrequenties.
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