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Abstract

Ion recooling is currently a necessary but time-consuming task in trapped-
ion quantum information processing experiments. This thesis proposes a
way of cooling an ion from its Doppler limit back to the ground state in
time-scales about an order of magnitude faster than current laser-cooling
methods.

This is done by taking a ground-state cooled ion and performing a cool-
ing motion that brings the coolant ion and the heated ion close together
for a short time. The energy is then exchanged by a motional exchange
mechanism due to the Coulomb coupling between the two charged par-
ticles, given that this cooling motion is timed such that the energy is
swapped exactly.

In the case of cooling an ion with one of equal mass, shortcuts to adia-
baticity methods are applied to design this cooling motion in a way that
does not induce additional motional excitations of the ions and also ro-
bustness towards experimental imperfections is designed into the scheme.
Here, linear tilts of the trapping potential are considered, as these are a
major source of error in trapped-ion experiments, due to stray charges
and imperfect calibration. This results in a scheme that can swap the en-
ergy of the two ions in a minimal time of about 10 cycles of the ion motion.
Also the maximally tolerable potential tilt for the exchange mechanism is
determined. Using a given experimental apparatus, this maximal tilt is
found to increase with parameter choices that speed up the cooling.

In the case of cooling an ion with one of different mass, the shortcut
to adiabaticity method is derived and cooling demonstrated to be possi-
ble as well. Here, additional care has to be taken to make sure that the
motional frequencies of the two ions are equal, such that the motional
exchange mechanism is possible.
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Introduction

In the early 1980s it was first realised that simulating a general quantum
system requires an exponentially growing number of classical objects. The
first to state this fact was Yuri Manin [1, 2], only to then propose a “quan-
tum automaton” that implements general quantum computation as unitary
rotations in Hilbert space, without being bound to a particular physical imple-
mentation. Such quantum computers have been proposed or demonstrated
in various systems such as superconducting qubits [3], NV centres [4], topo-
logical Majorana qubits [5] and trapped ions [6].

In the quest for a trapped ion quantum computer, two main avenues for
progress lie in improving qubit quality by reducing noise and increasing the
number of logical operations within the given coherence times. Several ex-
perimental building blocks have recently seen significant speed-ups. As a
natural time scale in trapped-ion QIP is given by the periodicity of the ion
motion, these efforts attempt to increase the logic speed of quantum infor-
mation processing (QIP) by achieving run-times of as few motional cycles
as possible. Two-qubit gates and ion transport operations have already been
achieved in only a few motional cycles or less [7, 8, 9]. Ion separation on the
other hand is currently only possible at adiabatic speeds taking more than
100 motional cycles [10, 11]. However, a scheme using shortcuts to adiabatic-
ity (STA) methods has been proposed in [12] that promises to reduce this
run-time to below 10 motional cycles.

Another necessary operation in trapped ion QIP experiments is recooling. As
trapped ions need to be close to their motional ground state to yield good
quantum gates, periodic recooling is necessary [13, 14]. Recooling from the
Doppler limit (around 6 quanta for 40Ca™ [15]) to the ground state takes
several hundred motional cycles using current methods such as electromag-
netically-induced transparency cooling and resolved sideband cooling. This
time scale is dictated by atomic properties [16] and cannot easily be improved
by orders of magnitude.

As recooling is slow compared to all operations except ion separation, it is
rapidly becoming a bottleneck in trapped-ion QIP experiments. To close this
gap, this thesis adapts the STA methods presented in [12] and proposes a
new way to cool an ion close to the ground state while doing so about one
order of magnitude faster than current methods.
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A proposal for fast dynamic exchange cooling

To cool an information-carrying ion in a QIP experiment, we propose an en-
ergy exchange with a cold ion. Due to the Coulomb interaction, the motions
of the two ions around their respective equilibrium positions are coupled.
Much in the same way as two spring-coupled pendulums swap their mo-
tional energy back and forth, the ions exchange their motional energy. This
effect is covered in detail in chapter 1. Most notably, the energy exchange
speeds up cubically with decreasing ion distance.
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Figure 0.1: Schematic depiction of the overall cooling scheme. The coolant
ion is initially cold (top, blue circle) and the information ion hot (top, red
circle). After the cooling scheme, the ion energy has been swapped.

To implement this exchange cooling, a reservoir is supposed to exist, where
a number of ions are constantly kept close to their motional ground state.
Once the need to cool an information ion arises, for example after a resonant
readout, a long computation or background gas collisions, the procedure
schematically depicted in Fig. 0.1 is executed. First, a coolant ion is trans-
ported to the information ion from this reservoir. At this intermediate outer
distance, the motional exchange should still be negligible. A cooling motion
is then performed, bringing the ions to a close inner distance, before return-
ing them to their starting positions. The inner distance must be chosen small
enough such that the motional exchange takes just a few motional cycles. If
timed right, this dynamic procedure can swap the ion energies, leaving the
information ion with an energy close to its motional ground state while the
coolant ion now carries all the energy and is transported back to the reservoir
for laser recooling, without further interrupting the QIP experiment.

The challenging aspect of this scheme is designing the ion transport from
outer to inner distance and back out. A transport protocol that excites two
initially unexcited ions with a final energy above the target level for the in-
formation ion (as depicted in Fig. 0.2a) can not achieve cooling successfully.
Therefore it is a prerequisite to solve this transport problem as presented in
Fig. 0.2b, where the excitations due to the transport are negligible.

We thus separate the design of such a cooling scheme into two distinct tasks.
The first part consists of designing the ion transport such that it induces no
motional excitation. The second part of the cooling scheme is then straightfor-
ward: given a well-designed transport, the motional energy can be swapped
simply by finding the right timing. We will call parameter sets found in this
way cooling solutions, even though the energy is in fact only exchanged from
ion to ion.
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(a) Failed transport (b) Successful transport
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Figure 0.2: Schematic depiction of the transport problem. (a) shows a failed
transport where the ions are excited at the final time despite being cold ini-
tially, while (b) shows the desired transport result, leaving unexcited ions.

While implementing such a cooling motion at adiabatic speeds is easy, this
is not the case for the run-times targeted in this thesis. The desired ion
transport is similar to the procedure used in ion separation/merging, only
that here, the ions are not necessarily merged into a single trapping well.
The splitting performed in [10] with an adiabatic run-time of 112 motional
cycles still leaves the ions with a final excitation of 4.16 quanta. Since the
information ion is to be cooled to a motional occupation close to the ground
state (< 1 quanta), this shows insufficient control of the ion transport despite
the long run-time.

Better methods are thus needed to design the desired ion transport. Follow-
ing the path laid out by Palmero in [12], we find these in the form of short-
cuts to adiabaticity (STA) methods. These promise to retain the results of
an adiabatic execution, even at non-adiabatic run-times. Such schemes have
been proposed for various applications such as transport of single trapped
ions and ion chains [17, 18, 19, 20], ion separation [12], atom launching [21]
and atom cooling [22]. It has also been demonstrated that STA methods can
be designed for optimal robustness towards experimental imperfections and
noise [23, 24, 25, 26, 18, 27, 28, 29]. It seems thus alluring to add robustness
to typical error sources of trapped ion QIP experiments to the design of the
transport scheme.

The thesis is subdivided into the following parts:

Chapter 1 explains the theoretical foundations of the Coulomb motional ex-
change that is the basis of this proposal.

Chapter 2 introduces the STA formalism in a general way. This knowledge
is then applied in Chapter 3 to solve the transport problem for ions of equal
mass as depicted in Fig. 0.2b and introduce robustness towards experimental
errors. Several optimisation methods are compared and numerical results
presented.

Chapter 4 then employs the gained transport capability and varies its pa-
rameters of the transport scheme to find cooling solutions at various timings.
Furthermore, the influences of experimental capabilities and limitations on
the achievable quality and speed of the cooling are discussed.

Chapter 5 generalises the STA formalism for the case where the two ions are
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of unequal mass.

Chapter 6 concludes the proposal and offers an outlook for future work.



Chapter 1

Motional exchange mechanism

The motional exchange induced by the Coulomb interaction lays the ground-
work for the cooling proposal of this thesis. It is thus important to understand
the principles of this phenomenon in order to design cooling solutions and
predict experimental requirements. The effect is analogous to the motional
exchange between two spring-coupled pendulums, that takes place when
one pendulum is initially set in motion while the other is at rest. The motion
of the first pendulum is exchanged to the second pendulum via the spring.
After a certain amount of time the first pendulum comes to rest, while all ki-
netic energy has been swapped to the second. The analogy to our ion cooling
scheme is completed by pointing out that the Coulomb coupling plays the
role of the spring and the pendulum motions correspond to the ions oscillat-
ing in their trapping potential wells.

Such a motional exchange between two trapped ions has first been demon-
strated by Brown et al. in [30], where two *Be™ ions are held 40 pm apart in
a Paul trap while their motional frequencies are tuned into resonance. The
ions then swap their motional energies back and forth at a frequency of 3 kHz.
This exchange frequency, depending on the ion masses, motional frequencies
and distance, can be learned from a simple Taylor expansion of the Coulomb
potential, a derivation that we shall now reiterate from [30].

Suppose two singly charged ions of mass my and mj; are trapped in a gen-
eral electrical potential Vg (x). Note that the ion confinement in the radial
directions y and z is assumed to be much stronger than in the axial direction
x, allowing us to neglect the radial components of the motion and treating
the system in a one-dimensional way. This notion is retained throughout this
thesis. The total potential is then given by

Cc

+ (1.1)
|x2 - x1|
A/_/

Viot (x1,X2) = Ver(x1) + Ver(x2)
Ve

where x1 < x; are the position coordinates of the two ions, V- is the Coulomb
. 2 . .
potential and Cc = 7 the Coulomb constant. The ions oscillate around

their equilibrium positions xgo) and xéo), which depend on the explicit shape
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of V;. The motional frequencies are determined by the potential curvature at
(0)

X

; ~as

1 0% Vot

1.2
o (1.2)

w; =

x,»:xgm

The Coulomb term V¢ in eq. 1.1 can then be written in terms of the equilib-

rium distance d = xéo) — xio) and the motional displacements J; = x; — xfo)
as
Cc
Ve(x1,x2) = 10, — o1 (1.3)

Assuming the ion motion is small compared to the equilibrium distance, a
second order Taylor expansion yields

C 51 —6, 62 82 265
Vc(xl,xz)zc<l+ 1d 2+d—§+d—§— dlf). (1.4)

Upon quantising this expression, the last term becomes a coupling between
the ions motion. Using the harmonic oscillator ladder operators a, at, b and

b' to describe the coordinates §; = (g +a')and &, = 2 (p+bh),

mywq mywy

it becomes

—2C
7(35152 = —1Qex(a+at)(b+b") & —1Qex(ab’ + a'b) (1.5)

and if the ion frequencies are resonant wy = wy and fast-rotating terms are
neglected, the motional exchange frequency is given by

Cc
N/ M1y o /w1w2d3'

Qex = (1.6)

The exchange frequency means that the ions have exchanged their motional
energy after a time of Tex = %Q%x Note that Qex has a inverse cubic depen-
dence on the ion distance. This motivates the transport protocol described in
the introduction, as bringing the ions close together speeds up the exchange
considerably.

It is also important to note that this exchange is a resonant effect. If the ion
frequencies w; are detuned from each other, the actual exchange frequency
drops below the maximal Qey. This insight implies that the condition w; =
w» has to be fulfilled sufficiently well in cooling schemes, placing constraints
on experimental accuracy that will be quantified in later chapters.

As an illustration, we numerically simulate this motional exchange by placing
two ¥ Ca™ ions at a constant distance of 17.5um. The ions are placed in wells
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Figure 1.1: A simple demonstration of the energy exchange mechanism
through the example of two °Ca™ ions exchanging energy with an exchange
time of Tex = 7.61 ps.

of w; = 27 x 0.5MHz, resulting in an expected exchange time of Tex = 7.61 us
or 3.8 motional cycles.

To obtain the classical trajectories in this example, the equations of motion

miX; = — g—z are solved, with the initial kinetic energy of the information ion

being equivalent to a coherent state of 1000 motional quanta (E; = 10007cwy),
while the coolant ion starts at rest. The results, depicted in Fig. 1.1 show the
two ions exchanging motional energy with the predicted period.

Rapidly bringing the ions to an inner distance as in this example would thus
enable cooling in just a few motional cycles, given that the ion transport
to this distance can be designed reliably. This will be the content of the
following two chapters. Later on, these example parameters will turn out to
be realistic for a cooling solution.






Chapter 2

Shortcuts to adiabaticity for trapped ions

Designing the desired ion cooling motion to cause negligible excitations de-
spite a target run-time of just a few motional cycles is not a straightforward
task, due the non-adiabaticity of the problem. A possible solution is to apply
shortcuts to adiabaticity (STA), a set of methods to design protocols for quan-
tum systems that can be executed in arbitrarily short times while yielding the
same final result as an adiabatic evolution. STA methods have been proposed
for many applications in trapped-ion QIP [17, 18, 19, 20, 12, 21, 22, 23].

Of the various STA methods, we chose to use invariant-based inverse engi-
neering as detailed in [31]. This is an approach that allows the construction
of a Hamiltonian H(t) such that the populations in the instantaneous basis
of H(tp) at starting time #; = 0 match the populations of H(t), tf being the
final time. For the example of a single ion in a harmonic well with movable
centre, suppose that the system is in a quantum state |n) for t < f;. The
Hamiltonian can be designed such that the well is moved to another posi-
tion during the run-time and the system is still in the state |n) of the now
displaced well at t > t;. This can be done in arbitrarily short run-times,
allowing fast ion transport.

In this chapter, we will state the general steps needed for the STA treatment
of a two-ion system using the two-ion cooling transport with equal mass
ions for illustration. The extension to an N-ion system is straightforward.
The next chapter then carries out the procedure explicitly for two ions.

For the cooling motion needed in this thesis, the goal is engineering the
explicit time-dependence of a Hamiltonian that describes the transport of two
ions from an outer distance doy: to an inner distance d;, and back out. This
should be done such that the initial motional states of the ions are retained
at final time. Contrary to the single-ion transport example above, this will
only be possible approximately and the achievable run-times are in general
not arbitrarily short.

A useful potential parametrisation is the quartic double-well potential
Va(t,x) = a(t)x® + B(t)x?, (2.1)

defined along the axial direction x of the trap. This allows to have two ions
in separate wells and move these wells in and out.
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The parameters {«(t), B(t)} describe the harmonic and quartic parts of the
potential given in units of Nm~! and Nm 3, respectively. As long as a(t) <
0, Vi is a double-well potential, which is illustrated in Fig. 2.1. The goal of
the STA treatment is to design the time-dependence of {«(t), B(t)} explicitly.

QO eq. positions
d/2 d/2 @ ion positions

Figure 2.1: Position coordinates for two ions trapped in a quartic double-well
potential.

The total Hamiltonian is given by

o,
H= 1+ 2 4 Vig(x1, 2, t)
2m  2m (2.2)
c .
Viot(x1, %2, t) = a(t) (x% + x%) + B(t) (x% + xé) 5 _Cxl

where {p;, x;} are canonical position and momentum coordinates of the ions
and we assume that x > x;, as shown in Fig. 2.1.

The STA treatment of the Hamiltonian eq. 2.2 is schematically shown in
Fig. 2.2. Depicted are the major mathematical objects relevant to each step
and the variables and functions which describe them. The various parts of
the treatment are described below and can be found described in greater
detail in [32, 31, 33, 34, 12, 35]:

e Dynamical normal modes: No inverse-engineering approach is known
for the exact Hamiltonian eq. 2.2. It has to be brought into the form

of two time-dependent harmonic oscillators (HO) Hé;o) (t) + HI(;O) (t) by
way of a technique called “dynamical normal mode approximation”,
derived in detail in [35].

The time-dependent HO frequencies are denoted by Q. (t) (later cor-
responding to the stretch and centre-of-mass-mode (CoM) frequencies).
Note that the normal mode procedure gives a correspondence between
the potential parametrisation (here {a(t), B(t)}) and the HO frequen-
cies () (t), as indicated in Fig. 2.2.

