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Introduction

During the last 30 years, the fields of atomic physics and quantum optics have
experienced a huge development. The variety of fields and applications, such as
metrology, spectroscopy, communications, quantum information processing, new
quantum based technologies and so on makes of quantum optics an attractive
topic. The evolution of the techniques has allowed us to reach a point where ma-
nipulations of single atoms are very precise, and allows for the development of
these quantum based applications. The importance and reach of this progress is
recognized and made visible through multiple Nobel Prize awards. In 1989, my
birth year, Norman Ramsey for his work with atomic clocks [1] and Hans Dehmelt
and Wolfgang Paul for developing the ion trapping technique [2, 3] shared the No-
bel Prize in physics. 8 years later, in 1997, the same award was shared by Steven
Chu [4], Claude Cohen-Tannoudji [5] and William Phillips [6] for developing atom
cooling techniques. Another Nobel prize was shared in 2001 by Wolfgang Ketterle
[7], and by Carl Wieman and Eric Cornell [§] for diluting the long before predicted
Bose-Einstein Condensates. In 2005, the honorees were Roy Glauber for his con-
tribution to the theory of optical coherence [9], and John Hall [10] and Theodor
Hénsch |11] for developing precision spectroscopy techniques. Lastly, the 2012
Nobel Prize in physics was also for contributions in the field of quantum optics,
as Serge Haroche |12] and David Wineland [13] won it after their development of
techniques that allow for the precise measurement and control of individual quan-
tum systems. These 5 awards in the last 30 years show clearly the weight of the

field, not only in the physics community, but also in society.

One of the hottest topics in quantum optics is the so called quantum computer,
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which is a proposed device that uses quantum phenomena to process informa-
tion based on quantum states (qubits) rather than in classical states (bits), which
should make it much more powerful for certain tasks. A universal quantum com-
puter, equivalent to the classical Turing machine, was theoretically described by
David Deutsch already in year 1985 [14], but it was not until 1995 when Ignacio
Cirac and Peter Zoller proposed a physical scheme where a quantum computer
could actually be built by using trapped ions technology [15]. The basic idea was
to trap ions using electromagnetic fields (Paul traps), and implement the qubits
making use of the internal levels of each ion. These ions interact with each other
through the electric Coulomb force, so the quantum information can be transferred
from one to another. Using lasers, one could induce coupling or entanglement be-
tween ions, what is necessary for logic gate operations. Since then, it has been
proven how such a scheme allows for all basic building blocks of a quantum based
computer architecture, namely, initialization, readout, individual ion manipula-
tion and entanglement. Moreover, in recent years the fidelity achieved has been
high enough [16-18] making trapped ions a good candidate to get a fault-tolerant
quantum computer. The ability to control trapped ions with high precision and
to perform a number of coherent operations with them, places this proposal as a

leading quantum information-processing architecture [19-21].

However, soon after Cirac and Zoller published their letter [15], it became clear
that, although trapped ions were a suitable platform to perform basic operations,
managing a large number of ions within a single trap was to turn into a problematic
task. For that reason, Wineland and coworkers [22, 23] proposed an alternative
scheme, where ions were to be manipulated individually or in small groups in an
interaction region to perform the necessary logic operations and then carried to a
different zone to do the readout. In this scheme, one should have many interaction
regions where operations are happening simultaneously for a large number of ions.
This scheme avoids the need of manipulating many ions within a single trap, but
requires a synchronization between different regions and the ability to control ion
dynamics, without heating or excitation that would cause the loss of the informa-

tion the qubit is carrying. Since then, many works have proposed similar schemes
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or further developed the original one |21, 24-29]. A proof of principle of such
scheme was done in NIST in 2009 [30]. However, it was obvious after this work,
that slow adiabatic processes that would keep the qubit unaffected throughout the
whole process were indeed too slow, as small imperfections in the design of the
trap produce heating and decoherence for processes longer than around 100 us.
On the other side, fast uncontrolled processes produce diabatic excitations, which

are not desirable either.

A way out is to design the required dynamical processes using the so called
shortcuts-to-adiabaticity [31]. These are processes that drive the system to the
same quantum state that would result from an adiabatic process in times much
shorter than the usually required in adiabatic processes. A bunch of different
techniques exist to design such processes. Some are based in optimizing adiabatic
protocols, so that they find the quickest possible adiabatic route, or they accelerate
a given adiabatic process by manipulating control parameters. Others, transiently
excite the system, but are designed to recover the same initial eigenstate at final
time. Not following the constraints given by the adiabatic theorem allows for
very quick (sometimes arbitrarily quick) drivings, but the proper design of the

Hamiltonian makes possible to get to the same final state.

One of the most used techniques is the “Invariant based inverse engineering”
[32]. This technique relies on first designing the evolution of the quantum system
such that it will reach the final state we are interested in by obliging the invariant
and the Hamiltonian to commute at initial and final time. Then, we inversely
obtain the control parameters that will drive the Hamiltonian according to that
design. This protocol is limited in a sense, because we need an exact dynamical
invariant related to the type of Hamiltonian we want to design. However, if it is
possible to get this invariant, the design of the shortcut protocol is usually simple,
and most importantly, we get analytical results that are straightforward to adapt
when varying the values of the parameters, or when trying to adapt the protocol
to work in the lab. A number of simple dynamical processes for a single atom
were designed using this technique, including atom expansion [32] and transport

[33]. When considering Coulomb interactions between the ions in a chain, it is not
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possible to find an exact invariant, because having a term inverse to the position
makes impossible to find a closed algebra [34]. However, in this Thesis I apply
the invariant-based technique in the regime of small oscillations so that simple

formulae apply. Ways to go beyond that approximation will be also implemented.

In Chapters [l and 2 I design shortcut protocols to transport ion chains, first
considering equal mass ions and then different mass ions. Ion shuttling is probably
the most sensitive dynamical process in trapped ion architectures, as its adiabatic
process implies the longest final times for the usual parameters involved. In Chap-
ter Bl I design quick phase gates. Quantum logic gates are the core of any quantum
processor device. Here I accelerate a scheme that has already been tested in the
laboratory adiabaticaly. It is based on creating a phase by moving the ions with
nearly homogeneous forces that depend on the internal state of each ion. The
protocol is somewhat similar to the pure transport scenario but with enough pe-
culiarities and added complexities to deserve a separate treatment and chapter.
Chapter [ addresses the ion chain expansion/compression problem, and Chapter
the ion chain separation/merging. These two problems are similar under the nor-
mal mode approximation, although the inversion to the lab Hamiltonian is very
different for both cases. Chapters [l and [7] are devoted to the ion rotation. In
Chapter [6], the rotation for a single ion is designed, a problem that had not been
addressed yet. In Chapter [ this analysis is extended to 2-ion chains, both for
equal and different masses. Finally, a short chapter extracts conclusions and gives

a collective view of the thesis.

The thesis is rather long and the mathematics it contains are extensive. For that
reason, I wrote it in such a manner that each chapter is self contained. Although
all of them are related, it is not necessary reading the whole thesis to understand
one particular chapter, so they can be read individually. The notation is consistent

within each chapter, but not necessarily from one chapter to another.



Chapter 1

Fast transport of two ions in an

anharmonic trap

“I didn’t fail the test, I just found 100 ways to do

it wrong.”

Benjamin Franklin

I design fast trajectories of a trap to transport two ions using a shortcut-
to-adiabaticity technique based on invariants. The effects of anharmonicity are
analyzed first perturbatively, with an approximate, single relative-motion mode
description. Then I use classical calculations and full quantum calculations. This
allows to identify discrete transport times that minimize excitation in the presence
of anharmonicity. An even better strategy to suppress the effects of anharmonicity
in a continuous range of transport times is to modify the trajectory using an ef-
fective trap frequency shifted with respect to the actual frequency by the coupling

between relative and center of mass motions.
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1.1 Introduction

Quantum information processing based on trapped ions may be applied to a
large number of qubits (and become scalable) by moving the ions between fixed
zones where logic operations are performed [23, 126, 27, 135]. The transport should
be fast, but excitations should also be avoided at the destination site. Different ap-
proaches have been proposed to implement faster-than-adiabatic transport of cold
atoms [33, 36-41]. Diabatic transport of cold neutral atoms was demonstrated
by Guéry-Odelin and coworkers [37] and, recently, fast transport of single or two
trapped ions was also realized by two groups [28, 42, 43]. One of the proposed
approaches makes use of invariants to design trap trajectories without final excita-
tion [31),133, 40, 41]. Tt is very flexible and provides by construction, under specific
conditions, a motionally unexcited final transported state. It also allows for further
trajectory optimization taking into account different experimental constraints, and
robustness versus noise [44]. The invariant-based inverse engineering method had
been applied so far to model the fast transport of a single particle [33, 40] and
Bose-Einstein condensates [41]. In this chapter, I extend the theoretical analy-
sis in [33] to two Coulomb-interacting particles within a single trap, focusing on
the effects of a mild anharmonicity which is present in any experimental setting
[36, 45]. In Sec. [L2 I study the transport of two ions first in a harmonic trap
and then in an anharmonic trap with an added time-dependent linear potential
to compensate the inertial force. The applicability of this compensating method
may be limited so other options are explored. In particular, I consider in Sec. [[3]
the effect of anharmonicity when the trap trajectories are designed for an unper-
turbed (harmonic) trap. This is done using an approximate one-dimensional (1D)
theory combined with perturbation theory. In Sec. [L4], I study numerically the
full two-dimensional (2D) problem. The chapter ends with a discussion in Sec.
and the Appendix [Al on the extension of some of the results to the transport of N

ions.
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1.2 Two-ion transport

1.2.1 Harmonic Trap

Let me examine first the transport of two single-charge ions of mass m in an
effectively 1D harmonic trap that moves from 0 to d in a time t;. Let q; and g, be
the coordinates of the two ions with momenta p; and p, and Qy(t) the trajectory of
the trap minimum. The Hamiltonian includes a kinetic term, a harmonic potential,

and an interaction potential due to the Coulomb force,

H = p_% + 17nw2(q1 —Qo)?
27;1 2
+ ;—; + %mw2(q2 — Qo)
C.
+ p—— (1.1)
w/(2m) is the trap frequency and C, = %, where e is the electron charge and

€p the vacuum permittivity. Here and in the following, the time argument of the
trap position will be frequently omitted, i.e., Qo = Qo(t). I set g1 > g, because of
the strong Coulomb repulsion. The wave functions of the ions never superpose, so
we may effectively treat the particles as distinguishable and the symmetrization
of the wave function is not necessary as it will not provide any new physical effect.

This assumption is largely accepted when interpreting current experiments.

Let me now introduce coordinates and momenta, as well as corresponding op-

erators, for center of mass (CM) and relative motion,

1
Q= §(q1+q2); P =p; + po,
(1.2)

1
r= i(ql—cm); P = p1— P2

This gives equal effective masses for relative and CM motions. The generalization

for NV ions, see the Appendix [Al also holds this property. Substituting the new
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coordinates in Eq. (L], the Hamiltonian takes the form

P? 1

H(Q,P,T,p) = 2M+§Mw2(Q_QO)2
2
p 1 2 9 Ce
—+-M — 1.
+2M+2 wr—l—%, (1.3)

where M = 2m is the total mass. The Hamiltonian is the sum of two terms,
H = H., + H,, where each term depends only on one of the pairs’ coordinate-
momentum. We may thus “separate variables” and find time-dependent solutions

of the Schrodinger equation.

The relative part of the Hamiltonian H, does not depend on Qy(t) so the rela-
tive motion is not affected by the transport and will remain unexcited. Thus, we
only need to design a trajectory for which the CM is unexcited at final time. This
may be achieved adiabatically or via shortcuts-to-adiabaticity. The CM Hamilto-
nian, H.,, has the form of a particle of mass M in a harmonic trap, so any of the
shortcut-to-adiabaticy techniques known (using Fast-Forward, optimal control, in-

variants, or their combination [33, 136, 38, 139]) may be applied to find a suitable
Qo(t).

To inverse engineer the trap trajectory making use of invariants, the invariant
is designed first, consistent with a predetermined structure of the Hamiltonian
[33]. The invariant is parametrized by the classical trajectory Q.(t) that satisfies
the classical equation of motion Q. + w?(Q. — Q) = 0 and boundary conditions
Qc(0) = Qc(0) = Qc(0) = Qu(0) = 0; Qclty) = Qulty) = d; Qelty) = Qelty) =
0. They imply the initial and final commutativity between the invariant and
the Hamiltonian, and the stability of the solution when the Hamiltonian remains

constant beyond the boundary times. A simple polynomial interpolation gives [33]

Q. = d (1033 — 15s% + 635) ,
d
Qo = —55 (605 —180s” 4 120s°)
Wty
+ d(10s* — 155" +65°) (1.4)
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where s = t/t;. Each initial eigenstate of H,,,(0) would evolve exactly according

to the “transport mode”
. ¢ MO2 L,
W, (Q, 1) = e B TR, (Q - Q,), (1.5)

where ®,,(z) are the eigenfunctions of the harmonic oscillator and E,, the corre-
sponding energies. At ¢; the modes become again eigenstates of the Hamiltonian
H(tf), but at intermediate times they are in general a superposition of several
eigenstates of H(t). Note that, apart from transport between stationary states, it
is also possible to design launching protocols, in which the system begins at rest
and ends up with a given center-of-mass velocity, and, similarly, stopping protocols

33).