In the case of an N-ion system, this step is easily generalised by decom-
posing the system into N HO Hamiltonians.
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e Dynamical invariants: The inverse-engineering technique makes use of
dynamical invariants I(t). Invariants I(t) are operators with constant
expectation values:

]

S 1) %) =0 23)

where |¥) are solutions to the Schrédinger eq. for H(t).
For a Hamiltonian Hélio) (t) with HO form, such invariants are known

explicitly, but not for the general form (2.2). Thus the dynamical nor-

mal mode step is necessary to find an approximation H =~ Hél_o) + HI(;E))
for which explicit invariants exist. They are defined by two auxiliary
functions p+(t) and g+ (t), which will turn out to correspond to the
curvature and centre position of the harmonic well. Note that a cor-
respondence between the variable sets {Q+(¢)} and {p+(t), g+ } exists
again.

For the following steps, it is necessary to explicitly know the eigen-
vectors |n4;t) of I(t), where n4 is the eigenvalue and ¢ denotes the
time-dependence.

o Lewis-Riesenfeld theory: According to Lewis and Riesenfeld [32], if
the two Hamiltonians H*) (¢) and corresponding invariants I(*)(t) are
known, the individual solutions [¥+) to the Schrodinger equation are
given as a superposition of eigenvectors |n4; ) of I E)(t):

¥e) = [Fa(t)) = Y cnae®=) ny;t) (2.4)
nt

where the coefficients ¢, are constant and the phases ;. (t) are known
explicitly.

. Shoricut condition: If the invariant commutes with the Hamiltonian
([HI({O)(tb),I(i)(tb)] = 0) at boundary times t, = {to, s}, they share
an eigenbasis at ty. This means that the initial populations in the
eigenbasis of HSE)) (tp) are also the populations of the invariant eigen-
vectors |n4+;ty). Since Lewis-Riesenfeld theory yields that the popula-
tion numbers ¢, are constant, the system is still in the superposition

Zni Cnieilx"i (tr)

Nt f> at final time, only that the invariant eigenvec-

tors ‘ni ot f> have evolved. But since Hamiltonian and invariant com-

mute again at f¢, they share again an eigenbasis, meaning that the pop-
ulations in the initial instantaneous basis of HﬁIiC)) (to) have been carried

over to the new basis of Hl(fo)(t 7). This yields an evolution that re-

covers the initial instantaneous populations at final time. Note that at
intermediate times, the system may generally not follow the adiabatic
evolution, but reaches the same final state nonetheless.

An alternative STA method that follows the adiabatic evolution at all
times is given by the counterdiabatic driving method as demonstrated
in [36].



2.1. Dynamical normal modes for two-dimensional systems

e Inverse-engineering: The aforementioned steps produce a condition
that ensures adiabatic transfer at arbitrary time scales. To infer the full
Hamiltonian H(t) (here in the form of {a(t), () }) from this, an inverse-
engineering technique is used. Since the invariants I () (t) are defined
through auxiliary functions {p+(t),q+(t)}, these are designed first to
always satisfy the shortcut condition on the commutator. From there,
the Hamiltonian can be inferred through the chain of correspondences

{o£(t), g} < {Qx(8)} < {alt), p1)}-
Note that this procedure is not exact due to the dynamical normal modes step
being approximate. Arbitrarily low run-times are therefore only possible in
general when the Hamiltonian is in fact a harmonic oscillator, for example in
ion transport.

The procedure for treating an N-ion system is very similar, only that N HO
Hamiltonians have to be found, leading to N invariants, N pairs {p;, g;} and
N shortcut conditions.

The steps for this treatment shall now be given in detail so that it can later
be applied to the Hamiltonian eq. 2.2 for ions of equal mass and for a similar
Hamiltonian in the unequal mass case.

2.1 Dynamical normal modes for two-dimensional systems

For the shortcuts-to-adiabaticity treatment to be feasible, we need to bring
the full Hamiltonian eq. 2.2 into the form of two time-dependent harmonic
oscillators. This can be done by decomposing the motion into uncoupled dy-
namical normal modes (NM). A detailed treatment of this general procedure
is given by Lizuain in [35] and we shall now reiterate the relevant parts in
the following.

Assume we want to bring a two-particle Hamiltonian (for example eq. 2.2)

i
H= ﬁ + ﬁ + Viot(x1, x2, 1) (2.5)

into the double harmonic oscillator form

2 } 2
T lai (xi - g;%) 1 26)

1

2

Hono =)
i=1

Here {P;, X;} denote canonical momentum and position coordinates which
will turn out to be mass-weighted normal mode coordinates, ();(t) are the
L)
0

harmonic oscillator frequencies and are the oscillator centres.

For this we need to take a second-order approximation to H and diagonalise
the mass-weighted! Hessian matrix K of the potential Viot in eq. 2.5 around

the equilibrium positions xgo) (t) and xgo) (1).

IThe mass weighting is due to the full derivation actually diagonalising the complete Hamil-
tonian eq. 2.5, including the mass-dependent momentum terms, and not only the position-
dependent potential Viot.

13
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K — 1 82Vtot
v \/ijaxiaxj {xgo),xgo)}
btk k() 2.7)
m Y/
K=1| iy wlbiy
V/mymy My

Since the Hessian has to be symmetric, the parametrisation {kq, k, k} is justi-
fied. Later, in the case of trapped ions coupled by the Coulomb interaction, k
will turn out to be the Coulomb coupling term.

Note that the variables x\”) (), k(t), ky (), ka(£), Ai(£), Q(£), 6(£), Py i(t) that will
appear throughout this section are generally time-dependent, but for clarity
of notation, this is suppressed.

Due to K being a symmetric matrix, it can be diagonalised orthogonally by
the rotation matrix O

cosf —sinf
0= <sin9 cos 8 > (2:8)
such that
OTKO = (%1 A02> , 2.9)

where the A; = 7 are the positive eigenvalues of K corresponding to the
frequencies of the normal modes.

The angle 6 of the eigenvectors is given by

2k /mimy
my(ky + k) — mo(ky + k) ’

tan(20) = (2.10)

The change-of-coordinates matrix?

Al) = OTdiag( i, viiz) = ( Vel VEESE)

defines new canonical coordinates {X’, X’ , P/, P/ } via

() =0 (2 72h)
() = (7)™ ().

2 As with the mass-weighting of K, the actual coordinate transformation A(t) is not identical
to the matrix O due to the complete Hamiltonian eq. 2.5 being diagonalised, including its mass-
dependent momentum terms. Refer to [35] for the full derivation.

(2.12)




2.1. Dynamical normal modes for two-dimensional systems

The momentum transformation (AT (t)) s given by

7,0 1 X 1 1 3’7579 i}fﬁ
A (t =0 di ) = 1 R 2.13

In these coordinates, after truncating the expansion of the potential Viyt in

(0) (0)

eq.2.5in x1 and x; around x; * and x, ’ after the second order and correcting
for inertial effects, the Hamiltonian takes the intermediate form

H' =

N =

(PP +02X2) —(PL, PL)A(t) <x%0)> —0 (XLPL =X\ PL).
=+

Inertial corrections

(2.14)

The terms in the derivatives of the equilibrium positions and the angle ¢ are
corrections due to inertial effects, as the coordinate transformation A(t) may
not result in an inertial frame.

It already becomes apparent at this stage that given a time-independent eigen-
vector angle (6 = 0), the initial Hamiltonian separates into two independent
parts, even if those do not yet have the form of a harmonic oscillator. Thus
only systems that satisfy § = 0 are of interest to us and we will assume this
to be the case going forward. An example is a system with the Hamiltonian
eq. 2.2, as this leads to k; = k; and m; = my (see following chapter). For
this, § = 7 is constant and the Hamiltonian separates exactly. The same
Hamiltonian with two unequal masses already does not show this property,
foreshadowing the need to choose a different Hamiltonian for unequal mass
systems.

To finally reach the desired form eq. 2.6, we use a further coordinate transfor-
mation to shift the momenta

X=X (2.15)
Py = P/ = Py, '
where
.(0)
PO,— . Xq
<P0,+> = A(t) <x§°)> (2.16)
and i = {—,+}.

In these coordinates and assuming that we are working with a Hamiltonian
that fulfils 6 = 0, the Hamiltonian H’ takes the final HO form

2 (P? 1 Py )
1 2
Hano = H) + HE, = DR (Xl- + 0”) : (2.17)

i=—+
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Upon comparing with eq. 2.6, it becomes apparent that we have constructed
the desired form of two harmonic oscillators. The HO frequencies are given
Py (t
0
plicit form of Vi, this procedure yields the needed correspondence between
the NM frequencies ()4 (t) and the parametrisation of Viot ({a (), B(t)} in the
cooling transport) and we can go on to find the invariants that accompany
such harmonic oscillators.

by the NM frequencies ()4 (t) and the mode centres by — . For an ex-

2.2 Dynamical invariants for the harmonic oscillator

After decomposing the full Hamiltonian into two (or N) harmonic oscillators,
we go on to fulfil the second prerequisite of the STA treatment, finding ac-
companying dynamical invariants. We reiterate the treatment summarised in

[17].

Originally developed by Lewis and Leach [37] and Dhara and Lawande [38],
the Lewis-Riesenfeld invariant I(t) for a one-dimensional Hamiltonian of the
form X
P M 20,2
H= oM F(t)x + 5 Q7 (t)x%, (2.18)
can be stated explicitly. The following discussion is reiterated from Tor-
rontegui [17].

Here {p,x} are the canonical coordinates, M is the particle mass, (}(t) the
oscillation frequency (will later be the NM frequency) and F(t) a force term.

By completing the square and adding a purely time-dependent and thus
physically irrelevant term, eq. 2.18 becomes

_ P, M, F(H)
o = o+ Moz <x - Mﬂz(t)) , (2.19)

and we see that this Hamiltonian is equivalent to one of the time-dependent
HO as obtained in eq. 2.6 by the dynamical normal mode treatment

Note that in eq. 2.6, the mass M has been set to 1 as the Hamiltonian is given
in mass-weighted NM coordinates.

The invariant for Hyo is defined through the two auxiliary functions p(t)
and g(t) and is given by [17]

1 1 -7\’
= gy o = Mi) — Mp(x— )P+ 3m0F (1) o

The auxiliary functions p(t) and q(t) need to fulfil the following ordinary
differential equations (ODE):

(2.21)
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but can be freely chosen otherwise. Qg = Q)(fy) is the initial frequency. Note
that we neglect to denote the time-dependence of Q(t), p(t) and g(t) if not
needed.

Referring back to the STA flowchart in Fig. 2.2, these equations give the cor-
respondence between the descriptions {p+,qg+} < {a(t), B(t)}, making this
a key result that allows us to find the HO frequencies from the auxiliary
functions when performing the inverse-engineering step.

The function g will later turn out to correspond to the NM centre and p to
the NM state width [12]. When for example treating the case of a single ion
in a rigid harmonic well, p(f) = 1 is constant as the HO keeps a constant
frequency but the centre can be moved in space which is described by g.

The eigenvectors |1; t) of the invariant, as needed for Lewis-Riesenfeld theory,
are known and their position-space wave functions ®,(x, t) are given by

1 iMy,,2 . : X —
- ) = [0/ 20+(dp—ap)x/p q
D, (x,t) = (x|n;t) = pl/zer [ ]ﬁn( 5 )
g

(2.22)

where the £, () are solutions of the instantaneous initial Schrédinger equa-
tion with quantum number n

n? 92
" 2M 902

+ ;MogaZ] 9n(0) = K (n +1/2)$H,(0). (2.23)

This is just the Schrodinger equation for a static HO in the normalised coor-
dinate o, for which the solutions are given by the Hermite functions

1 MO\ 4 mog? MQ
ﬁﬂq)_m( nho) ¢ 7 H”( hoq) (2.24)

where H,, are the Hermite polynomials.

The phases a,(t) for the transport modes |1;t), = e (!) |n;t) are then given
as derived in section 2.3 by

an:_l/'fdt,(mo(njm) +M(q'pw)_
0

h o 207 (2.25)

Now that the complete transport modes |n;t), are known explicitly, the in-
stantaneous energies (n; t|, Hyo |1; t),, can be calculated.

A lengthy calculation gives the instantaneous energies depending on the aux-
iliary functions p and q [12, 17]

17
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h2n+1) [ . 02
En(t) = (n;t[, Huo [1; 1), :(400) <P2 + Q)% + 20>

2
+ %qz + %Q(t)z (q - Migé)(t)) :

(2.26)

Note that the phases a,(t) are irrelevant in obtaining the energies.

These energies are a key result as they allow finding forms of the auxiliary
functions that retain the initial energy at final time, thus constructing a short-
cut.

In the case of two trapped ions as depicted in Fig. 2.2, there are two HO
Hamiltonians Hl(fo) and thus two invariants I(*) as well as four functions
{o+/g+}-

The Lewis-Riesenfeld theory that yields the shortcut condition on p and g as
shown in Fig. 2.2 is derived next.

2.3 Lewis-Riesenfeld theory

Lewis and Riesenfeld in their 1969 paper [32] used dynamical invariants of
explicitly time-dependent Hamiltonians H(t) to solve the Schrodinger equa-
tion

9
ih= [¥) = H(H)[¥). (2.27)

In the following, we reiterate the treatment given in [32, 33].

Suppose the Hamiltonian H(t) has a known Hermitian invariant I(t) that
fulfills

a2l

= — H(®), 1()] =0. (2.28)

This equation is the condition for the expectation values of the invariant to

be constant: 5

5 (FLI(D) ) = 0. (2.29)

It can then be shown that the solutions |¥) of the Schrodinger equation

(2.27) are constant superpositions of eigenvectors |n;t) of the invariant I(t),
together with a time-dependent phase a,/(t).

This result can be derived from the eigenequation

I(t) [n;t) = n(t) [n;t) (2.30)

and eq. 2.28 by calculating the following steps:
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1. If |'¥) is a solution of the Schrodinger equation, then I(f) |'¥) is as well.
This can be seen by acting on [¥) with eq. 2.28 and using the Schrodinger
equation to obtain

ih% [1(8) [¥) ] = H(O)[I(1) [¥)]. 2.31)

2. When acting on eq. 2.28 with eigenvectors (m;t| and |n;t), we find the
relation

i (m3 1 <a1> ) = (n— m) (m; ¢ H(E) ;) 232)

3. The eigenvalues n(t) of the invariant I(t) are constant: n(t) = n.
This is easily derived by taking the time- derivative of eq. 2.30 and acting
on it with (n;t|. This leads to a = (n;t] 4 5t [m;t) = 0 with eq. 2.32.
Note that the eigenvectors are 1n general time-dependent.

4. For all n,m with n # m it holds that

(m; t| zh J |n t) = (m;t| H(t) |n;t) . (2.33)

This is obtained by deriving the eigen-equation (2.30) w.r.t. time and
multiplying the result with (m;¢#|. The relation (2.33) is obtained upon
inserting eq. 2.32.

Note that if this property would hold for all #, m, then already the eigen-
states |1; t) would be solutions to the Schrodinger equation. Instead we
now also need to treat the case n = m.

5. This is done by modifying the eigenvectors to |m;t), = e () |n;t),

where
o ( h/ n; t”zh— — H(t

which now do solve the Schrodinger equation.

This can be seen from the fact that the |n;t),, are still eigenvectors to I(f)
(assuming it does not contain the time-derivative operator), so eq. 2.33
stays valid. Inserting the Ansatz |n;t), into eq. 2.33 for n = m yields
the condition (2.34).

n;t')dr, (2.34)

Thus we see that the modified invariant eigenvectors |n; t),, solve the Schrodinger
equation and we are able to write the solutions |¥) as superpositions

) =Y culnit), (2.35)

of the “transport modes” |n; t) , where the populations c, are constant through-
out time and are therefore determined by initial conditions. The time depen-
dence of the solution |¥(t)) is thus entirely confined to the modified eigen-
vectors |n;t),. This result can now be used to find a shortcut condition, as
suggested in Fig. 2.2.

19
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2.4 Shortcut condition and inverse engineering approach

We have now stated all relevant parts needed to formulate the inverse-engineering
STA method as detailed in [22, 31].

The goal is to take a Hamiltonian H(#) and design it in such a way that the
populations in the instantaneous bases at t = 0 and t = t; are the same. In
the case of the two-ion Hamiltonian eq. 2.2, we can gain the insight that the
condition for the populations to match up at initial and final times is that the

HO Hamiltonians HI(;EO) and their invariants I(¥) need to commute at these
times:
[Hjo (t0), ™) ()] = [H{jo (t7), IF) ()] = 0. (2.36)

If the operators commute initially, they have a shared eigenbasis. Thus if the
system is in an eigenstate of HI(;(E)) (tp), this must be some eigenstate |n;ty) of
the invariant. Since section 2.3 tells us that the solutions to the Schrodinger

equation can be written in terms of the eigenstates |n4;t) of I (+) and that
their coefficients c,, are constant, we conclude that the system will be in the

evolved eigenstate |n4;¢t f> at final time t;. If the commutation holds again

at ty, Hamiltonian and invariant will share an eigenbasis again and ‘ni it f>

must be an eigenstate of the Hamiltonian, thus having retained the quantum
number n+. For example, if the system was in the ground state initially, it
will be in the ground state again at f7, but the ground state may now be
described by a different wave function, for example if it describes an ion that
was spatially displaced.

As depicted in Fig. 2.2, the invariant-based inverse engineering approach
then consists of leaving the Hamiltonian undetermined at first and instead
designing the invariant such that eg. 2.36 holds. Since the dynamical nor-
mal mode Hamiltonian eq. 2.17 consists of two HO parts, two invariants are
needed and this means designing two sets of functions {p+,q+ }. These can
be chosen freely, as long as the ODEs in eq. 2.21 are fulfilled and necessary
physical constraints are met (such as setting inner and outer distances djy
and dout). The HO Hamiltonian can then be learned from the auxiliary dif-
ferential equations (2.21), specifically by solving for ()+. From this in turn,
the time dependence of the full Hamiltonian can be inferred. In the case of
the double well potential eq. 2.2, this means inverting the correspondence be-
tween {a, B} and the HO frequencies () that was gained from the dynamical
normal mode treatment.

Despite this treatment not being exact due to the dynamical normal mode
approximation, the freedom in designing p+ and g+ can be used to minimise
the effect this discrepancy and obtain an acceptable shortcut even for the
exact system, even though this will break down for short run-times. This
freedom can also be used to mitigate the effect of experimental imperfections.

In the following chapter we will now go on to apply the described procedure
explicitly first to a system of two trapped ions of equal mass in a quartic

20
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double well potential eq. 2.1 in order to design the cooling motion of Fig. 0.2b
and then generalise this for a system of two ions of unequal mass.
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Chapter 3

Designing the cooling motion for two ions
of equal mass

In this chapter we want to apply the formalism stated in chapter 2 to design
the two-ion cooling motion as depicted in Fig. 0.2b. This in-out transport
must leave the ions unexcited and would ideally be robust towards experi-
mental error sources. Thus we stabilise the cooling scheme against a linear
error term in the trapping potential, a term which is a major error source in
many trapped ion experiments [10, 12, 39].

Suppose we trap two ions of equal mass m in a harmonic-quartic potential
Vel

Val(t,x) = a(t)x® + B(t)x*. (3.1)

The total Hamiltonian is given by

Pt | P
H=1L 424 Viot(x1, x2, )
c .
Vior = () (d +3) + B (vt +8) + 2

where {p1,x1} and {py, x2} are the position and momentum coordinates of
the two ions.

The steps needed for STA schemes shown in Fig. 2.2 are carried out explic-
itly. To this end, we first explicitly calculate the dynamical normal modes
according to section 2.1. From this we will obtain a harmonic approximation
of the Hamiltonian and the corresponding wave functions and instantaneous
energies according to Lewis-Riesenfeld invariant theory in section 2.3. Then,
as described in section 2.4, we can inverse-engineer the Hamiltonian by en-
forcing the commutation condition (2.36) and obtain the potential trajectory

{a(t), p(b)}-
As the dynamical normal mode decomposition is only a second order approx-
imation, further optimisation will also be needed to eliminate the effect of the
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higher order terms. This will be done by introducing and then numerically
optimising a number of free parameters in the engineered invariant.

3.1 Dynamical normal modes for two trapped ions of equal
mass

To find the dynamical normal modes for the full Hamiltonian eq. 3.2, we
apply the theory from section 2.1 and follow the discussion in [12]. We take
(0) (0)

the harmonic approximation of H at the equilibrium positions x; and x,
that are found via 0Viot/0x1 |x(0) = 0Viot/9x2 ’x(o) =0.
1 2

The variable d denotes the equilibrium distance of the two ions, as is illus-

trated in Fig. 3.1. Since the potential is spatially symmetric, the equilibrium
. . . 0 _ 4 0 _d
positions are also symmetric and given by x;’ = —5 and x, ' = 7.

Note that we again neglect to explicitly denote the time dependence of the
variables d, a, B, Q4 (t) and Py 4.

O eq. positions

d/2 d/2 @ ion positions

Figure 3.1: Schematic depiction of position and equilibrium coordinates for
two ions trapped in a quartic double-well potential. Note that the Coulomb
potential has been neglected from the potential shape.

The mass-weighted Hessian K then becomes

1 (204 3Bd? + %¢ —Xc
m ~ 2 20+ 3pd> + X¢

As K has the simple structure (1];1 i) , it is easily diagonalised by the con-

stant eigenvectors

(3.4)

giving an angle 6 = 7.



3.1. Dynamical normal modes for two trapped ions of equal mass

Variables with a (—)-subscript will be associated with the centre-of-mass
mode while (+)-subscripts will denote stretch mode variables.

The eigenvalues A+ of K are the squared normal mode frequencies and are
given by

Ao =02

(20 + 3p4%),

SRS

(3.5)
(20 +3Bd° + @).

Ay =0F = e

According to eq. 2.12, the intermediate normal mode coordinates are then
given by

() =y (4 1) (xl . 3523) =5 (20 2 a0)
(b)) =Van (2 1) () = (2201)

The second and final coordinate transformation is defined by eq. 2.16 and
eq. 2.15

(3.6)

X\ (X

()= (%)

P\ (P -Py_

(r:)= (R 67)

() =VF (D) () =V )

This finally yields the normal mode Hamiltonian eq. 2.17 in the explicit form

o _ P2 i\" o

Hano = Higg + Hid = 5 + 50 | X4 +1/F 55 | +5 +302%
2 2 202 2 2

—_—

)
(+) H,
HHO HO

(3.8)

The corresponding Lewis-Riesenfeld invariants for H <8 and HI(;O) are then
according to eq. 2.20

1 L X o 2
1) = 5 (P =) = pa (X — g+)]” + EQgi (ipiqi) o

with the auxiliary functions p+ and g+ defined according to eq. 2.21 as
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QZ
pr+ Ohps = —2= (3.10a)
s
Gy +0%qp = — >4 (3.10b)
g— =0. (3.10¢)

The initial NM frequencies (g1 are later deduced from physical boundary
conditions such as the desired starting distance.

The physical meaning of the auxiliary variables g+ can be understood as the
NM centre, while p4 corresponds to the oscillator curvature. For example in
the case of transport of one ion in a constant trapping well the variable p can
be set to 1, as the ion experiences the same potential curvature at all times,
while the spatial translation is described by g.

The fact that g_ is zero at all times can then be understood intuitively as a
consequence of the spatial symmetry of the potential. Since the equilibrium
positions are always symmetric, the CoM-mode centre is exactly zero at all
times.

The instantaneous energies of the stretch and CoM mode states are known
from eq. 2.26 as

e e N C R VL 0f
En—(t) = (n_;t|, Hyyg [n-3t), = 0 2 +02%p% + -

2n+1)h [ o
Eni (t) = (n4;t], HI(—I+O) [ni;t), = (“)7) <Pi +OLp4 + 3*) (3.11)
0+ P53

N 2
1, 1, vmd

+ 545 + 505 <Q+ + :
2 2 V202

Note that the stretch mode energy includes additional terms in g1 due to the
non-stationary mode centre.

Before going over to the inverse-engineering step, we need a correspondence
between the normal mode frequencies (1 and the potential parametrisation
given by {«, B} as depicted in Fig. 2.2. This can be gained from the expres-
sions for the normal mode frequencies eq. 3.5 and from the condition on the
equilibrium distance [12]

Bd° + 2ad® — 2Cc = 0. (3.12)

Inverting these relations leads to the expressions
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ACc

d(t) = ¢ 7 -7 (3.13a)

a(t) = %m(BQi —50?), (3.13b)
2C 2

B(t) = =5~ dz—zxt) (3130)

The instantaneous motional frequencies wi and w, of the two ions are equal
and are given by the diagonal entries of the Hessian K (compare to eq. 1.2)

0% +0?%
w2:w%:w5=1<n=1<22=**2
1 2C 4C (314
2 C 2 C
= (a+apd + 2C) = L opa + 2°C),

where eq. 3.12 was used in the last step.
Now we proceed to discuss the shortcut condition for the two HO Hamilto-

nians HI({%) and the invariant I(*) and inverse-engineer the potential V.

3.2 Inverse engineering the cooling motion

3.2.1 Ensuring the commutation condition

As detailed in section 2.4, we now want to inverse-engineer the invariants

(£

I*) from eq. 3.9 to commute with the Hamiltonians Hyg ) from eqg. 3.8 at
boundary times t, = {to, t7} and follow the approach in [12].

Satisfying this commutation condition is achieved by setting a number of
conditions on the auxiliary functions p+ and g+. After this step, we see that
by rewriting eq. 3.10 as

(3.15)

choosing the starting values ()1 and the functions for p+, the protocol {«(t),
B(t)} is determined by eq. 3.13.

The commutation can be ensured by setting the boundary conditions (BC)

p+(ty) =1, (3.16a)
o (ty) = pe(ty) = 02 (1) = o1 (1) = 0 (3.16b)
g+ (tp) = 4+ (tp) = G+ (tp) =0, (3.16¢)
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on the auxiliary functions, where t, = {tc = 0,t¢}.

The conditions on the zeroth and first derivatives can be learned from insert-
ing the BC into the wave functions (2.22) and requiring that they coincide
with the instantaneous solutions eq. 2.24. The first two derivatives of the dis-
tance d(t,) and d(t;) should also be zero, so that the scheme starts and ends
with stationary ions and to minimise the energy E,(ts) in eq. 3.11. This
together with the auxiliary ODEs leads to the remaining conditions.

Any choice of {p+,q+} satisfying the BC eq. 3.16b and eq. 3.16¢ leads to a
shortcut to adiabaticity, leaving flexibility to optimise the scheme for various
purposes, such as cancellation of residual excitations or robustness to experi-
mental imperfections.

Since choosing {p+, g+ } to simultaneously fulfil the ODEs eq. 3.10b and the
BC eq. 3.16 is hard, we take the approach as in [12] and design only p4, but
leave a number of free parameters. Since choosing p+ already completely
determines the scheme via eq. 3.15, these parameters can be optimised nu-
merically so that the BC on g are fulfilled as well. One way of doing so is
minimising the final stretch mode energy E, (ff) from eq. 3.11, thus finding
parameters that result in g (tf) = 4+ (tf) = 0.

But most importantly, p+ must be chosen to implement the desired physical
action, namely to bring the ions from a starting distance d,; to a minimal dis-
tance d;, at t = ty/2 and back. This is achieved by computing the boundary
values p4 (t7/2) from physical constraints and then polynomially interpolat-
ing to set the time-dependence of p-.

3.2.2 Physical constraints

In order to perform the interpolation of p+, the boundary values of () at
times {tp = 0,t7/2,t¢} and the intermediate value p (t¢/2) need to be found
and the following physical constraints shall be enforced.

In what follows, the subscript “in” denotes variables at time f7/2 and the
subscript “0” variables at times t;,.

e The ions start and end at the same distance d(ty) = d(t7) = dout-

e The ions reach their closest point after half the run-time d(t7/2) = din,
din < dout-
Note that the minimal reachable distance dj, without merging the two
ions into a single-well potential is given by the relation (3.12) at the

critical point & = 0 as
1
2Cc \ 5
d. = ( C) . (3.17)
,Bmax

Thus the maximal strength of the quartic confinement in a given trap
alone determines d..

e The quartic confinement § must be strongest after half the run-time:

ﬁ(tf/z) = ﬁmax-

This is to ensure the strongest possible confinement when the ions are
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closest to each other and thus to the critical point « = 0. In split-
ting/merging schemes, this critical point has to be crossed to take the
ions from single-well to double-well confinement and vice versa. Typi-
cally this is the most error-prone moment in these procedures [39], as
the potential curvatures are at their lowest at this point, leading to a
maximal susceptibility to voltage fluctuations. This is therefore the op-
timal condition to reduce the effects of such experimental problems.

e The CoM-mode frequency is chosen to be the same Q_(tg) = Q_(t¢/2) =

Q_(tf) = Qo-. In the polynomial interpolation that follows in subsec-
tion 3.2.3, this leads to ()_ and p_ becoming constant.
This is a reasonable choice as then the CoM mode does not need to
be considered anymore and we only optimise p4. Other choices are
possible such as a constant stretch mode frequency or constant ion
frequencies. The latter choice would be motivated by the fact that it
would minimise quantum squeezing effects. However, as the ions are
not brought together closer than d, the ions frequencies change only by
a few percent over the course of the scheme. As the cooling procedure
will take several motional cycles and squeezing is negligible at such
run-times, not much is to be gained from making the ion frequencies
constant over the CoM mode frequency.!

Using eq. 3.13 we first find

ﬁin = ﬁmax
o Cc Pt (3.18)
in = d?n ] .

Through eq. 3.5, the NM frequencies (), and (i, are uniquely deter-
mined.

From this and using ()o_ = Qj,_, inverting eq. 3.13a gives
4C,
2 _ 4lc 2
0+ = gy~ Hiin (3.19)

from which in turn ag and By can be found using eq. 3.13.

Finally, by evaluating eq. 3.15 at t;/2, the values of p(tf/2) can be deter-
mined. Neglecting the term ﬁ—i, p+(tf/2) turns out to be

o [ Qo
Pinz Qini.

(3.20)

! As it is well known [30] that anomalous trap heating effects increase with decreasing ion
motional frequencies, it would be generally helpful to develop a scheme where the initial ion
frequencies can be chosen arbitrarily high. However when doing this, the simple polynomial
interpolation performed in subsection 3.2.3 starts breaking down and the Ansatz for p+ would
need to be chosen more carefully.
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This is reasonable since g+ tj?Z due to the double time derivative and p+
is on the order of 1. As ()4 is closely related to the motional frequencies wj;,
neglecting g+ is justified as long as the cooling scheme takes several motional
cycles, which will be the case in this work?. If run-times are achieved where
this assumption is problematic, one can add a further condition i+ (t7/2) = 0
to the BC eq. 3.16.

Now a p+ can be found that obeys the BC eq. 3.16 and interpolates between
QOi and Qini-

3.2.3 Polynomial Ansatz

To find a scheme that is precisely defined for all time fy < t < ¢, we interpo-
late p+ between pg1 = 1 and pin+ and choose a polynomial with exclusively
even orders, such that it is symmetric around %f This is motivated by the
fact that the ion motion starts and ends in the same state and should thus be
time-symmetric. The simplest choice fulfilling this is a 10th-order polynomial

in é — 1 with only even orders

5 - 2i
a|l——=1 . (3.21)
i=0 : (tf 2)

After plugging this Ansatz into the BC conditions eq. 3.16 and solving the
resulting system of equations for the coefficients a;, we obtain

1\? 1\4
pi(s) = Pin+ — 20 (Pini - 1) (5 - 2) + 160 (Pin:l: - 1) <S — 2)

1\° 1\°
—640 (pint — 1) <S - 2) + 1280 (p4in — 1) (S - 2> (3.22)

1 10
—1024 (pini — 1) <S — 2)

where s = é is the normalised time.

Note that since pin— = 1,0—(t) = 1.

Since such an Ansatz leaves no degrees of freedom to optimise different as-
pects of the scheme (such as fulfilment of BC for g, minimal final excitations
due to the harmonic approximation breaking down or sensitivity to experi-
mental imperfections), we follow the treatment in [12] and introduce up to
two free parameters into p. This necessitates a 14th-order polynomial ful-
filling the same BC conditions as before. One free parameter is defined to be

2
the curvature of p4 ats =1/2,¢c = % |s=1/2, whereas the second parameter
a7 is defined as the coefficient of the 14th-order term.