The separability between CM and relative motions is still valid for two ions of
different masses if they oscillate with the same trapping frequency, but it breaks
down if the frequency depends on position (), if the two ions experience different
trapping frequencies, or in presence of anharmonicity. We shall concentrate on

this latter case, as it occurs in all traps and affects neutral atoms as well.

1.2.2 Anharmonic Trap

We now consider an additional quartic potential in the Hamiltonian

2
H = %n + %muﬂ [(a1 — Qo)* + B(a1 — Qo)*]
2
+ ;im + %muﬂ [(Q2 — Qo)* + B(g2 — Qo)ﬂ
Ce.
* 1 —qp’ o

where 3 is a perturbative constant with dimensions [L]72 that sets the “strength”
of the anharmonicity. Nonrigid transport with a time-dependent trap frequency
or time-dependent anharmonicities due to noise or control limitations is clearly of
interest, but I shall only address here rigid transport as a first simpler step before

considering more ambitious goals.
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In terms of CM and relative coordinates we have

P2 1
H = g0+ oM@ — Qo) +5(Q ~ Q)]
p2 1 c
o+ §Mw2(r2 + Brt) + o
BMw?B(Q — Qo)*r®

= H.,+H.+H.. (1.7)

The first two lines of Eq. (7)) may be identified as (perturbed) CM and relative
Hamiltonians, H,., and H,. Unlike the harmonic trap, there is now a coupling
term H,. (third line) that depends both on @ and r so the variables cannot be
separated. No nontrivial invariants are known for this Hamiltonian |46, |47], so in
principle we cannot inverse-engineer the trap trajectory exactly using invariants.
One approximate option is to design it for the unperturbed harmonic oscillator.
An exact alternative is to apply a linear potential to compensate the inertial force

as in [33, 48, 149].

1.2.3 Compensating Force Approach

In this subsection I introduce an additional time-dependent linear term in the
Hamiltonian to compensate for the effect of the trap motion in the trap frame
and avoid final excitations. This generalizes for two ions the results in [33]. The
extension of the compensating force approach to N ions was discussed by Masuda

in 48] using the Fast-Forward approach, and may also be carried out following

the Appendix [Al

Let me first define a unitary transformation [33, 150] that shifts the momentum

and position of the center-of-mass coordinate

U — PQ®)/h,~iMQo(®Q/h (1.8)



Chapter 1. Fast transport of two ions in an anharmonic trap 11

This amounts to charﬁing the reference system from a laboratory frame to the

rest frame of the trap

We first rewrite the Hamiltonian in the lab frame as

2 2

H(Q— QurPp) = o+ P 4 U@~ Qo). (19

where U(Q — Qo,r) can be any arbitrary potential. The equation for the trans-
formed (trap frame) wave function |®) = U|W¥) takes the for

ihOy|®) = Hipap|P)

= Q. P MQ+ QG MGl (110

where Hyop = UHUT +ih(OU)UT. To compensate the inertial term M(Q + Qo)Qo

in the trap frame we may apply, in the laboratory frame, the term

— MQQy, (1.11)

or, equivalently, a force m(), on each particle. To make the term %M Qg dis-
appear, we may perform a further transformation |®'(t)) = U'(t)|P(¢)), with
ut) = ei o 3MQ3A  This is independent of all operators, so that U’ Hy.q,U"
does not modify the Hamiltonian, but iA(OU Ut = —M Qg /2. We finally get

2 2

. / P /
hOy|0) = |50 + S+ U(Qu )| [9), (1.12)

The resulting potential does not depend anymore on time, and any stationary
state in the rest frame of the trap will remain so during transport. This holds for

arbitrary potentials, even if () and r are coupled, as in Eq. (7).

A lower bound for the maximum acceleration of the compensating force is 2d/ tfc
[33]. Since the forces that can be applied are typically limited by experimental

constraints, the compensation is not always easy to implement in practice, if at

L Since P and @ do not commute, alternative orderings are possible but they only change the
Hamiltonian by purely time-dependent terms without physical effect.
2Use efiMQoQ/hPeiMQoQ/h — P4 MQO and eiQoP/thfiQoP/h =Q+ Q.
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all. For this reason, I study in the following alternative strategies. First, I shall
design the trap motion for an unperturbed harmonic potential and analyze the

effect of anharmonicity.

1.3 1D approximation

In this section, I discuss a simple approximation that provides valuable hints,
even in analytical form, on the transport behavior of two ions in presence of
anharmonicities. The idea is to freeze the relative motion coordinate at r = r,,
the minimum of the potential part that depends on r only. Equivalently, we may
consider a single-mode approximation in which relative-motion excitations are
neglected. Neglecting constant terms, the resulting Hamiltonian has the same form
as the one for the frozen relative coordinate, substituting 7. and r? by the average
values (r) and (r?) in the ground relative-motion mode. With my parameters, the
average and minimum values of r are equal up to the third significant number, so

the difference is negligible and I use for simplicity the frozen values.

With this assumption, and adding a constant term without physical effect, the

Hamiltonian (7)) becomes

2
H = J b DM(662 4 1)(Q — QP +AQ - Qo)) (11)

which we may also write as H = Hy + $H;, where H; is a perturbation of the

harmonic Hamiltonian Hg:

Hy = SM6r2(Q ~ Qo) +(Q — Q)] (114
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Let the initial state be |V, (0)). Using time-dependent perturbation theory, the
final wave vector |W(ty)) is given by [33, 44, [51]

[W(ts)) = Un(ty,0)[¥a(0))
_ 5/dtU0 (ty, t)Hy ()W, (t))

- 5 /O dat /0 0t Uo(t 7, £) F (8)Uo (8, ) i ()0, ()
+ 0B, (1.15)

where Uy is the unperturbed propagator for Hy. In terms of the complete set of

transport modes [see Eq. (LH)] it takes the form

= Z W5 (£)) (W5 (#)] (1.16)

To calculate the fidelity F' := [(V,,(t7)|U(¢f))| up to second-order it is useful to
separate the sum into j = n and j # n terms in the second order contribution of
Eq. (ILI5). When computing [(U,,(t;)|¥(¢;)}|?, the square of first-order terms is
canceled by the second-order term with j = n. Thus, the fidelity, up to second

order, may finally be written as

1/2
- (1 —Z|f;},3\2) , (1.17)
J#n
where fj(ln) = _Tzﬁ fotf dt (‘Ilj(t)\Hl(t)PIfn(t)}H Due to the orthogonality properties
of the Hermite polynomials, transitions induced by the quadratic perturbation
will only be nonzero for one- and two-level jumps. Instead, the quartic part of
the perturbation will lead to jumps from one to four levels. The fj(ln) transition
amplitudes can be explicitly calculated so that the second-order fidelity is known
analytically, although the form is too lengthy to be displayed here. Simplified
expressions will be provided later. We compare the fidelity in second order with

the exact, numerical one (using the Split-Operator method) in Fig. [} starting

3Similarly, the final average phonon number is (j) =n+ Y (j — n)| fﬁz 2.
J#n /
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FIGURE 1.1: Fidelity of the anharmonic system vs final time ¢; following
the inverse engineering trajectory using second-order perturbation theory (blue
thick line), 1D dynamics for the initial ground state of the harmonic oscillator
(red dotted line); 1D dynamics for the initial ground state of the perturbed 1D
Hamiltonian (green dashed line); 2D dynamics for the initial ground state of the
2D Hamiltonian (filled triangles). M = 2m = 29.93 x 10~%7 kg corresponding
to YBet ions, w/(27) = 20 kHz, d = 370 ym, r, = 62 pum and 3 = 105 m~2.

both with the ground state of the harmonic trap ®(0) and the exact ground state
of the anharmonic trap. The results are hardly distinguishable. In the numerical
examples I use the parameters in [42] except for a lower trap frequency to enhance
anharmonic effects. The trap trajectory (Qo(t) is chosen as in Eq. (IC4]), using
invariant-based engineering for the unperturbed system with a polynomial ansatz
for Q.. The fidelity oscillates, reaching the maximum value of one at discrete
values of ty. The occurrence of maxima is a generic feature that does not depend
on the specific value of 8 chosen. In the following, I work out a theory to explain

and predict them.

I shall now study the effect of each perturbation separately. The quadratic
perturbation amounts to having designed the trap trajectory with the “wrong”
trap frequency and, as we will see, is the dominant perturbation except for very
short times. The influence of the quartic perturbation was analyzed in [33] but only
with a much less accurate first-order approach. The effect of the two perturbations
is quite different as seen in Fig. [[L2l The quadratic perturbation provides a fidelity

almost identical to that of the total perturbation, reproducing its oscillations and
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FIGURE 1.2: Fidelity vs final time (¢;) for the second-order perturbation the-
ory, indistinguishable from an exact 1D quantum dynamical calculation (the
initial state is the ground state of the perturbed harmonic oscillator) for the
quadratic perturbation (blue thick line) in Eq. (LI4)), and the quartic pertur-
bation (black dashed line) in Eq. (ILI4]). Same parameters as in Fig. [Tl

peak times. The quartic perturbation alone leads to a sudden growth in the fidelity
around a critical time ¢, followed by fidelity 1 for longer final times. To estimate
the behavior of ¢§" with respect to transport and potential parameters we note
that the maximum of |Q.(t) — Qo(t)| is 10d/(w?t33'/?). Comparing the quadratic
and quartic contributions to the potential there, we get

1/441/2
cr Q B

= » (1.18)

Y

where o = 16.5 is adjusted numerically. For the parameters of Fig. this occurs
for shorter times than the one corresponding to the first peak of the quadratic

perturbation so the effect of the quartic perturbation is negligible.

Let me now analyze in more detail the quadratic perturbation alone. It implies
one and two vibrational quanta as mentioned before. If we consider only n — n+1
the results are already very similar to the fidelity in Fig. L2 Since one-level

transitions are dominant we can write down an explicit approximate form for the
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FIGURE 1.3: Iplot Ey/(Ep+ Ee.), where Ej is the ground-state energy for the
1D Hamiltonian and E., is the excitation energy after the transport, for the 1D
quantum evolution (blue solid line), 2D quantum evolution (black triangles),
and a single classical trajectory (green dashed line). Same parameters as in Fig.

LI
fidelity based on them:
Fo +360idBr2e¥2s+\ /2(1 + n) Mh
ntln t?‘wg/Q

t t
X {615,@ cos (%") + (20? — 12) sin (%")} (1.19)

(note the square root scaling with the mass). This amplitude is zero, and the

fidelity one, when

6t sw cos (t%u) + (t3w® — 12)sin <tf7w) =0. (1.20)

There is a [-independent solution for, approximately, every oscillation period.
This result also follows from a simple classical argument: Consider a classical

trajectory @c(t) satisfying

Qe

@2

+Qc — Qolw) =0, (1.21)

where Qo(w) = Qo(t;w) is the trap trajectory calculated as before with w, Eq.
(L), and © = w+/1 + 6872 is an effective trap frequency, shifted with respect to
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w because of the relative-CM coupling [see Eq. ([[I3])]. Its energy for QC(O) =
@6(0) = 0 is given by

Fea(t) = 5 MG, (1) + 5 MB [G(r) - Qo(t)] (1.22)

At time t; we have

7200d2M (w? — &?)?

t}0w4®8

~ ~ 2
x {615]@ cos<tf7w) +(267 - 12) sin(%”” . (1.23)

Eez (tf) =

The condition for a zero is the same as Eq. ([20) substituting w — @. This
leads to a very small displacement (and dependence on ) of the zeros for our
parameters. In Fig. [L3]1 represent Ey/(Ey + E..(tf)) which is indistinguishable
from the curve where the excitation energy is calculated with quantum dynamics.

We may conclude unambiguously that the oscillations are not quantum in nature.

Rather than adjusting the transport time to the discrete set of zeros, a better,
more robust strategy that allows for a continuous set of final times is to design the
trap trajectory taking into account the frequency shift. Changing w — @ in Eq.
(C4)) we get an adjusted trajectory Qo(t; @) for which E,(t;) = 0 by construction
for any ¢;. Similarly, Qo(t; @) gives fidelity one for all ¢; in the 1D model, if only
the quadratic perturbation is considered. In the protocol based on Qo(t; @), the
only disturbance comes from the quartic term that sets the speed limitation given
by Eq. (LI]). Figure [ shows the impressive results of this simple approach. In

practice, @/(27) may be measured as the effective CM-mode frequency.

Higher, more realistic trap frequencies lead to similar results but for a larger
(. Simple estimates of the fidelity or excitation may be drawn from Eqs. (IL19)
or (L22). Figure depicts the classical excitation energy of Eq. (L22) for a
realistic trap frequency and different values of 5 using the (unshifted) w in Qy(t).
Notice that for these large-§ values the times of minimum excitation do change

with /3, and that, for the adjusted trajectory Qo(t; @), Ee.(tf) = 0 as before.
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FIGURE 1.4: Fidelity vs final time t; for adjusted trap trajectories Qo(t;@).
The initial condition is the ground state. 1D: blue solid line; 2D: filled triangles.
Same parameters as in Fig. [[1l

1.4 Full 2D analysis

We have also examined the evolution of the state according to the full two-
dimensional Hamiltonian (7)), without freezing the relative motion, using a 2D
split-operator method to simulate quantum dynamics. The computation is per-
formed in the trap frame to reduce the numerical grid size. Figure [Tl shows that
the quantum fidelities of the 1D model are in very good agreement with the fideli-
ties calculated for 2D dynamics. Figure shows energy ratios for 1D and 2D
calculations. To compare them on equal footing in 2D, the minima of the poten-
tial and the ground-state relative energy are subtracted. Again, the 1D and 2D
quantum calculations are remarkably close to each other. 2D calculations may also
be found in Fig. [L.4l for the transport designed using a shifted frequency. They
confirm the excellent performance of this strategy with respect to the anharmonic

perturbation.
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FIGURE 1.5: Motional excitation vs final time. M = 2m = 29.93 x 10~%7

kg, w/(27) = 2 MHz, d = 370 pum for the three cases and 3 = 6.4 x 10 m~2,

re = 2.807um (solid blue line), 8 = 10° m~2, 7, = 2.883 um (red dashed line),

and B = 10" m~2, r, = 2.764 um (green dotted line). The middle value of 3

(6.4x 10%) is chosen so that at ¢ = 8 us the excitation is similar to the one seen

experimentally in @] The trap trajectory is given by Eq. (L4]). If instead the
adjusted trajectory Qo(t;@) is used, then Ec,(tf) = 0.

1.5 Discussion

For two ions in a harmonic trap, the relative motion is uncoupled to the CM
motion. They may be transported faster than adiabatically treating the center
of mass as a single particle and applying different shortcuts to adiabaticity. For
anharmonic traps, CM and relative motion are coupled. A 1D model for the CM
has been first worked out based on a single relative-motion mode, or, equivalently,
freezing the relative coordinate. The full 2D quantum calculations show excellent
agreement with this model in the parameter range studied. It is possible to achieve
fast and faithful transport for an arbitrary trap shape by compensating for the
inertial force in the trap frame with a linear potential. That may be difficult
in practice so other strategies to get high fidelities have been explored. For a
quartic anharmonicity the effective 1D potential includes a quartic and a quadratic
perturbation. The latter is usually dominant except for very short transport times.
If the trap trajectory is the one designed for the unperturbed (harmonic) trap, the

quartic perturbation alone implies a sharp increase to one of the fidelity, while
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the quadratic perturbation induces (classical) fidelity oscillations with respect to
the final time ¢y. Taking into account the shift in the effective trap frequency
due to the coupling, the trap trajectory is much more robust and the effect of the

quadratic perturbation is canceled.

The extension to transport of different-mass ion chains will be studied in Chap-
ter 2. The results of this chapter and its extension in Appendix [Al were published
in [52], and later used by Pedregosa-Gutiérrez and others in [53] to perform fast

transport of large ion clouds.



Chapter 2

Fast transport of mixed-species

ion chains within a Paul trap

“The key is failing fast and failing cheap.”

Geoff Deane

I investigate the dynamics of mixed-species ion crystals during transport be-
tween spatially distinct locations in a linear Paul trap in the diabatic regime. In a
general mixed-species crystal, all degrees of freedom along the direction of trans-
port are excited by an accelerating well, so unlike the case of same-species ions,
where only the center-of-mass mode is excited, several degrees of freedom have to
be simultaneously controlled by the transport protocol. I design protocols that
lead to low final excitations in the diabatic regime using invariant-based inverse en-
gineering for two different-species ions and also show how to extend this approach
to longer mixed-species ion strings. Fast transport of mixed-species ion strings
can significantly reduce the operation time in certain architectures for scalable

quantum-information processing with trapped ions.

21
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2.1 Introduction

As was mentioned in the previous chapter, a possible scalable architecture for
a quantum processor based on trapped ions implies shuttling of individual or
small groups of ions. In principle, it is permissible to excite the motion of the
ions during transport, as long as all excitations are removed at the end of the
transport [31]. As I will show below, this general approach may lead to transport
durations that are much shorter than what would be possible in an adiabatic
approach. Previous work concentrated on transport of one particle, cold neutral
atom clouds, two ions, or ion clouds [31, 133, 136-143, |52-56]. Here, I extend the
study in Chapter [ by studying the transport of mixed-species ion chains with
initial and final excitations of the motion close to the ground state. The use of
two different ion species allows for sympathetic cooling of the ion motion of one
species without disturbing the quantum information held by the other species [30)].
Another building block utilized in [30, [57] required transport of a four-ion crystal,
where two ions carry the qubit information and the other two are used to cool
the coupled motion of the crystal. I first study the transport of two different-mass
ions, and design protocols to transport them over a distance of 370 um in durations
significantly smaller than 100 s leaving them in a low-energy state of motion. My
approach employs invariant based inverse engineering of shortcuts to adiabaticity
[33, 52]. I then extend these techniques to longer ion chains, and specifically a
four-ion chain. I limit the study to two- and four-ion chains since they are enough
to perform one- and two-qubit gates and therefore to build a universal set of gates

while avoiding the problems inherent to longer chains.

2.2 Invariant-based inverse engineering

The invariant-based inverse-engineering method has proved useful for single-
particle transport [33,140,55], and for several equal mass ions [52]. For one particle

of mass m in 1D the Hamiltonians that belong to the “Lewis-Leach family” [58]
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may be written in terms of a potential U that moves along «(t), and a force F' as

- p2 1 2 2 1 q—a(t)
H = o P+ gm0+ ot | a0,

(2.1)

where p is the momentum, p is a scaling length parameter, and w an angular

frequency. This H has the following dynamical invariant:

1= oy~ ma) ~ mjlg — )]

i (57) <0 (55°)
+ —mw +U , 2.2
> (5 p (2.2)

provided the functions p, a, F' and w satisfy the auxiliary equations

5wt =f§, (2.3
d+wt)a = F(t). (2.4)

:|

For the simple case in which the potential is purely harmonic with constant angu-
lar frequency w(t) = wy, we have U = 0, F(t) = mwiQy(t), where Q(t) is the trap
trajectory; «(t) becomes a classical trajectory satisfying a Newton’s equation for
the moving trap, and the scaling length parameter is p = 1; therefore, the auxil-
iary equation (23] is trivially satisfied. The inverse-engineering strategy imposes
boundary conditions for a at the boundary times ¢, = {0, ¢}, where the transport
starts at ¢ = 0 and ends at ¢t = ¢;. With «(0) = &(t,) = 0, and a(ty) = d, the
static asymptotic Hamiltonians [H (¢ < 0) and H(t > ty)] and the invariant com-
mute at the initial and final times. In this manner, the eigenstates of the initial
trap are transported (mapped) via the dynamical modes of the invariant up to the
eigenstates of the final trap. In addition, é(t,) = 0 is usually imposed to provide a
continuous trap trajectory at the boundary times. Then «(t) is interpolated and,
by substituting «(t) into Eq. (24]), we may solve for the trap trajectory Qo(t). In
general, the evolution is diabatic, with transient excitations but no final excitation

by construction.
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2.3 Dynamical normal-mode coordinates

The goal is to transport a chain of ions with different mass between two sites
separated by a distance d in a time t; without final motional excitation. I assume
tight radial confinement so that the transport dynamics of each ion is effectively
one-dimensional, and also that the external trap potential is harmonic. I label
the ions as 2 = 1,2, ..., N. They have position coordinates ¢, gs, ..., gy and masses
mi,ma,...my. With the position of the minimum of the external potential Qg =

Qo(t), the Hamiltonian is

p? N o N-1 N C
H=) 5ot gula—Q)+3 3 —— (2:5)
= 2mi 2 — G
=1 =1 =1 j=i+1
where ug is the spring constant of the external trap, and C,. = i, with €y the

4meq

vacuum permittivity and e the electric charge of an electron. For later use let us

also define the potential V = H — Ziil ;ﬁ -. I assume that all ions have the same
charge e, and that their locations obey ¢; > ¢ > - -+ > qn, with negligible overlap
of probability densities due to the strong Coulomb repulsion. For equal masses
[52], the dynamics for the center of mass and relative motion are uncoupled. The
motion of the trap only affects the center of mass, whose dynamics is governed by a
Lewis-Leach Hamiltonian (Z]), so that transport without final excitation may be
designed as described for a single particle. However, for ions with different masses,
center of mass and relative motions are coupled. To cope with this coupling I apply
a dynamical normal mode approach that approximately separates the Hamiltonian
into a sum of independent harmonic oscillators. The equilibrium positions {qz-(o)},

are found by solving the system {0V/dg; = 0} for all ions. For N = 2 the

equilibrium positions are

q§0) = QO + x0/27

& = Qo —x0/2, (2.6)
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where

=2 (o )/ (2.7)

4UO

Diagonalizing V;; = — 0V S0y We get the eigenvalues

Vi 0q;0q; ‘{qi,qj}={q§0), ;

1 I 1
Agmﬁk+—iﬂ1——+7y (2.8)
I fo

where w; = (uo/m1)"/?, and p = my/my, with g > 1. These eigenvalues are

related to the normal-mode angular frequencies by

Qs = /s (2.9)

a
The eigenvectors are vy = * , where
bs
1/2
1
“o= 1 1, 1\’ ’
1+ (1-1- 114 L) g
1 1 1
= (LT )
! < " e ) Ve
1/2
1
a_ = ,
1+ (1-14, 11+ )y
1 1 1
b = <1———|— 1——+—) Ha_. (2.10)
I oo Vi

A+ = apy/my <QI_QO_%>+6+\/M—WLI <Q2—Qo+%> ;
q- = a_y/my <Q1—Qo—%>+b_\/,u—m1 <Q2—Qo+%> ;
(2.11)
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and the inverse transformations are

1 Zo
= b_qr —biq )+ Qo+ —
q1 o ( q+ +9 ) 0 57
= 1 (— + ) + Qo — o (2 12)
= a_ A, q_ . .
q2 \/,u—ml q+ +q 0 5

Unlike the usual treatments for static traps |[59], one has to consider explicitly the
time dependence of the parameter Qy(¢) when writing down the Hamiltonian in

the new coordinates. I apply the change-of-variables unitary operator

U= /dq+dq_dq1dqz\q+,q-)(q+,q—|q1,q2><q1,q2|, (2.13)

where the transformation matrix is

(94,9-lq1,q2) = 01 — q1(a+,9-)]0[g2 — q2(a4,9-)].

The Hamiltonian in the new frame is H' = UHUT —ihU (8,UT), and the wavefunc-
tion |¢') = Uly). For the part UHUT, 1 substitute the definitions [ZI2) in the
Hamiltonian (ZH) for N = 2. For the noninertial term, —ihU (9,U"), I apply the
chain rule in Eq. (ZI2) and Eq. (2I1]). Keeping only terms up to the harmonic
approximation,

L p>

1 1
UHU' = “q) + =+ 079
5 o+ 5+ 52,

—ihU(0U) = —Porpy — Pop-, (2.14)
where p+ are momenta conjugate to q4, and

P():t = Qo(\/ﬁai + \/,u—mlbi) (215)

The linear-in-momentum terms are cumbersome for a numerical or analytical
treatment, so I apply a further transformation to the frame moving with the
center of the trap and remove them formally [60]. The wave function is trans-
formed as [¢)") = U|Y'), whereas the corresponding Hamiltonian takes the form

H" = UH'U' + ih(0U)UT. T choose U = e~ iFo+a++F-a-)/h 4 ghift the momenta,
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so that each mode Hamiltonian in

9 2
p 1 Poy
H// — M4 =+ —Q2 q +
2 2 T\ 2
. 2
p 1, Py

belongs to the Lewis-Leach family.

2.4 Inverse engineering for two modes

The invariants corresponding to the Hamiltonians in Eq. (2I6) are known and
the trajectory can be designed to avoid excitations. I also impose Qq(t,)(0) = 0
so that [¢"(0)) = [¢'(0)) and |¢"(ts)) = |¢'(ts)). Primed and double-primed wave
functions are related to each other by the unitary transformation in such a way

that their initial and final states coincide. The auxiliary equations analogous to

Eq. (Z4) for the modes in Eq. (2I0]) are
da + Qlas = —Pou, (2.17)

where the a4 are the centers of invariant-mode wave functions in the doubly-
primed space [33]. Now, one can design these ai functions to get unexcited
modes after the transport, and from them inverse engineer Py, . I set the boundary

conditions

Oéi(tb) = di(tb) = di(tb) =0. (218)

Substituting these conditions into Eq. (ZI7]), we find Qo(tb) = 0 for both modes.
To satisfy all the conditions in Eq. (217, I tried a polynomial ansatz Qo (¢; {a,}) =
23:0 ant™. 1 fixed ap_5 as functions of ag_g so that Qy(0) = 0, Qo(ts) = d,
Qo(ty) = Qo(ty) = 0. T then select the solutions o in Eq. (ZIT) that satisfy
a(ty) = 0, which implies @ (t,) = 0, since Po,i(tb) = 0 in Eq. (2I7). The four

parameters ag_g are calculated numerically for each ¢y by solving the system of

four equations d () = 0. Figure2dlshows that, for the approximate Hamiltonian
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FIGURE 2.1: Motional excitation quanta vs. transport duration ¢y for the two
ions, transported over d = 370 pm using the exact Hamiltonian. The external
potential minimum moves according to the nonic polynomial Qq(¢; {a,}) set to
satisfy Eq. ([2I7)) (green dots); the polynomial ansatz trajectory Qo(t; {b,}), Eq.
([220)), (solid blue line); and the cosine ansatz trajectory Qo(t; {c,}), Eq. (2.21)),
(dashed red line). The excitation for the nonic polynomial trajectory Qo (t; {an})
using the uncoupled Hamiltonian (2.I6]) is also shown (black symbols). The
parameters used are w;/(2m) = 2 MHz, masses of “Bet for the first ion and
24Mgt for the second. Both ions are initially in the motional ground state.

with two uncoupled modes, the final excitation vanishes (see the black symbols
horizontal line). However, the higher-order terms in the actual Hamiltonian modify

and couple the modes, exciting the system at short transport times (green dots in
Fig. 2.1)).