2Later, the lower limit of cooling is found to be around 10 motional cycles, validating
neglecting g+
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Plugging this Ansatz into eq. 3.16 again we obtain

Ju—
o

1
— 5 (196608 — 5120c + 1966080, — 5a7) ( s

—_
—_
N

@
\
|

c 1 2
p+(5):Pini+§ 5= 5

L (245760 — 10240c — 24576001 — a7) (s — n*
1024 C Oin+t —Aaz) | S >

_> (131072 — 4096¢ — 13107204 — a7) (s — 1)
256 ¢ Pint —a7) | s — 5

5 1\8

+372 (73728 — 2048c — 737280+ —ay) | s — 5 (3.23)

1
2

1
+7 (81920 — 2048¢ — 819200, — 547)

N

1\ 14
+ay (s 2) .

If a scheme with just one parameter is desired, the parameter a; can simply
be set to zero.

To give an example of an STA scheme designed in this way, we apply the de-
scribed inverse-engineering approach to a system of two #’Ca™ ions in a trap
that can reach a quartic confinement corresponding to the trap strength of
the Sandia HOA2 trap when used with electronics equipment with a voltage
range of £10V, as found in Appendix B. The set of physical constraints is
given in Table 3.1 as default set A.

Label Bmax (Nm~2) de (pm) | dout (nm) | dip (um) m (u)
| A (default) | 1-Bpoa =0.85 | 14.0 5d. =70.1 | 1.25d, =175 | 39.96 (*'Ca™) |

Table 3.1: List of the default set of physical constraints that will be used
throughout this work. It is determined by the maximal quartic confinement
BHoa in the Sandia HOA2 trap when using electronics with a voltage range
of £10V [15]. The critical distance is d. = 14.02 pm and the starting distance
is set to be doyt = 5d. = 70.1um, chosen such that the ions are almost de-
coupled (o4 /Qp— ~ 1.002). This choice of inner distance will yield a good
cooling solution later.

The resulting functions p+ (using the parameter-less Ansatz eq. 3.22 for both),
Q, a, B and d after applying the algorithm given before are shown in Fig. 3.2.
The CoM mode frequency stays constant at about 0.48 MHz and the value of
B reaches Bmax after half the run-time. The harmonic potential part « stays
negative throughout the scheme, signifying that the potential always has a
double-well shape. As desired, the ions move from 70.1 um to 17.5um and
back out, never falling below the critical distance d..
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Figure 3.2: An overview of a basic inverse-engineered STA scheme using
the physical constraints given in Table 3.1. (a) shows the auxiliary functions
p+ according to the Ansatz eq. 3.22, (b) shows the resulting NM frequencies
according to eq. 3.15, (c) shows the harmonic confinement «(t), (d) shows the
quartic confinement () and (e) shows the distance d(t).

The markers in Fig. 3.2e designate the temporal positions at which Fig. 3.3
shows the shape of the potential V in eq. 3.1. In Fig. 3.3a the starting poten-
tial shows minima consistent with the distance doyt = 70.1 pm. The potential
shape in Fig. 3.3b is still quartic, but the scale has changed such that the ions
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would now find an equilibrium distance di, = 17.5 pm.

(@) Vg att =ty (b) Ve att =tg/2
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v 037 T
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_0.5 .
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Figure 3.3: Shape of the potential V, of the scheme shown in Fig. 3.2 at two
points in time. (a) shows the initial potential at t = t; and (b) shows the
potential after half the run-time t =t /2.

The task that is left now is to use the more flexible Ansatz eq. 3.23 and op-
timise the free parameters c, a; towards goals like minimal final excitations
or maximal robustness. The results to this are presented in the following
section.

3.3 Optimising the cooling motion for minimal excitations

The free parameters in Ansatz p4 should now be optimised such that the
cooling motion does not excite initially cold ions. We shall refer to this con-
figuration as a “cold run”, as opposed to the coolant ion initially being in the
ground state and the information ion in some excited state (a “hot run”).

If the dynamical normal mode decomposition in section 3.1 would be exact,
simply ensuring the BC on g+ would yield a perfect shortcut and the energies
E,+ in eq. 3.11 would be an exact description. This would hold no matter the
initial energy in the normal modes, allowing us to find a timing at which the
motion has swapped from one ion to the other. Since the dynamical normal
mode approximation neglects higher order Coulomb terms and terms due
to the quartic potential part as described in Appendix A, this result starts
breaking down as faster run-times are approached. For the best results, we
thus optimise p; to give a near-perfect shortcut for cold runs, hoping that
this still holds approximately for small initial excitations. Optimising on the
hot runs instead would lead to the result being dependent on the chosen
initial energy.

3.3.1 Numerical prerequisites

Throughout this thesis, the final energies of the full Hamiltonian are simu-
lated by solving the classical equations of motion
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_ aV’tot
axl-

mi; = (3.24)

where the potential V' (x1, xp, t) is given by eq. 3.2 and the trajectory {«(t), B(¢)}
is acquired from any choice of {m, dout, din, Pmax, P+ } by the inverse engineer-
ing algorithm stated in section 3.2. Let the final energies of the two ions, com-
puted with the full Hamiltonian, be denoted by Ey; for the information ion

and E . for the coolant ion. The subscript ”c”

i
1

denotes the information ion, ”c
the coolant ion and ”f” the final time. The total energy is then Ef = Ef; + Ef .
These can be measured by analysing the state of the ions (potential and ki-
netic energy) at the final time when simulating eq. 3.24. Analogously, the
initial energies are given by Eg;, Eg.. In calculating these values, quantum
effects such as squeezing are expected to play a negligible role at the used
run-times as was found in [40, 39, 41, 12]. However, it might still prove ben-
eficial to design the ion curvature to be constant instead of the CoM-mode
frequency ()_ in subsection 3.2.2 to minimise squeezing.

Note that all energies are stated in terms of the energy of a single motional
quantum 7i = hiwy of the ions at their initial frequency wo = wy (ty) = wa(tp).

3.3.2 Performance of the parameter-free scheme

To obtain a baseline for the performance of the constructed STA scheme, we
first determine the time scale at which even a non-optimised p performs
well.  When operating at long enough run-times, a cold run of a cooling
scheme will behave almost adiabatically and return ground state ions. As
run-times are decreased, anharmonicities and the non-optimised auxiliary
function g4 will lead to increasing excitations after a cold run.

To find the separation between the two different regimes, we first use the
parameter-free polynomial eq. 3.22 for p,, thus disregarding the fact that
the adiabatic shortcut is not complete until the BC on g are satisfied. We
use the default constraint set A from Table 3.1 and plot in Fig. 3.4 the total
final energy Ef after cold runs, while sweeping the run-time ¢, and the inner
distance dj,.

To determine a minimal run-time Ty, above which the transport scheme
works well, we define the excitations to become negligible below a level of
i = 0.1. The upper part of Fig. 3.4 shows the final excitations Ef, stated in 7,
for an inner distance of 1.25d.. Note that the energy decreases exponentially,
while also showing periodic minima. The logarithmic excitations are then fit-
ted with the function f(t) = log [aexp(—bt) sin® (ct + d)]. The non-periodic
part log [aexp{—Dbt}] can then be interpreted as an envelope functions, as
shown in the upper part of Fig. 3.4. The intersection time of this envelope
with an energy level of 7i = 0.1 is then used as Tiyin-

In the bottom part of Fig. 3.4, the inner distance dj, is varied from 1-d; =
14pm to 1.5 - d; = 21 um and the final energy is shown by the colour. Note
that the periodic minima are visible as valleys of minimal excitations across
din. For each inner distance, the determination of Ty is repeated and these
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Figure 3.4: Final excitations E f of cold runs vs. run-time tr for an inner
distance of 1.25d. (upper part) and on a grid of run-times and minimal dis-
tances (lower part). The determined minimal run-times Tp, are marked by
red dots.

times are marked by a red dot. The resulting red line represents the "speed
limit” until which this non-optimised transport scheme results in low enough
excitations. Note that larger inner distances allow shorter run-times. This is
due to the ions being accelerated less when the cooling motion extends over
a shorter distance and thus produces less excitations.

Note that the initial ion frequency wy = wi(typ) = depends on d;, due
to the inverse engineering procedure and is between 27x0.439 MHz and
27t x0.532 MHz.

We thus conclude from Fig. 3.4 that to access run-times below the red line in
Fig. 3.4, it becomes necessary to construct proper shortcuts, a task that will
be accomplished in the next section by optimising the shape of p..

3.3.3 Comparison of optimisation methods for p

To generate a near-perfect shortcut in the proposed approach, a number of
free parameters in p need to be numerically optimised as demonstrated in
[12]. Assuming that the dynamical normal mode approximation holds, min-
imising the energy E,—o+ in eq. 3.11 is a natural way of making sure p
satisfies the BC on g,. Note that the ground state n = 0 is chosen here to
reflect the fact that the cooling motion should not excite cold ions. As the
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dynamical normal mode approximation eq. 3.8 is not exact and the approx-
imate energies E;+ do not provide a complete description, this method will
yield solutions that excite the ions on cold runs when evaluated with the full
Hamiltonian eq. 3.2. Ideally, the exact energy E; is minimised instead (ex-
act method), which will not necessarily lead to satisfied BC for g, but to a

shortcut for the exact system instead.

Both methods are applied and compared in Fig. 3.5. The polynomial eq. 3.23
with a7y = 0 is used as an Ansatz for p,, leaving the single free parameter

c to be optimised, for which the Nelder-Mead algorithm in SciPy’s ”opti-
mize.minimize”? routine is used. The default physical constraint set A (Ta-

ble 3.1) is used.

(a) Optimised cold runs (b) Optimised parameter ¢

10
103!——'\4\‘ — opt. Ep=o, + y === opt.En=o +
. opt. full H -y 4y s, opt. full H
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Run-time tr (us)
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Figure 3.5: Comparison of optimisation methods to obtain a shortcut to adia-
baticity. Shown are the results of minimising the approximate energy E,—g +
(dashed lines) and the full Hamiltonian (solid lines) for the default param-
eter set A. Dotted lines mark an energy level of 7 = 0.1. (a) Excitation E
after a cold run depending on the run-time. (b) Values of the optimised free

parameter c.

Fig. 3.5a shows the exact final excitations E after the parameter ¢ was op-
timised for each run-time ¢;. The method where the approximated energy
E,4 was optimised gives a much worse result than the exact method, which
consistently yields negligible excitations. When setting the energy level be-
low which excitations are to be considered negligible to 77 = 0.1 (as shown in
3.5a), optimising E,—g + leads to a minimal run-time of around 32 ps, while
the exact method shows no minimal time at all in the considered range. Note
that the fluctuations of E; for the exact method are due to the results drop-

ping below the selected target accuracy of the optimisation.

A near-perfect shortcut is then possible if one is willing to expend the compu-
tational power on optimising the exact Hamiltonian. However numerical cost
might not be an issue when considering that the approach in [12] optimised
the approximate energy E,—o,+ with up to three free parameters while still

3As the free parameter c is defined to be the curvature of py at t = ¢ £/2, the initial values
are chosen to be the curvature of the parameter-free Ansatz eq. 3.22, which is ¢ = 2.38. This also
explains that the minimisation algorithm jumps between valleys in Fig. 3.6 when departing too

far from this initial value. No initial simplex is used.
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not obtaining results comparable to the exact minimisation*. This realisation
makes improving the HO description by calculating perturbations to E,+ as
attempted in Appendix A and [12] seem especially futile.

The optimised parameters ¢ for both methods, depending on run-time t¢,
are shown in 3.5b. Despite giving vastly differing final energies, the two
methods arrive at closely related optimal parameters. Also the optimal ¢
exhibit periodic discontinuities. These results can be better understood when
considering the grid plots of run-times ¢ and parameter values c in Fig. 3.6.

(a) Exact energies (b) Approximate energies
Er/hw Ed/hw
35 205 35 = fos
—— opt. c (full H) ===/ opt. c,(En+)
3.0 4 104 3.0 10*
25 10° 25 10°
o o
320 10? 20+ 10?
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5 5
S 151 10! S1s 10!
a a
1.0 10° 1.0 10°
0.5 107 0.5 107
0.0 : v . 1072 0.0 r v v 1072
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Runtime tf (us) Runtime tr (us)

Figure 3.6: Final excitations of cold runs on a grid of run-times and the free
parameter c for p. Overlaid are the optimised values of ¢ as in Fig. 3.5. The
target values are the same as in Fig. 3.5. (a) Grid of exact final excitations E
after cold runs. (b) Grid of exact approximate final excitations E, after cold
runs.

Shown are both the exact and approximate final excitations Ef and Ej—o+
after cold runs on a grid of run-times and values for c, otherwise using the
same target value set as in Fig. 3.5. There are periodic “valleys” of minima
and the overlaid values of ¢ from Fig. 3.5b make clear that the minimisation
algorithm simply follows these. This plot also assures us that the approxi-
mation E,4 gives very similar minima structures as the full calculation. The
difference, most easily visible at low run-times, leads to the discrepancy be-
tween minimising E; and E,—o,+. As the excitations become exponentially
larger at short run-times, even a small difference in c leads to a large energy
difference.

Note that it is not feasible to stay in a single valley of minima. For negative c,
the scheme would transiently bring the ions closer together than d;, and for
too large c, the ions are initially moved to distances larger than d,,;, hence
the optimisation jumps between valleys.

Optimising the cooling motion also allows the first observation of a full swap
of motional energy. Fig. 3.7 shows the final energy of the information ion

4Using the code written for this thesis, optimising the approximate energies was only faster
by roughly a factor of two.
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Ef; of a hot run where the initial excitation of the information ion® was

fi = 10. The same target values and optimised parameters c as in Fig. 3.5 are
used. For run-times around 15 s to 20 ps, the energy Ey; of the initially hot
ion repeatedly decreases below the 7 = 0.1, yielding near-perfect motional
exchange. For run-times around two times longer, the energy is exchanged
back again and the final energy approaches the initial 7 = 10.

Note that no cooling effect could be observed when optimising the cooling
motion with the approximate method, as Ef reaches levels above 71 = 100 in
the targeted time range in Fig. 3.5.

101 F
100 L

T L e e

Erilhwo

10-2F

10| full H

10 15 20 25 30 35 40 45
Run-time tf (us)

Figure 3.7: Final energy of the information ion after a hot run depending on
the run-time f¢. The target value set and the optimised parameters ¢ (using
the exact method) as in Fig. 3.5 are used.

The parameter ¢ influences the distance function d(t) and thus the exchange
frequency. Due to the optimal ¢ being discontinuous in time, the final energy
E¢; also shows jumps and multiple minima below 7 = 0.1 can be observed.

In optimising on cold runs, we have assumed that the constructed shortcut
holds for a range of non-zero excitations as well. This assumption is shown
to start breaking down at the low run-time end of Fig. 3.7, where the final
energy of the ion rises above the initial level of 7 = 10. If even shorter
run-times are to be achieved, some more work would be needed to ensure
a valid shortcut at interesting energy levels. However due to the robustness
considerations that are to follow, this run-time regime is not of interest in this
work.

We have demonstrated that the cooling motion can be optimised to yield
no excitations even at run-times where the dynamical normal mode approx-
imation breaks down. This result may however still be useless if it is very
sensitive to experimental inaccuracies. The next section develops a way to
make this STA scheme more robust to such perturbations.

5The value of 71 = 10 is chosen to be the same order of magnitude as the Doppler limit,
which is 7 = 6 for Calcium and 7 = 3 for Beryllium [15].
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3.4 Robustness to potential tilts

STA schemes can be optimised to be as insensitive to experimental imperfec-
tions as possible, as has been worked out for many cases in [23, 24, 25, 26, 18,
27,28, 29]. A common source of errors in trapped-ion QIP, especially in split-
ting experiments [39, 10] is a linear tilt in the potential, for example due to
stray charges in the trap or inaccuracies in the applied trap voltages, leading
to a perturbed potential

Vo (t,x) = y& +a(t)#* + (1) 74, (3.25)

where a linear term y was added. Requiring robustness of the cooling motion
against a linear term also seems sensible when regarding the linear term as
the first order expansion of a general perturbation potential. This can be done
by redoing the STA derivations given in section 3.1 and section 3.2 with the
perturbed potential. This will lead to perturbed energies E,+ which can then
be used to numerically optimise the robustness, much in the same way as
excitations were minimise in the previous section. This approach is inspired
by Lu [25, 18].