The approach I have just described requires a numerical evaluation of the coef-
ficients to find Qo(t; {an(ts)}) for each t;. Therefore, I considered a different ap-
proximation that yields an analytical solution Qo(t) with Qo(0) = 0, Qo(ts) = d,
and Qo(tb) = Qo(tb) = 0. The resulting Qy(t) leads to a similar level of final excita-
tion when inserted into the full Hamiltonian as the more accurate approach. I first

rewrite the Hamiltonian (2.5) in the center of mass, Q@ = (mq/M)q + (ma/M)gs,
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and relative, r = ¢; — ¢a, coordinates, with M = m; + my,

P2 o1
H = — M
M T2 wHQ — Qo)
2
p 1 2,2 %
+ o, + 2mrwrr +
Mo — m
+ 22 ~w(Q — Qo)r, (2.19)

where m, = mimy/M, w? = 2ug/M, w? = (m? + m3)/(2myms)w?, and P is the
total momentum. Neglecting the coupling term in (ZI9), one can construct trap
trajectories that leave the center of mass unexcited. Rewriting a = Q., I first
design Q. and then obtain @y from Eq. (24]). The four boundary conditions
Qo(ty) = Qo(ty) = 0 are consistent with QY (tp) = QW (ty) = 0 along with the
conditions Q.(0) = 0, Q.(ty) = d, Qc(tb) = Qc(tb) = 0. I assume a polynomial
ansatz Q.(t) = d 3 _, b,s" that satisfies all conditions and obtain Q(t) from Eq.

2.4),

9

d - n—2 n
Qo(t) = W ; byn(n —1)s"* + dz by s™, (2.20)

n=0
where s = t/ty and {bo,...,by} = {0,0,0,0,0,126,—420, 540, —315, 70} for all val-
ues of ty. An alternative ansatz with a sum of Fourier cosines also leads to ana-

lytical expressions:

a0 - dfer o5}

ty
3
B (2n — )7t
Qo(t) = 256w2tfe Z 2(2n — 1)% cos [ >
i=1
d (2n — 1)t
+ 256 {co + ;cn cos {T] } : (2.21)

where {co, ...,c3} = {128,—150,25, —3}. The resulting trap trajectories (2.20),
(Z21)) are simple and explicit and lead to small excitations in a similar range of
parameters as the approach based on normal modes. Some example trajectories

for different transport durations are shown in Fig. 2.2
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t/tf

FIGURE 2.2: Trap trajectories given by Qo(t;{a,}) (dashed black line), Eq.

[220)) (solid blue line), and Eq. (221]) (dotted red line) for different final times:

(a) ty =2m/wi, (b) t; =10 x 27 /wy; w1 /(27) = 2 MHz, masses of “Be™ for the
first ion and ?*Mg* for the second, d = 370 pm.

2.5 Four and N ions

I extend now the normal-mode approach to N-ion chains, with dynamical nor-

mal mode coordinates
N
q, = Z al/j\/ mj(Qj - 5](0) - QO)? (222)
j=1

and corresponding momenta p,, where the equilibrium points with respect to the

trap center, 5](-0), are in general found numerically. Generalizing Eq. (2I6) to N
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ions one finds the uncoupled normal-mode Hamiltonian

v=1 v=1

N p> N B ’
v Ov

where Py, = Qq > i a,,jm;/ 2, and €2, is the angular frequency of the vth normal
mode. The auxiliary equations that have to be satisfied for all v simultaneously
are

&, + Q2 = =Py, (2.24)

Further imposing, in analogy to Eq. (ZI7), a,(ty) = du(t) = @, (tp) = 0 implies
Qol(ty) = Qo(tb) = 0, exactly as for N = 2. Thus, one may construct approximate
trap trajectories that are in fact identical in form to the ones for N = 2 in Egs.
Z20) or Z21), but with w = \/Nug/M. T found that the final excitations for
a four-ion Be-Mg-Mg-Be chain (see blue solid line in Fig. 23)), are very similar
to those for Be-Mg shown in Fig. X1l One can improve the results even further
by treating w as a variational free parameter. The dashed red line in Fig. 2.3
shows the final excitation for w = 0.983+/4uo/M. The calculations for the four-
ion chain are performed with classical trajectories for the ions, initially at rest
in their equilibrium positions. The corresponding quantum calculation is very
demanding, but it is not expected to deviate significantly from the classical result
[52] in the nearly harmonic regime considered here. For transporting longer ion
chains longer final times will be needed, as more nonharmonic terms and coupling

term would be neglected in the normal-mode approximation.

2.6 Discussion

The approximate approaches I have implemented to transport ions of differ-
ent mass without final excitation may be compared with other approaches: the
“compensating force approach” [33,139], the transport based on a linear-in-time

displacement of the trap, or a more refined error-function trajectory [27)].
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FIGURE 2.3: Final excitation energy for a Be-Mg-Mg-Be chain transported

over d = 370 pum using the external potential minimum trajectory in Eq. (16)

with w = /4ug/M (blue solid line) and with w = 0.983/4ug/M (dashed red

line). The calculation is based on classical equations of motion with the ions at
rest in their equilibrium positions at ¢ = 0.

Let us first discuss the “compensating force approach” [33,139]. The idea be-
hind is that the acceleration of the trap induces in the trap frame a noninertial
Hamiltonian term MQQ,(t), M being the total mass of the ion chain and Q the
center-of-mass coordinate, that may be exactly compensated by applying a time-
dependent term Heom = —MQQy(t). This has been discussed for N equal masses
148,152, 161] but the result holds for an arbitrary collection of masses in an arbitrary
external potential under rigid transport by noticing that the total potential must
be of the form V(Q) — Qo; {r;}), where {r;} represents a set of relative coordinates.
The decomposition of Heop into terms for each ion, Hegm = — ), miquO, implies
that ions of different mass should be subjected to different forces. However, the
available technology in linear Paul traps provides forces proportional to the charge
(equal for all equally-charged ions), so the compensation is a formal result without

a feasible experimental counterpart.

As for the linear displacement of the trap, Qo(t) = td/t; in [0,t], and at rest
otherwise, we have performed numerical calculations of the final excitation energy
for different values of ¢; and the two ions considered in Sec. 2.3l The excitation

oscillates rapidly, see Fig. 24l (a), and the upper envelope reaches 0.1 vibrational
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FIGURE 2.4: Excitation energy vs. final time for (a) a linear-in-time transport

of two ions, Qo(t) = td/ty and (b) the trap trajectory designed in Eq. (Z20),

(blue-solid line) and an “error function” trap trajectory, Eq. (2Z25) (black-

dashed). We find optimal results for 0 = 107%s. Other parameters as in Fig.
1.

quanta of ion 1 for times as large as 9.5 ms. The first excitation minimum with
significant excitation reduction is around 99 us, see Fig. 24 (a). Excitation
minima occur for each mode v as zeroes of the Fourier transform of Qg at €,
[27,137, 142]. For a linear-in-time trap displacement this occurs every mode period.
99 us is a time when the transform of both modes vanishes. This excitation
minimum, however, is very unstable with respect to small timing errors. In any

case, it is about twenty times larger than the times achieved in Sec. 2.3l
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Finally, I compare the performance of my protocol in Eq. (2.20) with an error-

function trajectory [27]. Imposing a Gaussian form on the velocity Qo gives

gt (;ﬁgj)

2 erf( Y

Qult) =
)

+ -, (2.25)

N QL

where o is the width of the Gaussian. In Fig. 24 (b) I optimize o and compare
the excitation for this trajectory with the one in Eq. (Z20). The error-function
trajectory is clearly a good design, but still, the protocol developed in this chapter

outperforms it by a factor of 2.

In summary, I have described protocols for diabatic transport of mixed-species
chains of ions that displace the minimum of a harmonic external potential along
prescribed trajectories. My protocols should allow for diabatic transport over dis-
tances and durations that are relevant for quantum information processing with
minimal final excitation of the ion crystals. In past experiments on scalable quan-
tum information processing, adiabatic transport of mixed-species ion chains has
been one of the most time-consuming processes [30]; therefore, the approaches
described might lead to considerable practical improvements. This work may be
extended in several directions, e.g., to include noise, parameter drifts (as was done
in [62]) and anharmonicities [36, 40, [52], or to optimize the trap trajectories ac-
cording to different criteria [40]. The results of this chapter were published in [63].
Later, in [62], the two ion transport was designed when considering errors in the

frequency or trap position.
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Fast phase gates with trapped

ions

“I think that’s the single best piece of advice: con-
stantly think about how you could be doing things

better and questioning yourself.”

Elon Musk

I implement faster-than-adiabatic two-qubit phase gates using smooth state-
dependent forces. The forces are designed to leave no final motional excitation,
independently of the initial motional state in the harmonic, small-oscillations limit.
They are simple, explicit functions of time and the desired logical phase of the gate,
and are based on quadratic invariants of motion and Lewis-Riesenfeld phases of

the normal modes.

35
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3.1 Introduction

Realizing the full potential of quantum information processing requires a sus-
tained effort to achieve scalability, and to make basic dynamical or logical opera-
tions faster, more accurate and reliable under perturbations. Two-qubit gates are
crucial building blocks in any scheme of universal quantum computing and have
received much attention. An important step forward was the theoretical proposal
of geometric gates with reduced sensitivity to the vibrational quantum numbers
[64-67], with the first experimental realization in |68]. Soon after, Leibfried et al.

[69] demonstrated a phase gate of the form

[0 = [0, ) = [,
[T =i ), [0 =l 41), (3.1)

with two trapped ions of the same species subjected to state-dependent forces,
where each spin-up/down arrow represents an eigenstate of the o.-operator for
one of the ion qubits. Generalizations of this gate with the potential of reduced
gate times were discussed by Garcia-Ripoll et al. 70, [71], and in [72]. The gate
mechanism satisfies a number of desirable properties: it is insensitive to the initial
motional state of the ions, at least in the small-oscillations regime, where the
motion is inside the Lamb-Dicke regime and the nonlinearities of the Coulomb
coupling are negligible; it depends on “geometric” properties of the dynamics
(phase-space areas), which makes it resistant to certain errors; it allows for close
distances, and thus strong interactions among the ions; and, finally, it may in
principle be driven in short, faster-than-adiabatic times. The forces designed to
make the ions return to their initial motional state in a rotating frame of phase-
space coordinates [66, 67|, are different for different qubit state configurations,
leading to qubit-state dependent motional trajectories that produce a differential
phase. Pulsed forces with abrupt kicks were designed [72-75], and also smooth
force evolutions that vanish but have nonvanishing derivatives at boundary times
[71], but in practice no force patterns with infinite derivatives are possible and

smooth envelopes are desirable to minimize experimental errors.
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In this chapter, I revisit the phase gates and tackle the design of smooth forces
as an inverse problem, via Lewis-Riesenfeld invariants [76]. This provides a more
general time dependence than previous proposals to achieve faster than adiabatic
operations. Hereafter, forces are assumed to be induced by off-resonant lasers that
do not change the internal states. However, the basic ideas should be applicable
to Mglmer and Sgrensen type gates that flip the qubit spins during gates as Wel
[77]. Specifically, T design forces to implement the operation

| 1) = €20V 19), [ 1)) = W] 1),
[ 1) = P, [41) = 0D 1), (3.2)

such that A¢p = ¢(1)) + o(11) — ¢(11) — ¢(ld) = £, where the qubits could

be realized with two different species, which may have practical importance to
scale up quantum information processing with trapped ions [78]. Gates of the
form (32) are computationally equivalent, up to single-qubit z—rotations to the
standard phase gate diag[l, 1,1, —1] written in the basis {| 1), T4),| 1), | {4}
[79].

My analysis demonstrates that invariant-based inverse Hamiltonian design is
not limited to population control, and may be adjusted for phase control as
Wel. It was known that the phase of a given mode of the invariant (a time-
dependent eigenstate of the invariant which is also a solution of the time-dependent
Schrédinger equation) could be controlled [32], but the fact that “global phases”,
for a given internal state configuration, of arbitrary motional states can be con-
trolled as well in a simple way had been overlooked. This is interesting for applying
shortcuts to adiabaticity [31] in quantum information processing. In particular,
I will derive ready-to-use, explicit expressions for the state-dependent forces, and
may benefit from the design freedom offered by the invariant-based method to

satisfy further optimization criteria.

!The Mglmer & Sgrensen gate [64,67] can be mathematically described in the same language,
replacing the eigenvectors of o, | 1) and | |), by the eigenvectors of o, |[+) and |—). This allows
for an interchange of methods among the gate [3.2]) and the Mglmer & Sgrensen gate.

2In all other chapters of this Thesis, I am only worried about conserving populations of each
eigenstate at the end of the studied process, only in this chapter will the phases be controlled to
get a predetermined value at the end of the process.
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To evaluate the actual performance of the phase gate at short times I have
to compute fidelities, excitation energies, and/or their scaling behavior, according
to the dynamics implied by the Hamiltonian including the anharmonicity of the
Coulomb repulsion. This is important, as inversion protocols that work near per-
fectly in the small-oscillations regime, fail for the large amplitudes of ion motion
that occur in fast gates, and only a rough estimate of the domain of validity could
be found in [71]. Here, I have numerically checked the validity of the phase gate up
to gate times less than one oscillation period without assuming the approximations
used in the small-amplitude regime. An additional perturbing effect with respect
to an idealized limit of homogeneous spin-dependent forces is the position depen-
dence of the forces induced by optical beams. This may be serious at the large
motional amplitudes required for short gate times, when the ion motion ampli-
tude becomes comparable to the optical wavelength as I illustrate with numerical

examples.

The analytical theory for small oscillations is worked out in Secs. B.2] and
B4l Then, I consider in Sec. two ions of the same species, which implies some
simplifications, and a physical constraint, namely, equal forces on both ions if they
are in the same internal state, and make the additional assumption that the force is
equal and opposite in the other state (more general forces are treated in Appendix
B)). T also consider a more complete Hamiltonian including the anharmonicity of the
Coulomb force and the spatial dependence of the light fields to find numerically the
deviations with respect to ideal results within the small oscillations approximation.
Finally, in Sec. B.6, I consider phase gates between ions of different species. The
appendices present: generalizations of the results for arbitrary proportionalities
between the state-dependent forces (Appendix [Bl), alternative useful expressions
for the phases (Appendix [C]), an analysis to determine the worst possible fidelities
(Appendix[Dl), the calculation of the width of the position of one ion in the two-ion
ground state (Appendix [E]), and alternative inversion protocols (Appendix [F).
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3.2 The model

Consider two ions of charge e, masses my, mo, and coordinates x1, xo, trapped
within the same, radially-tight, effectively one-dimensional (1D) trap. I assume
the position z; of “ion 17 to fulfill z; < z5 at all times due to Coulomb repulsion,
with x5 the position of “ion 2”. Qubits may be encoded for each ion in two internal
levels corresponding to “spin up” (| 1)) eigenstate of o,, with eigenvalue o7 = 1,
and “spin down” eigenstate (| |)), with eigenvalue o7 = —1, ¢ = 1,2. Off-resonant
lasers induce state-dependent forces that are assumed first to be homogeneous
over the extent of the motional state (Lamb-Dicke approximation). Later in the
chapter, I shall analyze the effect of more realistic position-dependent light fields
when the Lamb-Dicke condition is not satisfied. For a given spin configuration,

™, 3, T4, or |1, the Hamiltonian can be written as

p% 1 2
H = 2—ml + §u0x1 + Fi(t;07)r
p% 1 2
+ 2—7712 + §U0£E2 + Fg(t; 0'5)332
C.
+ — F, (3.3)
To — I

e2

Tees U0 = miw? = mew?, and € is the vacuum permittivity. A

where C, =

constant Fj is added for convenience so that the minimum of

1 2 1 2 CC
V= 5@601‘1 + 5”01‘2 + Ty — 11

— E, (3.4)

is at zero energy when z; and z, assume their equilibrium positions. The laser-
induced, state-dependent forces may be independent for different ions as they may
be implemented by different lasers on different transitions. For equal-mass ions,
the same lasers, and equal and opposite forces on the qubit eigenstates, they may
simplify to F; = o7F(t). In principle, the proportionality between the force for
the up and the down state could be different, but, as shown in the Appendix Bl
the forces for a general proportionality can be related by a simple scaling to the

ones found for the symmetric case F; = o7 F(t).
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One can determine normal modes for the zeroth order Hamiltonian

2 2

P1 P3
= — 4+ =4V 3.9
HO 2m1 + ng + ( )

The equilibrium positions of both ions under the potential V are

0) s/ Ce © 5/ Ce
= — =4/ — 3.6
331 4u0> 332 4u0> ( )

with equilibrium distance xy = :Ego) — x&o), which yields Ey = 3ugz?/4.

;32_‘/‘ © _©
mimy 0x;0x; {xivxj}Z{Ii 5 %

that describes the restoring forces for small oscillations around the equilibrium po-

Diagonalizing the mass-scaled curvature matrix V;; =

sitions, we get the eigenvalues
1 1 1
)\i:wf{l—i-—i 1——+—], (3.7)

1/2

where w; = (ug/mq)"? and p = my/my, with g > 1. The normal-mode angular

frequencies are

Q= /s, (3.8)

a
and the orthonormal eigenvectors take the form vy = * , where
bs
1/2
1
a4 = 2 )
1 1, 1
(115, -1 %) s

fulfill

al +i = 1,
aya_+brb_ = 0,

a+b_ — Cl_b+ = 1. (310)
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The mass-weighted, normal-mode coordinates are

xp = apy/mi(z — o) + by (e — ),
x_ = a_/mqi(z — x§°>) + b_/pmy(xg — a:go)), (3.11)

and the inverse transformation to the original position coordinates is

1 iy
= boxy —bix_)— —
21 m1( x4 —byx_) 5
1 Zo
= —a_ )+ = 3.12
Ty #ml( ax++a+x)+2 (3.12)

Finally, the Hamiltonian (33), neglecting higher-order anharmonic terms, and

using conjugate “momenta” py = —ihd/ BXiH takes the form
H = Hyy + f(t), (3.13)
where

Hyy = Hy+H_,

pL 1
Hy = 7+§Qix2¢—fixi,
- x
f = ?O(FQ_F1>7
Fib F
folt) = FE2+2E (3.14)

F .
vallst \/ HM

The function f depends on time and on the internal states that will determine the
forces. By restricting the calculation to a given spin configuration, the dynamics
may be worked out in terms of Hyy, alone, ih0Yny /Ot = Hyptdny, and the
wave function that evolves with H in Eq. (FI3) is e~/"Jo @ f4py ). Purely time-
dependent terms in the Hamiltonian are usually ignored as they imply global
phases. In the phase-gate scenario, however, they are not really global, since
they depend on the spin configuration. As the spin configuration may be changed

after applying the phase gate, e.g. by resonant interactions, they may lead to

3The dimensions of the mass weighted coordinates are length times square root of mass,
mkg'/?, while the dimensions of the conjugate momenta are kg'/?m/s.
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observable interference effects and, in general, cannot be ignored. However, in
the particular gate operation studied later, the extra phase vanishes at the final
time t¢, so I shall focus on the dynamics and phases generated by the Hamiltonian
H s, which represents two independent forced harmonic oscillators with constant
frequencies. We can now apply Lewis-Riesenfeld theory [76] in an inverse way [31]:
The desired dynamics are designed first, and from the corresponding invariant, the
time-dependent functions in the Hamiltonian are inferred [33]. Note that in the
inverse problem, the oscillators are “coupled”, as only one physical set of forces
that will act on both normal modes of the uncoupled system must be designed

l63).

3.3 One mode

In this section I consider just one mode, and drop the subscripts £+ to make
the treatment applicable to both modes. The goal is to find expressions for the
corresponding invariants, dynamics, and phases. The Hamiltonian describing a

harmonic oscillator with mass-weighted position and momentum is written as

H = Hy+V, (3.15)
P* Ll
Vo= —f(t)r. (3.17)

It is possible to find a dynamical invariant of H solving the equation

ar oI 1 B
= Tl HI=0. (3.18)

For a moving harmonic oscillator, a simple way to find an invariant is to assume
a quadratic (in position and momentum) ansatz with parameters that may be
determined by inserting the ansatz in Eq. ([B.I8]). This leads to the invariant

I(t) = %(p —9)°+ 392(56 - (3.19)
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where the dot means “time derivative”, and the function y(¢) must satisfy the

differential (Newton) equation
i+ Oy =, (3.20)

so it can be interpreted as a “classical trajectory” (with dimensions kg/?m) in

the forced harmonic potential [33].

This invariant is Hermitian, and has a complete set of eigenstates. Solving

I(t)n(t) = Anthn(), (3.21)

we get the time-independent eigenvalues

An = hQ) (% + n) , (3.22)

and the time-dependent eigenvectors
Un(z,t) = e, (x — y) (3.23)
where ¢, (x) are the nth eigenvectors of the stationary oscillator,

Q 1/4 — Qa2 Q
o (@) ().

and the H,, are Hermite polynomials. The Lewis-Riesenfeld phases 6,, must satisfy

dao,
= (o

0
i~ H' ¢n> , (3.25)

so that the wavefunction (B.28)) is indeed a solution of the time-dependent Schrodinger
equation. Using Eq. ([3:23), they are given by

1 t
o) = — /O 4t (O + 32/2 — Q2y2/2)

= —(n+1/2)Qt — G(b), (3.26)
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where

Glt) = % /0 dt (52 — O%?). (3.27)

Finally, the solution of the Schrodinger equation for the Hamiltonian H can be

stated in terms of the eigenstate and Lewis-Riesenfeld phases of the invariant as

Y(x,t) = chew"(t)wn(x,t). (3.28)

In the following, I consider that f is such that there are particular solutions

y = o of Eq. (320) that satisfy at the boundary times ¢, = 0,t; the boundary
conditions

a(ty) = a(ty) = 0. (3.29)

(£)

They guarantee that all states W, (x,t) = e ), (x,t) end up at the original
positions and at rest,

U, (x,ty) = eontg, (2). (3.30)

In other words, each initial eigenstate of the Hamiltonian is driven along a path
that returns to the initial state with an added path-dependent phase. Moreover,
I assume that the force vanishes at the boundary times t, = 0,%s, f(t,) = 0, and,
therefore, from Eq. (3:20),

a(0) = a(ty) = 0. (3.31)

Integrating by parts and using Eq. (B.20) as well as the boundary conditions

a(ty) = 0, the phase factor common to all n takes the form

o(t;) = —G(t) = % /0 at fa. (3.32)

As the phases a,(tf) in Eq. (3:20]) have an extra n-dependent term, an arbitrary
motional state ¢(t) that superposes different n-components does not generally
return to the same initial projective ray. To remedy this, it is useful to consider a

rotating frame, i.e., I define ¢;(t) = e'Hot/")(t), so that

Uy(ty) = ey (0), (3.33)
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with total phase —G(ts) for an arbitrary motional state. To decompose this phase

into dynamical and geometric phases, I first note that

9
; % — Vir, (3.34)

where V; = — fetfot/hyge=iHot/h  The dynamical phase is

b = =3 [ OV 0)

_ _% / "tV O[(0))

_ % /0 "t () (2(8). (3.35)

The expectation value of = corresponds to a classical trajectory, i.e., to a solution
of Eq. ([B.20), but not necessarily the one corresponding to «. To describe a

general trajectory, it is useful to define dimensionless positions and momenta as

[ Q /1
Y = ﬁ?h P = %—QP, (3.36)

(similarly for other coordinates such as x or «) as well as complex-plane combina-

tions z =Y +iP.

The general solution of the position and momentum of a classical particle, or
the corresponding expectation values for any quantum state, is compactly given

in complex form as

_ 6—iQt P 4 ‘ TeiQT
at) = {50+ oo [ares)

= Z+ 2, (3.37)

where
Z o= e "2(0), (3.38)
= 2 +1 L (3.39)
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and yo is a particular solution satisfying yo(0) = 1o(0) = 0. For an f such that
yo(t) = «(t), and thus zy = z,, the boundary conditions at ¢; are satisfied as well
in the particular solution [see Eq. (3:29)]. By separating into real and imaginary

parts, it can be seen that

1 ~0dm(2,2%)
%e(z)\/mf = 5 , (3.40)
so that
/ " @t Re(2)f =0, (3.41)
0

since z,(tp) = 0. With these results, I rewrite Eq. ([8.35]) as

I 2h I
Gq = i_i/o dt oz—l-\/%?)?e(é)] f= ﬁ/o dtfa. (3.42)

Therefore, the geometric phase ¢, is minus the total phase,

1 [
P9 =0—ba=—57 i dtfa = —¢. (3.43)

It is interesting to use the phase-space trajectory in the rotating frame z, =

ez, = X, +iP, to write L;) = /5 Re(zy) = 29m(%Lr2;) = 4dA/dt, where dA

is the differential of area swept in the rotating-phase space, dA/dt = 2rdx _ PrdX.

Thus, Eq. ([8.35) becomes

¢ = 4A. (3.44)

Consequently, ¢, = —2.4, and ¢ = 2.A. The area is equal for all trajectories [values
of z4(0)] due to Eq. (3:41)), so it may be calculated using z,(0) = 0, i.e., the simple
particular solution z, = z,. Equations (3.43)) or (B.44)) are known results [71], but
they are relevant for my work, so I have rederived them without using coherent
states or a concatenation of displacement operators |[69]. This is convenient when

expressing the wave function directly as a superposition in an orthonormal basis.
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3.4 Invariant-based inverse Hamiltonian design

The results of the previous section may now be combined to inverse engineer
the force. The Hamiltonian Hy,; involves the two modes so that superscripts or
subscripts have to be added to the functions of the previous section to denote the

mode.