Note that as the dynamical normal mode description of the two ion system
is shown to break down at short run-times in subsection 3.3.3, we expect this
approach to be limited in the same way.

Since such a linear perturbation shifts the ion motional frequencies, the reso-
nance condition needed for motional exchange will not be perfectly fulfilled
anymore. This effect is dealt with in section 4.2 as it is irrelevant to the
cooling transport under consideration in this chapter.

3.4.1 Perturbative condition for error stability

The derivations of dynamical normal modes and the inverse engineering pro-
cedure are reiterated for a constant linear perturbation - as in eq. 3.25 and
only first-order effects of v are included. This will yield perturbed normal-
mode Hamiltonians, perturbed auxiliary ODEs and a way to minimise the
influence of +.

Let variables superposed with a tilde be those of the perturbed scheme, while
the notation for unperturbed variables is carried over from section 3.1 and
section 3.2.

The equilibrium positions ffo) are then given by gg = v+ 2af; +4p% +

(_Z# and we introduce the asymmetric position shift § to denote J?go) =

§— g and J?go) =5+ g as demonstrated in Fig. 3.8. The assumption for a
first-order treatment to hold is then that the shift be much smaller than the

equilibrium distance: § < d.

When only considering linear terms in 3, rewriting the equilibrium conditions
yields

2y
Q
QU

(3.26)
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Figure 3.8: Schematic depiction of position and equilibrium coordinates for
two ions trapped in a quartic double-well potential (left) and in a linearly
perturbed potential eq. 3.25 (right). Note that the Coulomb potential has
been neglected from the potential shape.

and

~ Y vy
~— = — . 3.27
° 20 + 3Bd? mQ? (3.27)

A dimensionless perturbation parameter # can then be defined as

14

g
=—=—, 3.28
7 din sz_din ( :
turning the linear approximation condition 5§ < d into
§
n=-—<1, (3.29)

din

where d;, was chosen since it is the minimal distance between ions and thus
the worst case.

The perturbed mass-weighted Hessian K is then

2
o 1 [mr128 (27) + % ~%c
Tm _2Cc S00N\2 | 2cc
7 20412 (%) + %5 (3.30)
1 2a+35d2+z%—12[3d§ ~%c
m -~ 20+ 3Bd? + 2£ +12pds )

Diagonalising this, the normal mode frequencies stay the same to first order

QL =04 (3.31)
but the eigenvectors change to
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(3.32)

(3.33)

is then given by A(t)

(3.34)

- m( 1-111 1-|—IH)
2

A=\ (atuy 1-m

The second and final coordinate transform as in eq. 3.7 is given by

(150,_>N\/ﬁ< 1—m 1+mr) (§—4 (3.35)
Po+) V2 \-(+1n) 1-m) g, d

_ [m (din

=5 %

when considering that § = 0 due to ()_ being chosen constant.

The intermediate normal mode Hamiltonians then become according to eq. 2.17

2
- 1~ ~ t AP - =
Hyo= ), = +§Q$(t) (Xi+ 0'1()> —0(X\.P.-X'"DP\). (336)
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Note that due to IiI # 0, the eigenvectors and the angle § are not constant,
leading to mode coupling with the term in 6. A part of this term can still be
incorporated into the harmonic oscillator.

Upon calculating X, P’ — X_P, = (X P —XoPy 1) + (X4P- — X_Py),
the terms containing Py _ can be added to the harmonic oscillator by complet-
ing the square. This requires adding a purely time-dependent term with no
physical significance. The remaining coupling term H. = b (X+13_ - X_ 15+)
is left away from now on, as STA theory cannot deal with terms of this form.

It is thus to be expected that after optimising robustness, this will be the
leading source of remaining perturbation effects.

After taking these steps, the final HO Hamiltonian turns out as
1 p 65 \2
o= Al Al = ¥ T Lep (50 P 0
ie{+,—} 2 Q= (t

After inserting eq. 3.35, realising that § = Iiland leaving away terms quadratic
in 7, the H turn out to be

~ 2
.y P* 1. ; m d
ALy = - EQE(t) (X + ,/202(0111>

., (3.38)
S P 1 o m 4
=—+-00() | X =5
The Hamiltonian Hgg = Hﬁ;g has remained unchanged from the unper-

turbed results, while I:ISO) now has a moving mode centre as well (compare
eq. 3.8), invalidating the result g_ = 0. Finding the energies of these Hamil-
tonians leads to a way of minimising the perturbative effects and finding
optimally robust schemes.

The auxiliary ODE for g_ is perturbed as well and turns out to be §_ +
Orq_ = f\/%JLH. This then yields the energy E,_, which changes from
E,_ to

400

. 2
+%§2_ + %()2_ (q_ L /md H.I) .

N . N 02
E,- = @nt 1) <p2 + 0% + p2‘>

(3.39)

V202

Note that as H (+) remains unperturbed, the energies E, also don’t change.
HO p g g
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As desired, this yields a way to obtain optimally stable solutions (in a first-
order picture) by minimising E,,_ together with the unperturbed energy E,;,
using the additional free parameter ay in p.

3.4.2 Optimal robustness in a numerical example

To demonstrate the usefulness of the robustness condition derived just before,
we once more pick our default example given by the physical constraints
Table 3.1, making the example realistic for the HOA2 trap. The results of
optimising the perturbed energy E, _ are to be compared to the non-robust
results from section 3.3.

Similar to subsection 3.3.3, the two-parameter polynomial eq. 3.23 is chosen
as an Ansatz for p, but this time with both free parameters c and ay opti-
mised. This allows the simultaneous minimisation of both the unperturbed
excitations E,—q+ and the error sensitivity term E,_g_, which is done by
choosing the cost function

Perturbative cost = E,—o,+ + Enzo,, 003 (3.40)
n=0.

The value of 7 = 0.03 was chosen since it corresponds to a reasonable tilt
value of about 2.5Vm™! (compare [10], where a potential tilt could be cali-
brated in steps of 0.1 Vm™!). Again we want to optimise the cold runs first,
expecting the hot runs to work equally well for small enough energy lev-
els. The same Nelder-Mead minimum search algorithm® is then used to find
optimal values of {c,a7}.

To see whether using the full Hamiltonian instead of the dynamical normal
mode approximation leads to similar discrepancies as in subsection 3.3.3, a
method using exact energies is also applied for comparison. The cost function
is

Exact cost = Ef‘ 0 + Ef‘ (3.41)
]/]:

+ Ey]

17=0.03 7=-0.03
thus minimising the final excitations for ideal potentials together with the
exact excitations for two values of 7, thus optimising for a flat response to
a perturbation. As the harmonic oscillator approximation yielding E,+ is
shown to break down for short run-times in Fig. 3.5 but the exact minimisa-
tion does not, it would be expected that this exact robustness method also
yields better results at short run-times.

The results are displayed in Fig. 3.9, showing the exact energies E¢ on a grid
of tilt parameters 7 and run-times t;. The E; are again normalised by the
single phonon energy fiwp, where wy is the initial ion frequency as in sub-
section 3.3.2. Overlaid over the plots are contour lines at a level of 7 = 0.1,
marking the areas where excitations become negligible and the scheme is

The values of {c, a7} are optimised for a sequence of run-times t;. For each run-time, the
results of the previous optimisation are used as initial values. For the first considered run-time
tr,a grid of different initial values {c, a7} is tested and the optimisation algorithm is shown to
always converge to the same optimum.
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thus usable. To compare with the non-robust schemes of section 3.3, Fig. 3.9a
shows the results of the single-parameter optimisation in subsection 3.3.3.
The two robustness optimisation methods are shown in Fig. 3.9b (perturba-
tive method using E,—) and Fig. 3.9c which uses the exact method. Note that
the perturbation is also shown in terms of the potential tilt v, which is found
from 7 using eq. 3.28.

(a) Non-robust solutions

Et/hwg
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(b) Perturbative method

0.100 7 E’/hw%[)
0.075
0.050
0.025

< 0.000
-0.025
-0.050

—-0.075

—0.100 -

20 25
Run-time t; (uis) Run-time tr (1s)

20 25

Figure 3.9: Comparison of error stabilisation methods in a grid of run-times
and tilt parameters 7.(a) Robustness grid for the non-robust results from sec-
tion 3.3. (b) Robustness grid for the approximate method. (c) Robustness
grid for the exact method.

The comparison between the non-robust and robust methods in Fig. 3.9 shows
a clear improvement for the run-times considered. Even though the non-
robust solutions in Fig. 3.9a show a nearly perfect shortcut for unperturbed
potentials, this breaks down on much smaller scales of the perturbation pa-
rameter 7 than in both robust methods. However, the two robustness meth-
ods do not produce negligible excitations at all run-times. The perturbative
method decreases below 72 = 0.1 at roughly 25 s (12.5 motional cycles), while
the exact method does so slightly earlier at roughly 18 pis (9 motional cycles).
Another interesting feature of both robust methods is the existence of ver-
tical stripes with low excitations, marking run-times where the scheme is
ultra-robust even against strong perturbations.

The fact that the exact method works well despite the simple choice of its cost
function is encouraging, as it is plausible that it can be improved in similarly
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simple ways. One could for example optimise more free parameters and
choose more than two values of # in eq. 3.41, such that the robust range is
increased. One could also change the cost function to include higher order
perturbations.

Thus we conclude that the presented robustness optimisation methods are
useful tools to make this STA scheme able to withstand experimental im-
perfections, even at the cost of introducing a lower bound to the achievable
run-times. Having gained sufficient control over the cooling motion to per-
form it in below 10 motional without final excitations, we apply this to find
timings where the motional states are swapped completely.
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Chapter 4

Exchange cooling with two trapped ions of
equal mass

After gaining the ability to generate a near-perfect shortcut for ground-state
ions and stabilise it against experimental imperfections, we now seek to use
this to find cooling solutions. To this end, the exact robustness method of
subsection 3.4.2 is applied to optimise the developed STA scheme as in the
previous chapter and these optimised schemes are then used to find the right
timing for a complete exchange of motional energy.

As suggested in the discussion in section 3.4, a linear potential tilt can shift
the ion frequencies w; to be out of resonance. To predict the width of this
effect and thus the necessary experimental accuracy, the resonance behaviour
of the cooling solutions is discussed in this chapter.

The exchange frequency Qex from eq. 1.6 depends by an inverse cubic power
on the distance between the ions. It is therefore expected that reducing the
inner distance dj, should generate faster aggregated exchange. As the ions
should not be merged into a single well, the closest distance dji, is solely de-
pendent on the critical distance d. and thus the maximal quartic confinement
Bmax. It is therefore useful to examine how the cooling speed scales when
changing this parameter, which is done in this chapter.

4.1 Cooling solutions

We demonstrate the existence and properties of cooling solutions using the
usual example given in Table 3.1, but the inner distance dj, is varied from
1.15d, to 1.35d.. As in Fig. 3.7, the initial energy of the information ion is
chosen to be 1 = 10.

The resulting final energy Ey; of the initially hot information ion depending
on the run-time t; is shown in Fig. 4.1. Note that the ions in the classical
simulation were initially started at their equilibrium position, with all their
energy thus being kinetic.

As expected, the resulting curves show that the hot ion reaches a minimal
energy below 71 = 0.1 at increasingly short run-times as dj, is decreased. At
the shortest run-times plotted, the adiabatic shortcut breaks down in a similar
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Figure 4.1: Final energies of hot runs with 7i = 10, parametrised by the inner
distance dj,.

fashion as in Fig. 3.7, as the procedure returns the ion with an increased
energy.

Some further properties of the cooling minima shown in Fig. 4.1 are of in-
terest, such as dependence on the initial motional phase, dependence of the
final energy on the initial energy and robustness towards potential tilts. To
demonstrate that these are not issues to worry about, we pick the example
at din = 1.25d. from Fig. 4.1 which yields a cooling solution at 23.3 s and
examine the described properties in Fig. 4.2.

As the robustness optimisation always starts with ions at rest, the influence
of the initial motional phase on the exchange when one ion is excited is of
interest. Ideally, there is no dependence at all, but since the motional phase
slightly influences the ion distance at the start of the scheme, this is not
expected to be the case in practice.

The motional phase ¢ is defined to be zero when the ion is at its equilibrium
position, with all energy in the motion. The case ¢ = 71/2 is defined as
the ion being at rest with only potential energy. The scheme is then run at
motional phases 0 to 277 to determine the influence on the final energy. The
result is shown in 4.2a. There is a periodic dependence of the final energy
on the initial phase, but on a negligible scale below 7 = 0.1.

In fig. 4.2b, the initial energy level was scanned over a range of 7 = 0 to
fi = 100. As the optimised parameters do not give a perfect shortcut for all 7,
the final energy is lowest for 7 = 0, only to then increase with rising initial
energy. However, the final energy stays well in the negligible range, showing
no signs of the solution breaking down.

As the solutions in Fig. 4.1 were optimised using the exact robustness method,
the stability against potential tilts is shown in 4.2c. As desired, the excitations
stay below 7 = 0.1 for small perturbations 7. In this example, the scheme
is robust in a range of 7 = —0.035 to y = 0.035. Note that the minima
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Figure 4.2: (a) Motional phase dependence, (b) initial energy dependence (c)
and robustness behaviour plots for the example cooling solution found at
23.3 ps for di, = 1.25d. in Fig. 4.1.

at 7 = £0.03 are due to the design of the cost function in subsection 3.4.2,
where these values of 17 were chosen.

We have thus demonstrated the existence of robust cooling solutions at around
20ps, corresponding to roughly 10 motional cycles, using parameters of a re-
alistic trap and while keeping the ions in separate wells.

4.2 Exchange resonance condition

As noted in chapter 1, the motional exchange is a resonance effect with re-
spect to the motional ion frequencies. Since a tilted potential shifts the ions
frequencies, it is to be expected that the perturbation # does not only destroy
the adiabatic shortcut when simply transporting the two ions as analysed in
section 3.4, but also affects the exchange mechanism itself. This effect de-
termines the needed experimental accuracy to perform this cooling scheme
successfully. Note that contrary to the robustness of the cooling motion to
such potential tilts, no shaping of p can mitigate this off-resonance effect.

Using the results from section 3.4, we now go on to roughly predict the width
of this resonance.
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4.2.1 Lorentzian approximation

As the exchange interaction is a resonance effect, it is reasonable to assume
that the final energy of the initially hot ion has a Lorentzian shape with
respect to the perturbation parameter 7.

Let w = wy = wy be the unperturbed motional frequencies of the two ions as
in eq. 3.14 and {wy;, wy, } the values after applying some linear perturbation
7. The ion with index 1 is understood to be the information ion, whereas
the index 2 denotes the coolant ion. The unperturbed ion frequency at tg is
denoted by wy.

The Lorentzian shape of the final energy can then be written as

1
Efi=Eyi|l-——= |, (4.1)

1+ (k;-’)—“’)z

where Ey; is the initial energy of the information ion, dw = wa; — wy, is
the ion frequency mismatch due to a perturbation and k is a constant fac-
tor that is to be determined. We want to rewrite g—‘:x in terms of 77 and the
physical constraints Bmax, din and dout, allowing us to predict the resonance
width independently of the precise trajectory d(t). For this, two crude ap-
proximations are taken: (i) The term in % in the ion frequency eq. 3.14 is
neglected, as it only contributes a few percent to the total frequency. (ii)
The motional exchange only takes place when the ions are closest together,
leading to d = diy.

Together with eq. 3.28 and the perturbed mass-weighted Hessian eq. 3.30,
this allows to write the perturbed ion frequencies as

4C .
mawp, ~ 2d* + 73C T 12Bd5 ~ 2Bd2, T 12Bd2 n = 2pd2. [1 T 67]]
——
? 4.2)
wiy ~ woy/1F 617 ~ wy (1F37),
where i = {1,2}.
The frequency mismatch dw is then given by
dw = way — wiy = 61w (4.3)

and the Lorentzian becomes, again using the approximations described above:

1 1
Ef,i = EOi 1-— | = Ei,l 1-— . (44)

: 2 2
) kmw?2d®
1+ (kfe) 1+ <776 Ny “‘)
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This result allows to predict the maximal perturbation # such that the final
energy after cooling is still below a certain threshold.

The resonance width #7 ,, with respect to the perturbation parameter 7, given
by the Lorentzian half-width (HWHM)), is

Cc

—_ 4.5
6kmw3ds, (45)

M2 =

Note that the width increases with decreasing dj,. This is useful as it means
the objectives of fast cooling and having a broad resonance are compatible
with each other. In other words, for a given trap strength, the most insensitive
configuration against potential tilts is also the fastest cooling solution.

As an example of this resonance effect, Fig. 4.3 recreates the robustness plots
of Fig. 3.9, but this time for hot runs. The same parameters and optimised
values of ¢ and ay are used as in results of the exact optimisation in 3.9c.
This time however, the information ion is excited by 10 quanta and its final
energy Er; is plotted on the grid of perturbations # and run-times t;. For
unperturbed potentials corresponding to 7 = 0, this yields the familiar cool-
ing solution at 23.3us. However, for increasingly perturbed potentials, the
exchange mechanism breaks down and the final energy is close to the initial
i = 10.

Note that Fig. 4.3 is not symmetric anymore with respect to #. This is due to
the fact that the initial energy allocation is also not symmetric anymore.

The right part of the plot shows the shape of this breakdown at the cooling
minimum (cut marked by the white dotted line). On top of the simulated
resonance shape, the result of fitting the Lorentzian eq. 4.4 to the central
part of it is shown. This is obtained by finding the optimal value! of the fit
parameter k which is found to be k = 0.52 in this case. For small 7, the fit
matches the data well, leading to the conclusion that eq. 4.4 is a reasonable
approximation.

So far, this result tells us that to achieve the broadest and thus most insensi-
tive resonance, one should use as close an inner distance dj, as possible. To
further mitigate the effect of tilts on the cooling, the intuitive approach is to
increase the motional frequency w, such that the ions are more strongly con-
fined and thus less sensitive. To vary the confinement throughout the scheme,
different values of Bmax are needed. The dependence of the Lorentzian width
71 /2 on PBmax is thus of interest.

4.2.2 Resonance width scaling with quartic confinement

To determine the behaviour of the resonance width 71, with Bmax, the rele-
vant terms of 4.5 are examined. As the only terms in 7/, that can depend
on Bmax are wy and dip, the scaling of the distance 4 () is examined first.

IThis is done using a least-squares method. As the Lorentzian is only expected to be a good
approximation close to the resonance, only the data where Ey;/fiwp < 2 is used, ensuring that
the fit is not distorted by the behaviour far away from # = 0.
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Figure 4.3: Final energy of the information ion after a hot run on a grid of

Run-time tf (us)
15.0 17.5 20.0 225 25.0 27.5 30.0 325

0.100

r0.075

0.050

0.025

0.000 <

-0.025

-0.050

-0.075

-0.100

perturbations 7 and run-times ¢, showing the cooling resonance.

The dependence of the distance trajectory d(t) on Bmax is simply given by the
critical distance d¢. If only Bmax is scaled, but the inner and outer distances
are kept the same in dimensionless variables (for example, the ions are always
brought from 5d. to 1.25d. no matter the value of Bmax), then d(t) can be

written as

where D(t) is the dimensionless distance trajectory. Therefore, the distance

d(t) =

scales as d o Bmix.

(4.6)

Next, the scaling of the ion frequencies w; = wy can be found from eq. 3.14:
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mw?(t) —2oc—|—3ﬁd2 ;C
02_ =const.
2C,
=2a(t;/2) +3B(t;/2) d§n+d3—(; 4.7)
p
_2Cc 2Cc
d3 + Z,Bmax + dT(t)

For the second equality, the fact that ()_ is constant in time is used to re-
place the function values with those at time ¢;/2. In the third equality, the
equilibrium distance relation (3.12) was applied to replace «.

Using the knowledge from eq. 4.6, this can then be rewritten as

2C 2C
mwiz(t) = d3C +2,Bmax + 73C
2Cc 2Cc 3 (48)
2 a5
7D3(tf/2) +2D*(ts/2) + D3 (1) Bmax-

3
The ion frequencies therefore scale as w; & Bptax-

Finally, the scaling of the resonance width #; /, can be found by putting the
two results together and rewriting

/2 & wo_zdi & ,Bmax,Bmax & .Bmax 4.9)
The resonance width is therefore not expected to depend on the maximal

quartic confinement. Note that this result does not rely on any approxima-
tions and is therefore exact.

Label Bmax (Nm~2) de (pm) | doyt (nm) | m (u)

A (default) | 1-Bpoa = 0.85 14.0 5d. = 70.1 | 39.96 (**Ca™)
B 3-Broa =255 | 113 5d. = 56.3 | 39.96 (*'Ca™)
C 9-Broa =765 | 9.04 5d. =452 | 39.96 (*'Ca™)
D 27 - Broa = 22.95 | 7.26 5d. = 36.3 | 39.96 (*'Ca™)

Table 4.1: List of several sets of physical constraints. Each set corresponds to
choosing a different maximal quartic confinement Bmax.

To demonstrate that this is in fact the case, we calculate the cooling resonance
for four values of Bmax. Table 4.1 shows the chosen values, ranging from one
to 27 times the HOA2 trap strength. As in all examples before, the outer
distance is always chosen to be five times the critical distance, which is also
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given in Table 4.1. For each Bmay, the inner distance d;y, is varied from 1.1d.
to 1.4d.. The scheme is optimised using the exact robustness method, such
that the run-time giving a cooling solution can be found for each value of
{Bmax,din}. For each cooling solution, the resonance width with respect to
a perturbation 7 is calculated and the Lorentzian eq. 4.4 is fitted to it in the
same way as in Fig. 4.3, yielding the dimensionless fit parameter k.

0.650
0.625 -
 0.600 -
@ ]
8 0575 .
£ 0.550 - % ®
§0.525- % x X 1:Broa
T 0,500 1 X + 3Bron
0.475 Y 9B
' = 27-Broa
0.450

1.10 1.15 1.20 1.25 1.30 1.35 1.40
din/dc

Figure 4.4: The values of the fit parameter k in the Lorentzian Ansatz eq. 4.4,
shown for a range of inner distances di, from 1.1d. to 1.4d. and for four
parameter sets in Table 4.1.

If the derivation of this scaling behaviour is accurate, the resulting values of k
should be the same for all values of Bmax. This is confirmed in Fig. 4.4, where
the values of k are consistent with being independent of ﬁmaxz. Furthermore,
Fig. 4.4 does also not show a strong dependence of k on djy, as all k are around
0.55. Thus we conclude that the estimation eq. 4.4 yields a good guess of the
resonance width for all parameters {Bmax, din} When using this value of k,
despite the crude approximations that were taken.

From the preceding discussion, one could erroneously come to the conclusion
that using a trap with a higher quartic confinement is not advantageous as
the resonance width stays the same. But since the perturbation parameter 7
corresponds to a potential tilt y as v = mQO% din7 (see eq. 3.28), the tolerable
tilt still increases as Bmax and with it the frequency Q)_ grows.

The resonance width can therefore be predicted independently of the exact
distance trajectory d(t), thus setting the necessary precision of the appara-
tus. For a desired final energy level (for example 7 = 0.1) to which an ion
should be cooled, eq. 4.4 immediately gives the maximal tolerable perturba-
tion, telling an experimenter how precise the potential-generating electronics
need to be, how well potential tilts have to be calibrated and how well the
potentials generated by the trap electrodes have to be known.

_1
2This is equivalent to being independent of din, due to d = Bmax from 4.6.
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In the example cooling solution shown in Fig. 4.3, the perturbation must not
be larger than |5| = 0.002 (or |y| < 0.12Vm™1), otherwise the information
ion stays above its target value of 77 = 0.1 after the cooling procedure. This
range is small but not entirely unrealistic, as a tilt compensation resolution
of 0.1 Vm~! was achieved in the ion separation experiment of [10].

Comparing this range to fig. 4.2¢, it becomes apparent that the perturbation
range in which the cooling motion alone works well is much larger than the
cooling resonance width. This could be exploited experimentally by scan-
ning the value of a compensating tilt in the range allowed by the transport.
Doing this until the cooling resonance is found immediately yields the ideal
calibration.

After having found ways to optimise the cooling resonance by varying the
maximal quartic confinement Bmax, the next section explores the dependence
of the cooling solution timing on Bmax.

4.3 Trap strength scaling behaviour

As a larger quartic confinement leads to a smaller critical distance d,, it is
expected that faster cooling solutions are found when using larger values of
Bmax. This motivates an analysis of the STA scheme behaviour when scaling
the trap strength.

To predict the results for scaled values of Bmax, We go over to express all
parameters in a dimensionless way. As before, all distances are expressed
in terms of d; and all energies on a scale of fiwy. Values denoting time can
be made dimensionless by multiplying with a frequency such as wy, such
that all times are expressed as motional cycles of the ions. Rewritten as such,
the scheme only depends on Bmax and the dimensionless distance trajectory
between dout/dc = D(to) and din/dc = D(t;/2) as in eq. 4.6.

Reusing the scaling results of subsection 4.2.2, the Bmax-dependence of the
exchange frequency can be calculated. The exchange frequency Q¢ is also
written in a dimensionless way by dividing it with the initial ion frequency
wop:

Qex Cc
wo  mewo/wi (Hwa (£)d3(t)
Using the scaling laws of the distance d(t) and the ion frequencies w; as

obtained in subsection 4.2.2, as well as the fact that both ions have the same
motional frequency w; = w;y in the unperturbed case, we find

(4.10)

Qex
wo

1 174\ -3 % 7 3 0
X Wy W (t)d (t) S ,Br%{)ax ' ,Br%loax . frt’nax = :BmaX' (4.11)

In dimensionless variables, the exchange frequency is therefore independent
of the quartic confinement Bmax. Thus we expect to always find the cooling
solutions at the same number of motional cycles, given that the dimensionless
distance trajectory D(t) has remained the same.

55



4. EXCHANGE COOLING WITH TWO TRAPPED IONS OF EQUAL MASS

56

To demonstrate this scaling behaviour, we perform a similar analysis as in
Fig. 4.4 and again use the sets of constraints shown in Table 4.1. The inner
distance djy, is varied between 1.1d. and 1.4d. and we calculate the following
results for all combinations {Bmax, din }, which are shown in Fig. 4.5:

Dimensionless time wqT/2n

Tmin, 0 params.
22 t X Tmin €xact, 1-Buoa
.............. X Tm'n app.' 1'BH0A
20 - X Tcexact, 1-Broa
+  Tmin exact, 3-Buoa
18 1 + Tnin app.. 3'.BH0A
+ T, exact, 3-Buoa
16 A % v Tmin exact, 9-Bhoa
* ¥ Tmin apP., 9-Broa
14 - v T, exact, 9-Buoa
* - . .
X X X X X < ‘ Tmin exact, 27-Buoa
12 A = Tmin @app., 27-Broa
* - T.exact, 27-Buoa
10 1 ¥ ¥ % ¥ ¥ ¥ ¥
*
8 -
»

1.10 1.15 1.20 1.25 1.30 1.35 1.40
Dimensionless distance di,/d.

Figure 4.5: Scaling plot showing the cooling solutions (green symbols), the
transport speed limit of the approximate method (blue symbols) and of the ex-

act

method (red symbols). For comparison, the speed limit of the parameter-

free scheme from Fig. 3.4 is also shown (black dots).

e Cooling solutions: For each combination of {Bmax,din/dc}, the exact

cost function eq. 3.41 is used to optimise the STA cooling motion. Then
the run-time T, resulting in a cooling solution is found in the same way
as in section 4.1. All results are plotted in Fig. 4.5 as green symbols, each
symbol denoting a different value of Bmax. Note that the cooling time
T, is made dimensionless by multiplying with the initial ion frequency
wp, which depends on the value of Bmax-
As expected, all values of Smax result in a cooling solution in the same
number of motional cycles, given the same choice of the dimensionless
inner distance di, /d.. Furthermore, the number of cycles neede to cool
decreases with the inner distance.

o Transport speed limit of the perturbative method: The STA transport
scheme is optimised using the perturbative cost function eq. 3.40 for
each combination of {Bmax, din/dc}. The total final excitations E £ have
the same periodic shape with the run-time f; as the result shown for
the parameterless STA scheme in subsection 3.3.2. The same fit as in
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Fig. 3.4 is applied to find an exponential envelope, such that the mini-
mal run-time Ty, can be found, below which the transport cannot be
realised with less excitations than 0.1 quanta.

These times Tinin are shown in Fig. 4.5 as blue symbols. Note that again,
Bmax does not influence the result. In conclusion, the perturbative opti-
misation method generates cooling motions that work well above about
12.5 motional cycles, which is the speed limit for cooling solutions us-
ing this method.

o Transport speed limit of the exact method: The same analysis is carried
out again, but this time using the exact cost function eq. 3.41. The
results are shown in Fig. 4.5 as red symbols. Note that the speed limit
of the exact method is again independent of Bmax, but the transport
now works down to 10 motional cycles, resulting in a reduction of 2.5
motional cycles over the approximate method.

o Transport speed limit of the parameter-free scheme: For comparison,
we also show the speed limit of the parameter-free STA scheme dis-
cussed in subsection 3.3.2. The black dots represent the same data as
the red line in Fig. 3.4, obtained by constraint set A (Table 4.1). This
then shows that this unoptimised transport scheme is around two times
slower than the best optimised version, even without being designed for
robustness.

Summarising, Fig. 4.5 shows that in terms of motional cycles, the proposed
STA scheme gives the same results independent of the choice of Bmax. The
best method of optimising the transport for minimal excitations and robust-
ness, the exact cost function eq. 3.41, yields usable results down to 10 mo-
tional cycles. The inner distance dj, can then be chosen such that a cooling
solution is found exactly at this limit. Fig. 4.5 shows that this can be done by
choosing din =~ 1.2d., resulting in the fastest possible cooling solution at 10
motional cycles.

Fig. 4.5 also shows that to speed up the cooling solutions, one would first
and foremost need to improve the transport optimisation method. The in-
ner distance dj, could in principle be chosen below 1.2d. for faster cooling.
However, the current design of the adiabatic shortcut prevents this due to the
speed limit at 10 motional cycles. If the transport can be optimised such that
it works beyond this limit, one immediately finds faster cooling solutions at
lower diy, but still without merging the ions at the critical distance. As dis-
cussed in subsection 3.4.2, the optimisation method could be improved by
using even more free parameters to shape the form of p4 and choosing a
more involved cost function in place of eq. 3.41.

Note that the results of Fig. 4.5 also depend on the choice of outer distance
dout. If dout is chosen larger than 5d. in Table 4.1, the ions are accelerated
more strongly. Thus one would expect the transport excitations to become
stronger and the speed limits in Fig. 4.5 to be shifted towards slower run-
times.
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Chapter 5

Cooling two ions of unequal mass

So far, we have only considered the case where both the information ion and
the coolant ion are of equal mass. When trying to extend the cooling scheme
to ions of unequal masses m; # mjy, a fundamental problem arises: if we
keep using a symmetric potential such as the harmonic-quartic double well
potential of eq. 3.1, then the ions will always sit at symmetric equilibrium
positions. The motional ion frequencies, given by eq. 1.2, can then not be
equal anymore, as the potential curvature is the same for both ions, but the
mass is not. The resonance condition w; = wy on the motional exchange is
thus violated and no or only incomplete cooling can be achieved.

This is mitigated in this chapter by introducing an asymmetric term to the
potential V|, which can be used to force the motional frequencies to be equal
throughout the scheme. The simplest choice is to add a linear term! leading
to the trapping potential

Valx, t) = y(t)x + a(t)x® + ,B(t)x4 (5.1)

and corresponding full Hamiltonian

o,
H = ST + 2m; + Vot (x1, 22, 1)
C
Viot(x1,x2,t) = Ve (x1,t) + Ver(x2, ) + :
Xy — X1
C
B 2, 2 44 .4\, ~C
= () (x1 +x2) +a(t) (xl + xz) + B(t) (x1 + Xz) + P
(5.2)

where {p1, p2, x1, X2} are the position and momentum coordinates of the two
ions and we assume that x, > x7.