I assume that forces vanish at the boundary times ¢, = 0,tf, Fi(ty) = Fa(ty) = 0,
and thus, fi(t,) = 0. In the rotating frame, ¢;(t) = exmt/Mapy 1/ (1), where

pi 1
HY = =402, (3.45)
2 2
so that
Yr(ty) = e‘i[G—(tf”G*(tfﬂwI(O). (3.46)

Thus, the phase we are interested in for a given configuration is

o(ty) = —[Gi(ty) +G-(ty)]
= [ ezt ez
I
= ﬁ/o dt'(fraq + f-a-), (3.47)

see an alternative double-integral expression in Appendix [Cl The inverse strategy
is to design the a4 consistently with the boundary conditions, leaving free param-
eters that are fixed to produce the desired phase. The following section shows this

in detail for equal masses.

3.5 Equal mass ions

For two equal-mass ions, m = m; = mg, W = wy; = Wy, ay = —by = a_ =

b_ =1/v/2, Q_ = w (center-of-mass mode), and €2, = /3w (stretch mode). This
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implies [see Eq. (B.14])] that
4R -FR

V2m
and Fy and F, are defined as F; = o7 F(t) (see the general case in Appendix [B]),

fx (3.48)

so that the following values are found

f+(P) = f—(A):O,
f-(11) = fo(1d) = —2F/V2m,
() = fo(11) =2F/vV2m, (3.49)

where P stands for parallel spins, and A for antiparallel ones. If both ions have
the same spin, then f, (P) = 0 and no stretch is induced, but the center-of-mass

(—) mode is transiently excited. In that case, oy (P) = 0 and

a-(11) = —a- (1), (3.50)

according to Egs. (B:20) and the established boundary conditions. For opposite
spins a_(A) = 0, and only the stretch (4+) mode is transiently excited. In that

case

ay () = —ay (J1). (3.51)
The phase (3.47)) takes two possible forms,

op) = ¢ [ o in),

o) = 4 [ ar—=at (3.52)

To inverse engineer the phase, I use the ansatz for o, (1)) as a sum of Fourier

cosines, with enough parameters to satisfy all boundary conditions,

_213;:;£XEE} . (3.53)

4
a+(TJ/;t):a0+ZaiCOS|:( .
n=1 f

This is an odd function of (¢t — ¢;/2), which implies that &, (1l;t), and thus

fr(1d;t), are odd functions too with respect to the middle time of the process
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FIGURE 3.1: F(t) for two “Be™ ions in a trap with frequency w/2m = 2 MHz.

ty = 0.5 ps (solid blue line), ty = 0.8 us (dotted black line), and ¢ty = 1 pus

(dashed red line). The forces on each ion are state dependent, F; = o7 F(t),
i=1,2.

tr/2. The parameters ag, a1, and as are fixed to satisfy the corresponding boundary

conditions for a, (1)) in Eqs. (3:29) and (331),

apg = O,
a1 = 2az+ day,
gy = —3CL3 — 6@4. (354)

We get fi(1];t) from Eq. B20), fi(1);t) = a4 (1;t) + Q% ap (15 ). Due to the
boundary conditions, fi(0) = fi(tf) =0. As f_(11) = f+(T{), we may solve Eq.
B20) for a_ (113 ¢) satisfying a— (113 t,) = 0 [6— (113 1) = 0 is automatically satis-
fied since f_(11,t,) = 0]. The expression is rather lengthy, but can be considerably
simplified by imposing as well &_(11;t,) = 0. This fixes a3 as

_5a4(257r2 — t5w?)
4972 — tfcuﬂ

(3.55)

ag =
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FICURE 3.2: Parametric plots of the quadratures, X = \/g—;ltai and

P = 1/%(&. The quadratures in the rotating frame are defined as X, =

Re(e+17), P, = Sm(e**+'Z), where Z = X + iP. The solid blue lines rep-

resent the stretch (+) mode for antiparallel spins and the dashed red lines the

center-of-mass (—) mode for parallel spins. (a) ty = 0.8 us, (b) ty =1 us, (c)

ty = 0.8 us in the rotating frame, and (d) ¢ty = 1 us in the rotating frame. The
other parameters are chosen as in Fig. Bl

At this point, oy (11;t) and a_(11;¢) are left as functions of the parameter ay,

1172 4 t5w? + (4972 — t5w?) cos 2

. _ tr wt . 47t
ar(Tht) = 32a4 1972 tfch cos E sin —f,
117% + 3t5w* 4 (497 — 3tw?) cos i—’;t Tt .t
a_(TT;t) = 32a cos — sin™ —.
(T1:1) ! 4972 — 02 tr g

(3.56)
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These are both odd functions with respect to (t —t;/2) and guarantee a vanishing
final excitation in the two modes. They also have vanishing third derivatives at
the time boundaries, and thus imply the continuity in the force derivative at time
boundaries, i.e., F'(t,) = 0. Note that —: fotf dt'[f(A) — f(P)] vanishes [see Eq.
[BI4)] since f(P) =0 and f(A) is also an odd function of t — /2.

The differential phase takes the form [see Eq. (3.47)]

Ag

2[p(A) — o(P)]
2 (Y F
= 5 ), A le- () —ax(t)] (3.57)

With the expressions (8:56) for a (1)) and a_(11), the integral can be solved to

give
1202t jw?(—20517 + 476721202 — 33t4w?
Ap= 4 ( ! ) (3.58)
h(—4972 + £207)?

Setting A¢ = v, the last free parameter is fixed as

1 h
= 4+ (—1477% 4+ 32w, | —
ay w( T + 3w ) 6,

7/2 ]1/2‘

—205174 + 4767?2tf£w2 — 33t‘}w4

(3.59)

The polynomial denominator in the last term is negative for all ¢; (there are no
real roots) so, to get a real a4, v must be chosen as a negative number. I choose
v = —m to implement the gate (B.2)). There are real solutions for a4 for all ¢f, no
matter how small ¢; is. In this sense, there is no fundamental lower bound for
the method, as long as the small amplitude and Lamb-Dicke approximations are
valid. As for the sign alternatives in a4, the different choices imply sign changes

for the o and the forces. Hereafter and in all figures, I choose the positive sign.
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FIGURE 3.3: A¢ for an exact evolution with the Hamiltonian in Eq. (B3]
(solid blue line), and the target value of this phase (dashed red line). Same
parameters as in Fig. Bl The initial motional state is the ground state.

The resulting force takes the form

g1(ts) + g2(ty) cos <2t—7;t> + g3(ty) cos <4t—’;t>

£3/205171t w2 — 47672651 + 33150

t t
X 2V 2mwhm cos (W—) sin? (7T ) : (3.60)

ty ty

F(t) =

where

gi(ty) = 3(4017* — 3675w’ + 3tjw?),
gty) = —4(1817" — T67°t5w? + 3tjw?),

gs(ty) = 24017* — 1967 t5w* + 3tpw?, (3.61)

which is shown in Fig. Bl for different values of ¢; (all simulations in this section
are for two “Be™ ions and a trap frequency w/(27) = 2 MHz). The results are
qualitatively similar to those found in [71] (also the asymptotic behaviour for short
operation times, F' ~ t;s/ 2) with a very different numerical method, but in my

case the expression of F' is explicit, has a continuous envelope, and the derivatives

vanish at the edges, adding stability.

With this force, the trajectories of ay(A), and a_(P), see Eqgs. (B50) and
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FI1GURE 3.4: Worst case infidelity vs final time, which is realized for the initial
state | 1)) [see Eq. (D.8)]. Same parameters as in Fig. 311

(BXE1), are given in Fig. for two given times ¢; in a dimensionless (quadrature)
phase space, and in the rotating frame (the phase is twice the area swept in the
rotating frame, see Sec. B3] [71]). If the initial state is the ground state, they
describe, respectively, the dynamics of the stretch mode (for antiparallel spins)
and the center-of-mass mode (for parallel spins). Notice that the trajectories lead

to larger phase-space amplitudes for shorter times.

The phases within the harmonic (small amplitude) approximation are exact by
construction for arbitrarily short times, but we should compare them with the
phases when the system is driven by the full Hamiltonian (3.3]) that contains the
anharmonic Coulomb interaction. To that end, I solve numerically the Schrodinger
equation with the Hamiltonian ([B.3]) by using the “Split-Operator Method” [80].
First, I fix the initial state as the ground state of the system |Wy), which is found
by making an initial guess and evolving it in imaginary time [81]. Then, the
Split-Operator method is applied in real time to get the evolution of the wave
function |W;). Phases are much more sensitive than populations to numerical
errors, so we need a much shorter time step than the one usually required until
the results converge. At the final time, the overlap & = (Wo|W,,), which depends
on the spin configuration, is calculated. The phase of the overlap is defined as

py =argS € [0,27). In the quadratic approximation, this includes a global term



Chapter 3. Fast phase gates with trapped ions 54

—(Q4 +Q)ts/2 [see Eq. (8.206)] absent in the rotating frame, that is canceled by
calculating the phase differential between antiparallel and parallel spins, 2[p /(T4
) — ©7(11)], displayed in Fig. B3l The corresponding infidelities, 1 — |S|?, are
shown in Fig. B.4] for the worst possible case, which is realized for an initial state
with antiparallel spins (see Appendix [D]). The numerical results agree with the
ideal result of the quadratic approximation at least up to operation times ten
times smaller than an oscillation period 27 /w. Shorter times are very demanding

computationally.

A different type of stability check is displayed in Fig. B.5 where a realistic -
dependent sinusoidal force on each ion F;(t) sin (Akx 4 7/2) is considered instead
of the homogeneous one. This force comes about because of the finite wavelength
of the lasers used to generate the forces [69]. Close to the ground state, the
motional wave function of the ion only overlaps with a small part of the optical
wave, which can then be approximated as having a constant gradient over the wave
function (Lamb-Dicke approximation). If the extend of the wave function grows in
more excited motional states, this approximation breaks down and the sinusoidal
shape of the light wave has to be taken into account. For driving a phase gate,
the wave vector difference Ak is adjusted so that the forces at the equilibrium
positions +x¢/2 are the F;(t), with an integer number of periods 27 /Ak among
them. Ak can be adjusted by changing the direction(s) of the beam(s) in laser-
based experiments. I choose Ak so that the ions in the equilibrium position for
the frequency w/(27) = 2 MHz are placed in extrema of the sine function. In Fig.
(a) and (b), I depict the differential phase and worst case fidelity versus ¢
for this z-dependent force, starting in the motional ground state. The two curves
correspond to the ions being eight periods apart at equilibrium, similar to [69],
or four periods apart. As expected, the results degrade for very short times since
the ions explore a broader region, where the forces deviate significantly from Fj(t).
The range of validity of the ideal results (the ones for a homogeneous force) in the
limit ¢yw << 1 is approximately given by %\/tfzm << 1, which may be found by
estimating maximal amplitudes of oy in Eq. ([B350]), using Eq. (812]) to calculate

deviations from equilibrium positions and comparing them to half a lattice period
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w/Ak. Note that, for eight periods, the phase does not really converge to the
ideal value even at longer times, when the deviation is quite small compared to
the period of the force. The reason is that the wave function width also implies
that the ions do not strictly experience a homogeneous force, which can lead to
squeezing of the state of motion rather than just a coherent displacement. Starting
with the ground-state wave function in the harmonic approximation (i.e., a product
of ground-state wave functions for each mode), we may calculate the width of the
position of one ion as Az = (1 +1/v/3)2\/h/(mw), see the Appendix [El, which
should be compared to m/Ak. For the parameters in Fig. (a) and (b), the
ratios AzAk/m are 0.04 (eight oscillations) and 0.02 (four oscillations).

In Fig. (c) and (d), I additionally consider that the evolved state begins in
some excited Fock state so that the Lamb-Dicke approximation breaks down more
easily. I only consider excitations of the stretch mode, |n_ = 0,n,), as the full

Hamiltonian only has nonzero cubic terms for this mode.

I also study the scaling with ¢ of spontaneous emission due to the fact that
intense off-resonant fields may induce transitions. The transition rate will be
proportional to the intensity of the field, and to the effective potential acting on
the ions, i.e., to |F|. In Fig. B T have integrated this quantity over time for
different values of ¢;. Since F' ~ t;5/ ?. the result scales as t;?’/ 2, Arbitrary units
are used as the scattering probability will depend on different factors, which are

not explicitly considered here such as Ak or the detuning.

3.6 Different masses
For different mass ions, m; = m, my = um, and vy = mw? = pmw3. In this
case, due to their different structure, both ions will react to different laser fields,

thus, F; and F; can in principle be designed independently, such that Fy = o F,(t),
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FIGURE 3.5:  Simulation of 2 Be™ ions with trap frequency w/(27) =
2 MHz. Instead of homogeneous forces more realistic z-dependent forces
F;(t)sin (Akz + 7/2) are applied. In (a) and (b) the initial motional state is
the ground state. Ak = 8.67 x 10 m~!: solid (blue) line (ions separated by 8
lattice periods at equilibrium); Ak = 4.33 x 10° m~!: dashed (black) line (ions
separated by four lattice periods). In (a) we display the final phase vs the final
time. In (b) the worst case infidelity (realized for antiparallel spins). In (c) and
(d) the phase and worst case fidelity (corresponding to antiparallel spins) for
different initial excited states are depicted, for a time ¢; = 0.5 ps and the ions
separated by eight lattice periods.