This is reminiscent of section 3.4, where such a linear term was treated as an
undesirable perturbation. Here in contrast, the potential tilt is intentional.

T Another choice is to add a cubic term. The dynamical normal mode calculations for this
are given in Appendix C.
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Note that in this chapter, the variables «, B,,d,s, A+, Q.+, xi(o), Po+,0+,q+ are
in general time-dependent, but we omit this in the notation.

This chapter then performs the familiar STA steps given in chapter 2 to ar-
rive at a cooling motion that fulfills the same purpose as in the equal-mass
case. The main difference to the derivations before lies in the fact that the
potential is now parametrised by three functions {«(t),B(t),y(t)}. The dy-
namical normal mode treatment decomposes the full Hamiltonian eq. 5.2
into two harmonic oscillators as before, but the correspondence {Q+} <«
{a(t),B(t),v(t)} between the HO frequencies and the potential parametri-
sation now includes the term . It is at this step in the derivation where
w1 = w;y is enforced.

In the following, we will again proceed as in chapter 3, perform the dy-
namical normal mode decomposition, then inverse-engineer the Hamiltonian
eq. 5.2 and optimise a number of free parameters to correct for perturbations.

5.1 Dynamical normal modes for two trapped ions of unequal
mass

We again follow the theory of section 2.1 and take a harmonic approximation
of H at the equilibrium positions, which are now not symmetric anymore.

O eq. positions

d/2 _)h d/2 @ ion positions
I . |
®0 : ®O
| |
X1 X

Figure 5.1: Schematic depiction of position and equilibrium coordinates for
two ions of unequal mass trapped in a quartic double-well potential with
a linear tilt.. Note that the Coulomb potential has been neglected from the
potential shape.

The equilibrium positions fulfil

vl 0) )3 (=1)Cc _
aixi o =7 + Zﬂéxl- + 418 (xi ) — W = 0, (53)
X 2 1

i

where i = {1,2}. We introduce the shifted parametrisation

d
2
y (5.4)
2



5.1. Dynamical normal modes for two trapped ions of unequal mass

as in section 3.4.

The mass-weighted Hessian K that needs to be diagonalised is given by

0)\2 2
21x+12/3(x§ >) +3£ 2
my myniyd3
K = VI (55)
e 20+ 128(x") + 2
1/H111’I12d3 niy N

Note then that having equal ion frequencies at all times is an equivalent

condition to having equal diagonal entries Kj; £ Ky». This conditions shall
be enforced from now on and the matrix K takes again the simple form

(1]3 ﬁ) and is thus easily diagonalised with same constant eigenvectors as

in section 3.1

(5.6)

again with an angle 6 = 7.

Note that when not enforcing equal diagonal entries of K, the angle 0 is
not constant in general and the dynamical normal modes stay coupled (see
eq. 2.14).

The eigenvalues are

I 0> 2Cc '
A =03 = [2a+12/3(x1 )+ i ™
02, 2Cc my
{2a+12ﬁ<x2 )+ [1i1/m1_].

The change of variables to NM coordinates is given according to eq. 2.11 as

(5.7)

Sl= 3|

1 (ym ym
a0=35 (e o) o9

and the momentum shifts eq. 2.16 as

(58:+) (v ()
MZSRUIF Fz Fd) (5.9)
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This finally gives us the normal mode Hamiltonian eq. 2.17 in the explicit
form

Hano :ng)) + Hig

2
+ F (5.10)
G =L By 02 (X +W\2f02+xﬁ2\[f02> .

The corresponding Lewis-Riesenfeld invariants for HI({_O) and H (O) are then
according to eq. 2.20

4 1 . . 1 X:—q:)\’
o = 5 [0+ (Pr = 1) = px (X — q2)]* + 50 (pj) (5.11)
with the auxiliary functions p+ and g+ defined according to eq. 2.21 by

QZ
pr+0hps = %
[

VI F I
V2 2V2 '

Note that g_ cannot be set to zero anymore in the unequal mass case, mean-
ing that COM-mode centre is not static anymore. This was to be expected as
the potential is not symmetric anymore.

(5.12)

Gr+04qr = —

The instantaneous energies are known from eq. 2.26 as

2.
. £, .o _ @ne+1Dh a5
Ens = (nu;t|, Hyg [na;t), = T 10y p1+ 403 + E

V2 02 22 02
(5.13)

1 1 Vmy F/my § \/ 2t ymy d
+2qi+zﬂi<qi+ﬁls )

As before in the equal mass case, we now want to engineer the auxiliary

functions g+ and p+ such that the Hamiltonians H, (O) and invariants I, (jg

commute at boundary times t, = {0,t;}. After doing so, the normal mode
frequencies ()1 will be known from the auxiliary ODEs eq. 5.12. Since one
experimentally can only implement the potential eq. 3.2 given by {a, B, v}
and not the NM frequencies, a correspondence is needed between the two
sets of variables.

This can be gained from the expressions for the normal mode frequencies

eq. 5.7 by inverting these relations and using the resonance condition Kj; =
Kp;. A lengthy but straightforward calculation leads to the expressions



5.2. Inverse engineering the unequal-mass cooling scheme

o, 4Cc
d(t) = \/,/mlmz(()z+ -0?)
2C
Bl = "™ (0 +02) - F
s(t) = ’”jlg;ﬁd’"l (03 +02) (5.14)
2
a(t) = % - % —6/352

y(t) = —2as — 28 (§d2s + 253) .

This concludes the dynamical normal mode derivations and allows to find
the physical potential from the normal modes. These are now to be inverse-
engineered by shaping the auxiliary functions p.

5.2 Inverse engineering the unequal-mass cooling scheme

5.2.1 Ensuring the commutation condition

As the full Hamiltonian was brought into the usual harmonic oscillator form
in the preceding section, we can retain the commutation condition from sec-
tion 3.2 and obtain the same boundary conditions

p+(tp) =1, (5.15a)
pty) = pe(ty) = p& (1) = p2 (1) = 0 (5.15b)
q+(tp) = 4+ (tp) = 4+ (tp) =0 (5.15¢)

for the auxiliary functions.

As in the equal mass case, after choosing functions p+ that satisfy their BC
and setting the initial frequencies ()., the scheme can be reverse-engineered
by finding the NM frequencies via

QZ ..
o VIR e S (5.16)
P: P+

This also determines g+ through the auxiliary ODE eq. 5.12 and some free
parameters in p+ need to be chosen such that the BC on g4+ are also fulfilled.

And again, p+ must be chosen according to physical constraints to implement
the desired action, which is again to bring the ions from a starting distance
doyr to @ minimal distance d;;, at t = ¢ f/ 2 and back.
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5.2.2 Physical constraints
The desired physical target values are the same as before:
e The ions start and end at the same distance d(ty) = d(t7) = dout-

e The ions reach their closest point after half the run-time d(t7/2) = diy,
din < dout-

e The quartic confinement B must be strongest after half the run-time:
ﬁ(tf/z) = ﬁmax-

e The CoM-mode frequency is again chosen to be constant: Q_(ty) =
Q_(tf/2) = Q_(tf) = Qo-. In the polynomial interpolation that fol-
lows in subsection 3.2.3, this leads to ()_ and p_ becoming constant at
all times.

The value of p+ after half the run time is defined as before as

o Qo
Pint Qint

(5.17)

and for that the NM frequencies at time fo and f; need to be known.

The NM frequency Qin4 can be found by setting din, and Bmax and inverting
the relations (5.14). Then, knowing Q)_ and doyt, the remaining open variable
Qo is found by inverting the relation for d(t) in eq. 5.14.

Now again a p+ can be found that interpolates between ()p+ and Qi1 and
obeys the BC eq. 3.16. Since the boundary conditions remain unchanged,
the same polynomials eq. 3.22 and eq. 3.23, the latter containing two free
parameters, can be reused.

To give an example of an STA scheme designed in this way, we recreate
Fig. 3.2 and apply the described approach to a system of a #°Ca™ ion and a
9Be™ ion in a trap that can reach the quartic confinement of the HOA?2 trap,
Bmax = 0.85 x 1073 Nm~3. The auxiliary p is chosen to be the parameter-
free Ansatz eq. 3.22. The outer and inner distances are also chosen as in
target value set A in Table 3.1.

The resulting functions Q.+, &, B, ¥, s and d are shown in Fig. 52. The
CoM mode frequency stays constant at about 0.60 MHz and « stays negative
throughout the scheme, due to never bringing the ions closer than the critical
distance d.. The value of  reaches Bmax after half the run-time as before.
The tilt v given by eq. 5.14 is minimal when the ions are closest together,
mirroring the centre shift s. The distance function d looks similar as in Fig. 3.2,
bringing the ions from 70.1 um to 17.5 pm as desired.

Note the scale of the required tilt y in Fig. 5.2d is about an order of magni-
tude larger than the tolerable linear perturbations in the equal-mass scheme
in Fig. 3.9. This is encouraging as the unequal-mass scheme then not very
sensitive to erroneous tilts of the same scale as before. Furthermore, it should
be possible to also design the unequal-mass scheme to be robust in the same
way as before in section 3.4.



5.2. Inverse engineering the unequal-mass cooling scheme
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Figure 5.2: An overview of a basic inverse-engineered unequal-mass STA
scheme involving a Calcium ion and a Beryllium ion. Shown are the re-
sulting NM frequencies (a), the harmonic confinement a(t) (b), the quartic
confinement B(t) (c), the linear term -y (d), the asymmetric shift s(t) (e) and
the distance function d(t) (f).

The markers in Fig. 5.2f designate the positions in time at which Fig. 5.3
shows the shape of the potential eq. 5.1. In Fig. 5.3a the starting potential at
ty shows minima consistent with the distance do,t = 70.1 pm, but shifted the
left according to s. The potential shape in Fig. 5.3b has equilibrium positions
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Figure 5.3: Potential shapes V) of the scheme shown in Fig. 5.2 at time t; (a)
and t7/2 (b).

that are 17.5pum apart. Note that this is not a double-well potential anymore,
despite the inner distance being larger than d.. Due to the additional term
7, the point where the potential changes to a single-well shape is not simply
given by d. anymore?. If the potential is required to have a double-well shape
at all times, then the inner distance di, has to be chosen increasingly larger
than d; as the masses diverge.

The unequal-mass scheme can now be optimised for minimal excitations by
shaping the auxiliary function p4 in the same way as before. Designing
optimal robustness towards experimental imperfections should be straight-
forward by reproducing the discussion in section 3.4, but is beyond the scope
of this thesis.

5.3 Transport scheme optimisation and cooling solutions

Much in the same way as in section 3.3, the Ansatz for p; needs to be opti-
mised to result in a shortcut. We take the Ansatz eq. 3.23 and optimise up to
two free parameters, such that the total final energy Ey, calculated with the
full Hamiltonian, is minimal after performing a cold run. For this we use the
Nelder-Mead algorithm as before.

After optimising the cooling motion in this way, Fig. 5.4a shows the excita-
tions after cold runs when optimising with one vs. two parameters. The
physical constraints are chosen to be the default set A (Table 3.1), but with
the coolant ion being only half the mass of the information ion, which is
chosen to be a #°Ca™ ion. When only using one parameter (c), the excita-
tions increase exponentially despite using the exact Hamiltonian. This is due
to both NM centres being excited (see eq. 5.13) and we cannot further set

2The condition could be found by calculating the number of minima of the potential. For
this, the first derivative 0V, /dx is taken and set to zero, resulting in a cubic equation. If it has
three real solutions, then the potential has double-well shape. This is determined by calculat-
ing the discriminant of the equation, which is omitted here due to the calculation being very
cumbersome.



5.3. Transport scheme optimisation and cooling solutions

g- = 0. A single parameter is then not enough anymore to optimise the
scheme. The Ansatz of p4 using two parameters ¢ and a4y on the other hand
reaches negligible energy levels for any run-time, recovering the result found
in the equal-mass case, albeit with two free parameters instead of only one.

(a) Transport scheme optimisation (b) Cooling solutions
10° o
5 3 WL N | e me/m;=1.25
< 10°f S e mmi=2
w G100 <
£ 107'f , Al H 0 mc/mi =5
9o — params, Tu o 1 mdm; = 10
g 107 1 param, full H & 10 <
5 107 § 107 |
E 1070 /.«V\-/VW\:-"\,/\/\”\MM E !
i . . . . . & 102k, b . .
10 15 20 25 30 10 15 20 25 30

Run-time tf (us) Run-time tf (us)

Figure 5.4: (a) Excitations Ey after optimising the unequal-mass cooling mo-
tion for a mass ratio of 2. (b) The cooling solutions for mass ratios m./m; of
2, 5 and 10 when optimising two free parameters.

As in the equal-mass case before, one can apply the optimised cooling motion
to find cooling solutions. Note that the mass notation is changed from m; and
my to m., denoting the mass of the coolant ion, and m; for the information
ion, which is always chosen to be a “°Ca™ ion in this example. It does not
matter whether the lighter or heavier ion is chosen to be the information ion,
as the cooling scheme swaps the motional states in both cases.

The two-parameter optimisation is run for a wide range of mass ratios of
me/m; = {1.25,2,5,10}, corresponding to ever lighter coolant ions, and the
results are used to scan the run-time f; and obtain cooling solutions. The
results are then shown in Fig. 5.4b by plotting the final energy Ef;. The
information ion was initially excited by 10 quanta. Note that the energy of
a single quanta fiwy is the same for both ions, since their frequency is equal
despite the unequal masses.

The cooling solutions are shifted to faster run-times with increasing mass ra-

tio. This is explained by the mass dependence of the exchange frequency ey,

which is proportional to T As the mass ratio is increased by decreasing

the coolant ion mass m., Qex increases. However, consider that if the ions
are to be in a double-well potential at all times, the inner distance dj, has to
be increased with the mass ratio as discussed for Fig. 5.3b. The increase in
exchange frequency might therefore be cancelled out.

Nonetheless, this chapter demonstrates the successful generalisation of the
cooling scheme for two ions of unequal mass. The key point is keeping
the ion frequencies equal at all times, allowing the motional exchange to
take place as in the equal-mass case. This comes at the cost of requiring a
more complicated potential shape, which has been expanded by a linear term.
Designing the scheme to be robust to experimental imperfections is a natural
extension of the work presented in this thesis.
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Chapter 6

Conclusion & QOutlook

Conclusion

Recooling of ions is an experimental necessity in trapped-ion QIP experi-
ments, currently taking more than one hundred motional cycles of the ions.
In this thesis, I have proposed a way to cool an ion about an order of magni-
tude faster by coupling it to a ground-state cooled ion by the Coulomb force.
Much in the same way as two spring-coupled pendulums exchange their mo-
tion, the two ions exchange their motional energy. As this exchange increases
in speed with decreasing ion distance, a cooling motion was designed that
brings moves the ions from a large initial distance to a distance where the
exchange is fast, only to move them back to their starting position. For this,
the ions are trapped in a harmonic-quartic double-well potential. Cooling is
then achieved by timing this motion correctly, such that the motional ener-
gies have been exactly swapped afterwards.

I have designed this cooling motion for two ions of equal mass in such a
way that it does not additionally excite the ions. This is challenging, as the
targeted cooling times of just a few motional cycles are beyond the adiabatic
limit. To this end, shortcut to adiabaticity methods were applied, which al-
lowed me to design the trapping potentials for the cooling motion such that
minimal final excitations are produced even at arbitrarily short run-times.
However, as this method can only be applied to an approximation of the
two-ion system, the achievable run-times are limited. A further limitation is
given by the minimal distance between the ions if they are not to be merged
into a single-well potential. This mainly depends on the achievable quartic
potential term in a given Paul trap.

The shortcut to adiabaticity methods are well-suited to design such schemes
to be optimally robust to experimental imperfections. For the case of two
ions of equal mass, I have therefore devised the cooling motion to be robust
towards linear potential tilts, which are a major source of errors in trapped-
ion experiments due to stray charges and imperfect calibration. The final
result is found in the form of cooling solutions at a minimal cooling time
of 10 motional cycles. As the motional frequencies are mainly increased by
using a trap with a stronger quartic confinement, this is the main factor in
setting the speed of the cooling scheme.