Fy = 05 Fy(t) (more general cases are studied in Appendix [B)), yielding

fultt) = —fim)::Fj%Fai S,
et = —fiuT):q:j%Faq: r, (3.62)

which, as in the previous section, implies that

ar(l1) = —ax(td),
ar(l)) = —ax(t) (3.63)
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FIGURE 3.6: S = (ff dt|F(t)| (dots). F(t) is designed for equal mass ions
(?Bet ions) according to Eq. (B:60) for a trap frequency w/(27) = 2 MHz. The

solid line is a fit proportional to ¢ f

[see Eqs. (BI4) and (B20)], so if the protocol is designed to satisfy the bound-
ary conditions for the 1| and 11 configurations, it will automatically satisfy the

conditions for the remaining configurations. Inversely, from Eqgs. (8.62]) and (3.10)),

F, = _\/%[a—f—(/l\\l/)_‘_a’-i-f-i-(/r\lf)]?
Fy = umlb_f- (1)) + b f+ (1] (3.64)

The procedure to design the forces is summarized in the following scheme,

ax(Th) == fo(tl) —=» Fo, By == fo(T1) -=» ax(11). (3.65)

To start with, ansatzes are proposed for a (1)) and a_ (1)),

4
ar () = ao+ Zan oS {@n;ifl)mf] ;

n=1

a (1)) = o. (3.66)

It is also possible to design them so as to cancel a; (1) = 0 instead of a_ (1)), as

discussed in Appendix [El Similar to the previous section, ag, a1, and ay are fixed
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FIGURE 3.7: Total final phase A¢ in Eq. (.69) vs the final time (solid and

dotted blue lines) for an exact wave function evolving with the Hamiltonian in

Eq. (33), and the target value of this phase (dashed red line). The simulation is

done for a “Bet and a 2°Mg™ ion, initially in the motional ground state, within

a trap of frequency wy/(27) = 2 MHz. At final times ¢y ~ 0.8 us and 1.03 ys,

I change solutions [see the discussion below Eq. (B.72))]. The solid line is for
v = —m and the dashed line for v = 7.

to satisfy the boundary conditions for oy (1)) in Eqgs. (8:29) and (3:31]),

Qo

a1

a2

0,
2a3 + day,

—3CL3 - 6@4. (367)

Introducing these ansatzes in Eq. (B.20), expressions for fi(1];t) are found,

in particular f_ (1)) = 0, and from these, expressions for the control functions

F,(t), Fy(t) follow according to Eq. [3.64]). Since ay(¢)(1]) is an odd function of

(t —ts/2), the same symmetry applies to F,(t), F},(), and to the spin-dependent
forces Fy, Fy. Thus, the time integral of f [see Eq. (BI4)] is zero for different

masses as well, and does not contribute to the phase.

Using the last line of Eq. ([B8.14]), the effective forces f(11) are found. Plugging

these functions into Eq. (B:20), I solve the differential equations imposing the

boundary conditions a4 (11;t,) = 0 to fix the integration constants. At this point,

the boundary conditions for é4(17;¢,) are automatically satisfied, and a(11;0) =
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FICURE 3.8: Parametric plots of the quadratures, X = \/g—%ai and

P = 1/%(&. The quadratures in the rotating frame are defined as X, =

Re(e*17), P, = Sm(e®*'Z), where Z = X +iP at t; = 0.5 us. The solid
blue lines represent the stretch () mode and the dashed red lines the center-of-
mass (—) mode. (a) and (c) represent the phase space trajectory for | 1)) and
| 41), in the normal and the rotating frame respectively, while (b) and (d) rep-
resent the phase space trajectories for | 71), in the normal and rotating frames
respectively. The other parameters are chosen as in Fig. B

ax(T1;ty) by symmetry. Thus, imposing that the first derivatives vanish at the

boundary times, as is fixed as

—25m2 + 1307
4972 — 1302

as =

Ba. (3.68)

Once the ag are given for both configurations, such that they do not produce any

excitation in the modes at the final time, the final phase difference is, as in the
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previous section,

Apty) = 2[0(A) - o(P)]

1 ty .9 2 2
_ _ﬁ; /0 dt[a%(1)) — Q2a(14)]
+ %2/0 LA (1) — Qe (1)) (3.69)

The integrals can be evaluated, and give a function of ay. This parameter is finally

set by imposing some value to the phase difference, A¢(ty) = 7,

- \/wh(l + (=1 + p))(—4972 + £202 )2
ay i
A
A = 6p(Q- — Q) (Q- 4 Q) [20517" + 116,02 08 — 1197°5(Q2 + QF)].

(3.70)
The function A has zeros at
Y =
L 119(Q2 + Q%) -6
o 220202 ’
@) 119(Q2 +Q3) +6
t = 71
f \/ 220202 ’ (3.71)
where
0= \/7(2023Q‘£ — 884692_91 + 20239i). (3.72)

Considering only the positive times, in the intervals (t;o),tgcl)

is negative, so I chose v = —7 to make a4, and thus F,, Fy, real. In the interval

) and ty > t? A

<t5}), tgf)) A is positive, so we can choose v = .
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FIGURE 3.9: Infidelity vs final time for the worst case, which corresponds to
antiparallel spins [see Eq. (D.8)]. Same parameters as in Fig. Bl The solid
line is for ¥ = —m and the dashed line for v = 7.

The explicit expressions for the control functions are finally, from Eq. (8.64),

0 2t “ 4mt
F, = |g9f +g5cos| — | +g5cos| —
ty ty

8aya~/m cos <:—;) sin? <?—;)

0272 1 4402 )
497 tf+th_

b
B, = — +\/ﬁFa, (3.73)

a+

where

gt = 3M0LTt + 10202 — 9r2 (02 + O2)),
g5 = A[-181x* — 37 Q% + 19773 (Q2 + Q7))

g5 = (497 — (O2)(497% — 000, (3:74)

F,, F, diverge for the final times in Eq. (B71]), so these times must be avoided.
The positions of the divergences depend on the chosen ansatz. In particular, for
a polynomial, rather than cosine ansatz, the only divergence is at t; = 0. I have,
however, kept the cosine ansatz as it needs fewer terms and it simplifies the results

and the treatment of boundary conditions.
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Figure B.7 shows the phase numerically obtained with the exact Hamiltonian
for “Be (ion 1) and Mg (ion 2) in the Lamb-Dicke limit, beginning in the ground
motional state. Figure shows the quadratures for such a protocol at final time
ty = 0.5 ps, and Fig. the worst case infidelities at final time, which, as in the
previous section, correspond to initial states with antiparallel spin (see Appendix
D). Around an oscillation period 27 /w; = 0.5 ps, the results are slightly worse
than in the previous section for equal mass ions, but still with a high fidelity. For
final times close to t;l) ~ 0.8 pus and tgg) ~ 1.03 ps, the solutions change, with a
drop in the stability of the phase (Fig. B1) and in the fidelity (Fig. B3). The

phase and fidelity improve and stabilize again for times ¢y > 1.03 pus.

In the limit were both ions are equal, F, = F, = F, the results of the previous

section are recovered.

3.7 Discussion

In this chapter, I have designed simple and explicit protocols to perform fast
and high fidelity phase gates with two trapped ions by using the invariant-based
method to bypass adiabaticity. The scheme of the gate expands on methods that
have been already tested in the laboratory. Experimentally, the state-dependent
forces may be created by a standing wave with time-varying intensity produced
by two crossed laser beams, whose amplitude is modulated following a smoothly
designed trajectory to excite motion in both normal modes. In the limit of small
oscillations, we can use both a normal mode harmonic approximation and the
Lamb-Dicke limit and apply the inverse-design method assuming homogeneous
forces. I have also numerically simulated the system dynamics and gate behavior
without these approximations, namely, including the anharmonicity and the posi-
tion dependence of the forces. Good fidelities are obtained at times around 1 us,
which is a significantly shorter time compared to the best experimental results so
far, and close to the center of mass oscillation period which was assumed to be

0.5 ps in this work. Moreover, state-of-the-art technology allows for higher trap
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frequencies than those used in our simulations, which should further improve the
results. Expressions for the forces have been found for different scenarios, specifi-
cally, for equal or different masses, as well as for different proportionality factors

between the spin-dependent forces.

Extensions of this work are possible in several directions. For example, the
deviations from the ideal conditions may be taken into account to design the
forces. The freedom offered by the approach may also be used to choose stable

protocols with respect to different noises and perturbations.






Chapter 4

Fast expansions and compressions

of trapped-ion chains

“If not now, then when? If not you, then who?”

Kailash Satyarthi

I investigate the dynamics under diabatic expansions/compressions of linear ion
chains. Combining a dynamical normal-mode harmonic approximation with the
invariant-based inverse-engineering technique, I design protocols that minimize the
final motional excitation of the ions. This can substantially reduce the transition
time between high and low trap-frequency operations, potentially contributing to

the development of scalable quantum information processing.

65



Chapter 4. Fast expansions and compressions of trapped-ion chains 66

4.1 Introduction

So far, I have only studied ion-transport related problems. In Chapters [Il and
2l T directly studied this problem for equal and different mass situations respec-
tively. In Chapter Bl I designed the accelerated process that creates a m-phase
gate. Physically, this is done by producing a displacement in the ions with state
dependent forces, what makes the theoretical problem similar to that of the trans-
port, but with the additional need of a precise control of the phase. In addition
to ion transport [33, 142,143, 52, 163, 182], chain expansions/compressions and ion-
chain splitting and recombination [42, 45, 183, 184] are other important dynamical
processes towards building a quantum processor in trapped ions. These opera-
tions can be performed on single or mixed-species ion chains [85], allowing for

sympathetic ion cooling or quantum-logic spectroscopy [86].

The study of ion separation will be done in the following Chapter Bl The phys-
ical operation that I consider here is fast control of the motional frequencies of
the trapped ions, which in the case of multiple ions leads to chain expansions and
compressions. Several elementary protocols benefit from a high trap frequency,
whereas others are better performed with low frequencies. Therefore, a fast tran-

sition between them without inducing final excitations is a worthwhile goal.

Operations that benefit from high motional frequencies (i.e. large potential

curvature, small interion distance, and small Lamb-Dicke parameters) include:

e Doppler laser cooling, since the mean phonon number is lower for tighter

traps [87];

e any operation where a single motional normal mode (NM) of an ion chain
needs to be spectrally resolved, since the NM frequency splitting is propor-

tional to the trap curvature [45];

e operations which make use of motional sidebands and whose fidelity is limited

by off-resonantly driving carrier transitions on the qubit.

On the other hand, operations where a lower motional frequency is desired include:
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e single-ion addressing in a multi-ion crystal;

e resolved sideband cooling, which cools at a rate proportional to the square

of the Lamb-Dicke parameter [8§];

e geometric phase gates |69], which are faster for larger Lamb-Dicke parame-

ters.

In many cases a compromise will be optimal, depending on the dominant limita-

tions for a particular experiment.

Fast expansions/compressions without final excitation have been designed in
a number of different ways [31, 32, 139, I89-92]. Invariant-based engineering or
scaling methods [32, [91] were realized experimentally for a noninteracting cold-
atom cloud 93] and a Bose-Einstein condensate [93, 94]. However, the methods
used rely on single particles, BEC dynamics, or equal masses, and are not directly
applicable to an arbitrary interacting ion chain. 1 propose here a method to
design trap expansions and compressions faster than adiabatically and without
final motional excitation. Specifically I define dynamical normal modes similar to
the ones defined for shuttling ion chains in Ref. [63] and apply invariant-based

inverse-engineering techniques by either exact or approximate methods.

I first discuss two-ion chains in Sec. [L.2] both for ions of equal mass, and ions
of different mass, and then extend the analysis in Sec. [£3] to longer chains. In the
examples only expansions of the trapping potential are considered, as compressions
may be performed with the same time evolution of the spring constant, only time-

reversed.

4.2 2-ion chain expansion

We will deal with a one-dimensional trap containing an N-ion chain whose

Hamiltonian in terms of the positions {¢;} and momenta {p;} of the ions in the
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laboratory frame is

WE

Julg + > S (@)

H=Y g ,
2m; ¢ — 4

i=1 ¢ i=1 i=1 j=i+1

where C, = %, with ¢y the vacuum permittivity. wug(t) is the common (time-
dependent) spring constant that defines the oscillation frequencies w;(t)/(2m) for
the different ions in the absence of Coulomb coupling: u(t) = miwi(t) = maow3(t) =
<o = myw(t). All ions are assumed to have the same charge e, and be ordered
as q1 > qo > -+ > qn, with negligible overlap of probability densities as a result
of the Coulomb repulsion. The potential term V(qi,q2) = H — >, p?/2m; in the
Hamiltonian (4]) for two ions is minimal at the equilibrium points q§°) = x0/2,

qéo) = —x0/2, where 79 = 2¢(t) = 275 is the equilibrium distance between the

two ions. Instantaneous, mass-weighted, NM coordinates are defined by diagonal-

\/%%(%(0)7 q§0)) [63]. The time-dependent eigenvalues
iy 1045

1 I 1
A= (1+—-=% 1——+—)w2, 4.2
* < po N o pw2) (4.2)

where I have relabeled m; — m and my — pum, and omitted the explicit time

izing the matrix V;; =

are |59

dependences to avoid a cumbersome notation, i.e., Ay = AL(?) and w; = w;(t).