As the motional exchange requires the ion motional frequencies to be res-
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onant, such potential tilts reduce the cooling effect by shifting the ion fre-
quencies to be off-resonant. The maximal tolerable tilt is stated in terms of
experimental parameters, yielding a prediction of the necessary experimental
accuracy.

Furthermore, in the case of two ions of unequal mass, the shortcut to adia-
baticity approach is derived and applied to design the cooling motion in a
way that does not excite the ions additionally. However, implementing the
robustness towards experimental errors in analogy to the equal-mass case is
deferred to future work.

Outlook

The future outlook of this topic should be divided into further theoretical
work and a first experimental demonstration of the proposal presented in
this thesis.

On the theory side, the robustness towards potential tilts could be improved
and higher order perturbations might be considered as well. In the case of
two ions of unequal mass, robustness should be reproduced in analogy to
the equal-mass case. An interesting generalisation of this work would be to
consider cooling strings of N ions with a single cooling ion. This might prove
challenging as possibly only a single mode of the N-ion string can be cooled
at a time. Furthermore, the extension of the cooling scheme to the radial
modes as considered in Appendix D could be of interest.

Experimentally, this cooling scheme should be demonstrated. For this, the
implementation of the designed trapping potentials needs to be accurate
enough such that cooling can be achieved. This places stringent constraints
on the electronics equipment, the calibration methods and the knowledge of
the actual potential generated by a certain voltage in the trap. A more easily
achievable target might be to adapt the cooling motion to perform an ion
separation, as this operation has still not been implemented at non-adiabatic
speeds. For ion separation, the cooling resonance effect plays no role, thus
relaxing the needed experimental accuracy.



Appendix A

Perturbative corrections to the dynamical
normal modes

The dynamical normal modes are calculated in a second order approximation
of the full Hamiltonian at hand. Since eq. 3.2 contains a Coulomb term and
a quartic electric potential, it is natural to consider some perturbations to the
solutions of the two Harmonic oscillators eq. 3.8.

When the third order terms in the expansion of the Hamiltonian eq. 3.2 are
considered, there are corrections due to the Coulomb term xchxl and due to
the quartic part of V.

The higher order Coulomb terms are given in [42, 12] as

j
: 1 C 2
sV = (—1)J+1dj—f1 <~/mx+> , (A1)

where X is the stretch-mode position coordinate.

Note that the Coulomb force only affects the stretch-mode motion and does
not couple the normal modes.

The third order Coulomb correction to the instantaneous energies is thus
given after a lengthy calculation that is similar to the one leading to eq. 2.26

by

SE) (8) = (n i3], 6V [ngst),
Cc (2 3/2 s ) f 1 (A.2)
= <m> {bn + 309+ {Qo+ (ny + 2)” :

The third order corrections due to the quartic part of the potential are given
by writing down the third term of the Taylor expansion of eq. 3.2 without the
Coulomb term.
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VO = L2V (1 20) L2V (0’

©3loxd 3! 9x3
(A.3)
1, (2\*"% 1. >
= Jpd <m> [2X3 +6x, X2 ]
The correction of the instantaneous energies are then given by
3
SED (1) =] (ns3tl, @ (n3tl, [6VO) [ |n_i8), @ |nsst), |
1, ./2\** 5, ., n 1
L <m> 95+ 30% 0 5T (”* + 2) (A4)

sh 1 ,
RONEALS <”— + 2> + 3‘1+0I—] :

Note that for an adiabatic shortcut, the mode centres g+ return to O at fi-
nal time ¢ ¥ and all third order contributions vanish. However, these matrix
elements might be used in time-dependent perturbation theory as for exam-
ple done in [27] by calculating then minimising the time-averaged energy of
these perturbations.



Appendix B

The Sandia HOA2 trap

To determine realistic experimental boundaries of a cooling scheme such as
the one proposed in this thesis, we analyse a trap that is available in the TIQI
group, the High Optical Access (HOA) Trap 2.0 designed and fabricated by
Sandia National Laboratories [43].

(@ (b)

ey

X
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—
70pm

53400 10.0kV 30.1mm x19 3/30/2

Figure B.1: (a) The HOA2 trap. Image taken from [43]. (b) Schematic depic-
tion of the central quantum region.

It is a surface Paul trap with a slit for optical access in the central region. In
this “quantum region” designed for the most precise control, each electrode
is addressed individually and extends over 70 um. Further away from the
trap centre, control signals are reused periodically. The ions are trapped
68 um over the surface. Fig. B.1a shows a scanning electrode image of the
trap.

A detailed scheme of the quantum region is shown in Fig. B.1b. To this thesis,
only the five central electrode pairs along the axial trap direction x will be
relevant. The central pair C is made up by electrodes Q19/Q20, the while
the left and right outermost pairs Or,/Og consist of electrodes Q15/Q16 and
0Q23/Q24 respectively. The two pairs that are sandwiched in between are
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Figure B.2: The potentials in the trapping axis 68um above the trap surface
generated by applying 1V to each of the ten central electrodes in the HOA2
trap. Simulation data provided by Sandia National Laboratories.
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referred to as Sy, /Sg and consist of the electrodes Q17/Q18 and Q21/Q22.

When applying a voltage U; to electrode i (i = Q15,...024, the electrode
generates an electrical potential, depending on electrode geometry. These
potentials are known from simulation data, which are provided by the trap
manufacturer in the case of the HOA?2 trap. Fig. Fig. B.2 shows the potentials
in the trap axis 68 pm above the surface for all considered electrodes, assum-
ing a voltage of U; = 1V has been applied. Note that both electrodes of a
pair generate almost, but not exactly, equal potentials.

We shall now take a brief look at methods to utilise these electrode potentials
and generate the quartic double well potentials needed for the implementa-
tion of the cooling proposal in this thesis.

B.1 Generating quartic potentials

For the cooling scheme presented herein, the ability to generate quartic po-
tentials

Val(t,x) = a(t)x® + (t)x*.

along the trap axis x is a prerequisite. This is doable using five electrodes as
in [10] and we thus restrict ourselves to the five central electrode pairs of the
HOAZ2 trap, Q15-Q24 as shown in Fig. B.1b.

When applying a set of voltages U; (measured in V) to the considered elec-
trodes, the overall potential along the trapping axis is then given by the su-
perposition of the trap potentials V;

Q24

Vel(tlx) = Z Vz(x) ) Ui(t)/ (B.1)
i=Q15



B.2. Trap constraints

Figure B.3: a — B-confinements that are allowed by the maximal electrode
voltage of £10V. Since this constraint needs to be true for all electrode pairs,
each electrode excludes a different area of the « — -plane.
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where the voltages U;(t) can change with time.

The problem of generating a desired potential Vg (¢, x) is then solved by using
an optimisation algorithm on the voltages U;(f) to minimise the potential

error Vg (t,x) — Zinzéw Vi(x) - U;(t). Similar to the approach in [15], this is
done using the software package Gurobi [44], designed for solving convex

optimisation problems.

This procedure can also be used to determine what range of potentials Vg,
can be implemented given a certain trap and voltage-generating electronics.
This is done for the HOA2 trap in the next section.

B.2 Trap constraints

The major constraint on achievable potential shapes is given by the trap po-
tentials V; of the HOA2 trap and the fact that the used electronics in the TIQI
group generate voltages of up to £10V. To find the achievable potentials V,,
we determine the necessary voltages for purely harmonic and quartic poten-
tials. The results are shown in Fig. B.3, where contour lines of each electrode
pair reaching the limit of 10V are shown on a grid of a and B-terms. The
regions where one electrode pair violates this constraint are shaded and the
region left white corresponds to combinations of & and  that can be achieved
in the HOAZ2 trap.

To generate a high B-confinement, the constraint mainly lies in the need for a
high voltage on the outermost electrodes O, and Og, which are not used at all
to generate purely harmonic potentials. The cutoff due to the outer electrodes
is therefore independent of « and lies at a value of Bmax = 0.92 X 103 Nm 3.
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To be sure that the voltage generation algorithm never comes too close to this
boundary, the used value of the maximal quartic confinement of the HOA2
trap has been reduced slightly to 0.85 x 1073 N'm~3 in this thesis.

The constraints on the electrodes S, Op, and Or depend on both a« and B.
This is due to the fact that the needed voltages for a term in & might be of
opposite sign than those needed for B, thus leading a lower total voltage on
that electrode and extending the achievable area in the « — B-plane. Note that
the needed values of «, for example shown in Fig. 3.2¢, are not an issue in this
thesis as they are much lower than the achievable values shown in Fig. B.3.



Appendix C

Cooling two ions of unequal mass with a
cubic-quartic potential

The cooling scheme for ions of unequal mass presented in chapter 5 relies

on a linear term in the potential to enforce equal ion motional frequencies.

Alternatively, a cubic term can be chosen for the same purpose. As a cubic
function is “flatter” around zero than a linear function, such a potential might
retain a double-well shape at short ion distances where the linearly tilted
potential eq. 5.1 already yields a single well.

The potential is then given by adding a cubic term with prefactor 6(t) to the
familiar quartic potential:

Ve = a(t)x® + B(t)x* + 5(t)x°. (C.1)

In this chapter, parts of the dynamical normal mode decomposition will
be given, namely the correspondence between the potential parametrisation
{a,B,6} and the normal mode frequencies {2+ }. This is the most lengthy
and cumbersome step of the dynamical normal mode treatment.

The full Hamiltonian is given by

nop
H = Tfﬂl + % + Vtot(xll X2, t)
Cc
Xy — X1
(C.2)

Viot(x1, %2, 1) = 6(t) (x% + xg) +a(t) (x% + x%) +B(t) (x‘lL n x%) n

Note that in this chapter, the variables «, ,9,s,d, A+, 4, xl.(o), are in general
time-dependent, but we omit this in the notation.

As before, the Hamiltonian is reduced to a second-order approximation around

the equilibrium positions of the ions. For this, the mass-weighted Hessian
matrix K is diagonalised, yielding the normal mode frequencies.

The equilibrium positions of the ions fulfil
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(C.4)

The mass-weighted Hessian K that needs to be diagonalised is given by

0 0))2, 2C
206050 +12p () ) +2€ e
_ my \/m1m2d3
K= 550 (00}, 2¢¢ (©5)
e 2a-+60x)) +128 () + 2
\/mmyd® my :

As in chapter 5, the condition that enforces equal ion frequencies is that the
diagonal entries of this K need to be equal, as they correspond to the squared

ion frequencies. Setting K1; = Ky, then again leads K to take the simple form

B A
chapter 5.

(A B) , which is diagonalised by the same equal eigenvectors again as in

The eigenvalues of K are

1 2 2C m
A2 (0) (0) C /1
Ar =04 = —1 [2oc +60x; " +128 (x1 ) + e {1 + }

_1 0 0)2 , 2Cc 1y
= [2a+6(5x2 +128 (") + 5 1= |

We now want to obtain the correspondence {Q+} — {a,B,d} between the
potential parametrisation and the normal mode frequencies.

N

(C.6)

By building the difference of the eigenvalues ()%, the distance d is easily
obtained as

4Cc 1

d=} .
N/ Mmy Qi —Q%

(C.7)

By utilising the expressions for the equilibrum position together with the
sum of the eigenvalues, one obtains the following relations between «, 8,
and s:
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C 2
a= d—§—6‘352+7—3(5s.

Note that so far, we have obtained the formula eq. C.7 for d that only depends
on the NM frequencies. From the above relations, only the one for  is thus
complete, while the formulas for « and ¢ still depend on each other and on
the centre shift s. For s, the following equation can be found after a lengthy
calculation that involves adding the two equilibrium conditions eq. C.3:

0=1[88]s° - {mzz_dml (03 + QZ)} 2+ {4;3‘3 - Zﬁdz] s

+ [’”zgmld (02 +QZ>] .

(C.9)

This is a cubic equation in s with coefficients that only depend on d and

B, both of which already can be calculated from the NM frequencies ().

Solving this equation for s, one can then go on to resolve J and from that «
in the relations eq. C.8. The correspondence between NM frequencies and
potential parametrisation is thus complete.

Now the usual STA approach could be continued by finding the auxiliary
functions p+ to fulfil the shortcut condition, calculating the NM frequencies
and from there the time-dependence of the potential using the results of this
chapter. This is however beyond the scope of this work.

Note that introducing a cubic term in the potential V) necessitated solving
a cubic equation later in the derivation. Should more complicated potential
shapes involving terms with orders above four ever be necessary, for example
when trying to find a cooling scheme for 1-to-n ions, this would probably
mean that quintic or higher equations have to be solved when deriving the
normal modes. As these equations have no analytic solution, designing the
STA scheme will be challenging.
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Appendix D

Motional exchange in the radial modes

Simultaneously cooling the radial modes along with the axial mode would
make this cooling scheme more interesting. To find the strength of the ex-
change coupling of the radial modes, we thus generalise the derivation of the
motional exchange frequency given in chapter 1 to include the motion in the
radial directions y and z. We follow again the derivation by Brown in [30].

Consider two singly charged particles with coordinates 77 = (x1,¥1,21) and
7 = (x2,Y2,22) that are trapped in a potential with an axial equilibrium
distance xp > 0 and radial equilibrium positions of yy = 0 and zp = 0. The
Coulomb potential of this system is then given by

_ 1 _ 1
||7’2 - 7"]” sz +Ay2 + (AZ + do)z
(ar)?

Ve(,73) = Ve(Ax, Ay, Az) (D.1)

where we changed to coordinates Ax = x —x1, Ay = y2 —y; and Az =
(z2 — z1) — do.

Again, this potential is to be expanded to second order by a Taylor series
around the equilibrium coordinates Ar = (dy,0,0).

Firstly, the gradient is calculated as

__Ax
TarP

VVe(Ax, Ay, Az) = —HA/”3 . (D.2)
_ Az+dy

[Ar[?

Secondly, the elements of the Hessian matrix are calculated. The off-diagonal
elements are given by
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D. MOTIONAL EXCHANGE IN THE RADIAL MODES

P*Ve  *u i(_ Ax ) _ 3AxAy
0AxdAy  OAydAx  9Ay\ ||Ar|3/  ||ar|®
?*Ve | *U i(_ Ax ) _ 3Ax(Az +dp) D3)
0AxdAz  9AzoAx 9Nz \ ||Ar|]3) ||Ar|]S '
Ve U i( .Y ) _ 3Ay(Az+dy)
0AydAz  9AzdAy Az \ ||Ar|3)  ||ArP
The same calculations for the diagonal elements:
Ve a<_ Ax)_ 1 +3Ax2
o8x? ~ abx\ AP TarE  TarP
02V 0 Ay 1 3Ay?
LA == | - D.4
oyt~ ang " T ) & * Tl 4
E)ZVC_i(_Az—FdO)_ 1 +3(Az+do)2
o6z —anz\ " [P ) T | TP T A
Evaluated at Ar = (Ax, Ay, Az) = (dp,0,0), the Hessian becomes
1 1
— A O1 0 7 0 0
— 1
Hpy—o=| O Tar? =0 -z
0 0 oy b 0o o0 2
[ar]® 7 A dy
(D.5)
This yields the Taylor expansion of V¢
Ve(Ar) = Ve(0) + (VVe)T s Ar + %ArT “Hpp—q - Ar
r=
EE AT VUL DT D Y
T R T 23

To check for consistency with chapter 1, one can set the radial variables to
zero and expand the terms in Az to obtain the same result as for the one-
dimensional case in eq. 1.4. Since the motional exchange terms are generated
by the quadratic terms Ax?, Ay? and Az?, the exchange frequency ends up
being the same for the radial directions x and y as for the axial direction z,
only that it is multiplied by a prefactor of % Also the radial terms are of
opposite sign, giving the motional exchange an opposite phase.

We thus conclude that the exchange frequency for the radial modes is given
by the same formula as for the axial mode, only that it is slower by a factor of
2. This means that the cooling scheme presented in this thesis is also feasible
for the radial modes, only at increased cooling times. Simultaneous cool-
ing of all modes is challenging as the radial and axial trapping frequencies
usually differ, but also influence the exchange frequency.
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