The time-dependent angular frequencies for each mode are

1 1 1\
Qi = Qi(t) = \/ )\i = (1 + ; + 1-— ; + P) w1, (43)
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and the eigenvectors corresponding to these eigenvalues are v+ = (a, b)?, where

1/2
1
a+ B 1 1 1 2 ’
1+< —;—\/1—54‘”—2),&
1 1 1
) e
! ( " e ) Ve
1/2
1
a_ = ,

b = (1_l+ 1—1+%)\/ﬁa_. (1.4)

The instantaneous, dynamical normal-mode (mass-weighted) coordinates are fi-

nally

Qv = apvm <CI1 — %) + byy/um <CJ2 + %) ,
0 = avim(a—3) +bvim (e+3). (4.5)

The quantum dynamics of a state |¢) governed by H in the laboratory frame may

be transformed into the moving frame of NM coordinates by the unitary operator

U:/dQ+dQ—dCI1dQ2‘Q+7Q—><Q+7Q—|Q1,Q2><Q17Q2‘a (4-6)

where (q+,9-1q1,¢2) = d[g1 — ¢1(a+,9-)]0]g2 — g2(q+, q-)]. The Hamiltonian in the
dynamical equation for |¢/') = Uly) is given by

H = UHU'—ihU(0,UT) =
P Lo o
- Z (?V - pOZ/pI/ + iﬂyqy) ) (47>

v

where cubic and higher order terms in the coordinates have been neglected, v = +,

p+ are (mass-weighted) momenta conjugate to g+, and

) 2 . C. .
Po+ = —Q+ = g(_ai\/ml + bi\/mz)f/ 4m1w§wl (4.8)
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are functions of time with the same dimensions as the mass-weighted momenta.
They appear because of the time dependence of the NM coordinates through z,
which is a function of wy(t). These pox functions act as momentum shifts in a

further unitary transformation which suppresses the terms linear in p4,

— —i(po+9++po—q—)/h
U = e iporas )/7

") = U'),
H' = UHRU" —ikd(0U") =

2 1 'y 2

2 e (4.9)

This Hamiltonian corresponds to two effective harmonic oscillators with time-
dependent frequencies and a time-dependent moving center. Note that the “mo-
tion” of the harmonic oscillators is in the normal-mode-coordinate space, and that
the actual center of the external trap in the laboratory frame is fixed. According
to Eqs. (&3) and (AJ) both the NM harmonic oscillators’ centers (—pgs/Q2)
and the frequencies (€0.) depend on wi(¢). This is important as, to solve the
dynamics for given wi(t), the oscillators are effectively independent. However,
from an inverse-engineering perspective, their time-dependent parameters cannot
be designed independently. This “coupling” is here more involved than for the
transport of two ions in a rigidly moving harmonic trap [63], where poi(t) take
different forms which depend on the trap position but not on the trap frequency.

A different approach is thus required.

The Lewis-Riesenfeld invariants [76] of the two oscillators are

1 ) )
Iy = §[Pi(Pi —dy) — pa(axr — ag))?
+ Loz (qi_o‘i)z (4.10)
2 0+ P ) .

where Qg+ = Q4(0). The invariants depend on the auxiliary functions ps (scaling

factors of the expansion modes) and a. (mass-scaled centers of the dynamical
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modes of the invariant). They satisfy the auxiliary (Ermakov and Newton) equa-

tions
. Q3
P+ + thpi = L3:|:> (4'11)
P+
di + Qiai == pOi- (412)

Dynamical expansion modes |[¢/_) (not to be confused with normal modes) may

be found. These are exact time-dependent solutions of the Schrédinger equation

and also instantaneous eigenstates of the invariant [33],

. 2
1 P2 | (Gapr—aspe) | P (Ui)
(axlvns) = A g — i (4.13)
P+
where 0, = 2% and ©,,(04) are the eigenfunctions of the static harmonic oscil-
lator at time t = 0. Within the harmonic approximation the NM wave functions
|Y) evolve independently with H”. They may be written as combinations of the

expansion modes, [/ (t)) = >, cpalt),) with normalized constant amplitudes.

The average energies of the nth expansion mode for two NM are

q/{i - <7vba/z,j:|H”|¢g:t>

(2n+1)h (-2 2 2 Qgi)
—_ +Q 4+ —
4Q0s P+ +P+ P?t
1. 1 )
T35 i+ 591(0& — Pox /L)% (4.14)

In numerical examples, the initial ground state is, in the harmonic approximation,
of the form [¢g, (0))|y_(0)), so the time-dependent energy is given by E”(t) =
Ef. + Ej_. Note that if we impose both unitary operators U(t) and U(t) to be
1 at t = 0 and ¢y, the transformed wave function [¢)”) and the laboratory wave
function [¢) will be the same at both these times and the energy E”(t = 0,ty)
will be the same as the laboratory-frame energy. Both unitary transformations
satisfy this provided that wy(t;) = 0, where ¢, = 0,¢;, as long as the quadratic

approximation in the Hamiltonian (&9 is valid.

For a single harmonic oscillator without the independent term in Eq. (@I2),
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FIGURE 4.1: Final excitation energy at t; for the expansion of two 40Cat ions,
with respect to the final ground state (quantum) or the final equilibrium energy
(classical). The initial state is the ground state (quantum) or the equilibrium
state (classical) for the initial trap. The dashed red line is the excitation in
the harmonic approximation, using Eq. (@I4) for the NM energies, with the
protocol obtained by the shooting method; the solid blue line (classical) and
black triangles (quantum) are for the same protocol but with the dynamics
driven by the full Hamiltonian (4.I). The dotted green line is for the protocol
(#I8) with the full Hamiltonian. The parameters used are wg/(27) = 1.2 MHz
and v = 3.

i.e. with a fixed center, the frequency in a trap expansion was already inverse
engineered in [32]. For this case we can use the same notation as before but no
subindices for the auxiliary functions. « is zero for all times, and in the Ermakov
equation the conditions p(0) = 1, p(t;) = v = J/wo/wy, and p(t,) = p(ty) = 0,
suffice to avoid any excitation (since [H (%), I(t;)] = 0) and ensure continuity of
the oscillator frequency. Any interpolated function p(t) satisfying these conditions
provides a valid €(¢). Similarly, in harmonic transport of an ion (with the trap
moving rigidly from 0 to d with a constant frequency [33]) the auxiliary equation
for p becomes trivially satisfied by p = 1 and, to avoid excitations and ensure
continuity, o may be any interpolated function satisfying a(0) = 0, a(t;) = d,
a(ty) = a(ty) = 0 [33]. Instead of these simpler settings, when inverse engineer-
ing the expansion of the ion chain the auxiliary equations (4I1]) are nontrivially
coupled and have to be solved consistently with Eq. ([AI2]), since Q4 and pos are
functions of the same frequency w;. In other words, only interpolated auxiliary

functions p(t), ax(t) consistent with the same w(t) are valid.
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FIGURE 4.2: Values of the optimizing free parameters in the two-ion expansion
a1o (solid blue line) and aj; (dashed red line) in the expansion of two 40Cat
ions starting in the ground state. wg/(27) = 1.2 MHz, 72 = 3.

For both NM, I impose for Eq. (£I1) the boundary conditions (BC) p+(0) =1,
p+(ty) =, pe(ty) = px(tp) = 0. Here wy = wy(0) and wy = wy(ty). The BC for
the second set of equations are au(ty) = d+(ty) = d4(tp) = 0. Eq. ([@I2) with

Eq. (A8) implies that at the boundaries we must have gﬁgi; — @1 (ty) = 0. This
is satisfied by imposing w(t,) = 0, @1(t,) = 0. Substituting these conditions in

Eq. (ZII) one finally gets the extra BC p(f) (ty) = pg_f‘) (ty) = 0.

To engineer the auxiliary functions I proceed as follows: first I design p_ (t) SO
as to satisfy the 10 BC for p_(¢;) and their derivatives. They could be satisfied
with a ninth-order polynomial, but I shall use higher-order polynomials so that
free parameters are left. These may be chosen to satisfy the equations for the
remaining BC for oy and py. wy(t) is deduced from the polynomial using Eq.
(@11) so it becomes a function of the free parameters. There are different ways
to fix the free parameters so as to satisfy the remaining BC and design the other
auxiliary functions. In practice, I have used a shooting method [95]. The BC
used for the shooting are a4 (0) = &+ (0) = p+ = 0 and p;(0) = 1. Note that if
a(ty) = 0, then é(t,) = 0 since we impose wy(tp) = @i (ty) = 0. The differential

equations (EIT) for p, (¢) and (EI2) for ax are now solved forward in time.

T choose p_ instead of p since Q0 > Q_. The effective trap for the plus (+) mode is thus
tighter and less prone to excitation than the minus (—) mode. Designing first p_ guarantees
that this ‘weakest’ minus mode will not be excited.
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In the following, one must distinguish between single-species and mixed-species
ion chains. A consequence of having equal mass ions is that a_(t) is 0 at all times
(because the ion chain is symmetric, and thus the center of mass remains static)
so we only have to design the three auxiliary functions py(¢) and a, (t). When
both ions are of different species, the chain is not symmetric anymore, so we also

need to design o taking into account its BC.

The MatLab function “fminsearch” [95] is used to find the free parameters
that minimize the total final energy for the approximate Hamiltonian, £, (t5) +
E{ _(tf) [see Eq. (@I4)]. For equal mass ions, an 11th order polynomial p_(t) =
27111:0 a,t" /', i.e. two free parameters, is enough to achieve negligible excitation
in a range of times for which the harmonic approximation is valid. Only two
free parameters are needed to satisfy the BC ai(tf) = d&i(tf) = 0, whereas
p+(ty) = v is also nearly satisfied for all values of these free parameters because the
evolution of this scaling factor is close to being adiabatic. w(¢) is then a function
of the free parameters ajg, a;;. Figure [ depicts the final excitation energy for
optimized parameters in the harmonic approximation, using Eq. (@3]), and with
the full Hamiltonian (1], whereas in Fig. the values of the optimizing free
parameters are represented. The quantum simulations (triangles in Fig. M1
are performed starting from the ground state of the Hamiltonian (£1l) at ¢ = 0,
which is calculated numerically. For the corresponding classical simulations I solve
Hamilton’s equations for the two ions in the laboratory frame with Eq. (Z1]): the
excitation energy is calculated as the total energy minus the minimal energy of
the ions in equilibrium. The initial conditions correspond as well to the ions in
equilibrium. As the potential is effectively nearly harmonic and the evolution of
wave packet’s width (p.) is close to being adiabatic, the classical excitation energy
reproduces accurately the quantum excitation energy, as demonstrated in Fig. [Tl
Quantum calculations are very demanding, in particular with three or more ions,

so that we shall only perform classical calculations from now on.

For two different ions, we use a 13th order polynomial p_(t) = 31 a,t"/t%,

which is enough to nearly satisfy ay(ty) = ax(ty) = 0 and py(t;) = v by finding

suitable values for the four free parameters ajgo_13. As before, p,(tf) = 7 is
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FIGURE 4.3: Final excitation energy for the expansion of a BeT-4*Cat ion

chain (dashed red line) and a YBet-4°Cat-?Be™ chain (solid blue line) starting

in the equilibrium configuration. The protocols are optimized with four (for

9Bet-4Cat) and two (for Bet-10Cat-Be™) free parameters, see the main
text. wo/(2m) = 1.2 MHz, 72 = 3.

nearly satisfied without any special design. Figure shows the final excitation
for a chain of two different ions. The excitation is higher than for equal masses.
Both for the equal mass and different mass expansions, the (exact) excitation
energy increases at short times, where the quadratic approximation to set the NM
Hamiltonians fails, see Figs. 1] and [£.3] Further simulations indicate that the

larger the ratio between the masses, the higher the excitation.

A less accurate, approximate treatment is based on the simpler polynomial

ansatz p_ = Zz:o a,t"™ without free parameters
p_ = 126(y —1)s® — 420(y — 1)s® + 540(y — 1)s”
— 315(y — 1)s®* +70(y — 1)s? + 1, (4.15)

s = t/ty. While the BC of p, and ay are in general not accounted for exactly,
an advantage of this procedure is that there is no need to perform any numerical
minimization. This is useful to generalize the method for larger ion chains. For

equal masses, both o = 0 and p_(t) are correctly designed, so that the center of

2As in the transport of two ions [63], an alternative ansatz to the polynomial is p_(t) =

HTW + % Zi:l ap, COS ((2";7;)”) , where a, = (—150,25,—3). In numerical calculations the

polynomial ansatz ([£I5]) performs slightly better than the cosine-based one.
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FIGURE 4.4: Final excitation vs final times for expansions of two-equal ions
(solid blue line), four-equal ions (red dots) and eight-equal ions (dash-dotted
black line). The simulations are performed according to the approximate pro-
tocol in Eq. (I6) and by solving the classical equations of motion for 4°Ca*
ions. The initial ion chain is at equilibrium. wg/(27) = 1.2 MHz, 4% = 3.

mass is not excited. From Eq. (@II), wy(t) is given by

2 ..
Wy P—
wy =420 _ : 4.16

where A_ = Q_/w; is a constant [see Eq. (A3)]. In Fig. EI T compare the
performance of this approximate protocol and the one that satisfies all the BC in

the two-equal-ion expansion.

4.3 N-ion chain expansion

I now proceed to extend the results in the previous section to larger ion chains
governed by the Hamiltonian (A1]). The equilibrium positions can be written in
the form [96]

a” (1) = U(t)us, (4.17)

where

P(t) = (4.18)
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FIGURE 4.5: Classical trajectories of eight expanding “°Ca* ions. The evolu-
tion is performed according to Eq. (£I6). wo/(27) = 1.2 MHz, 4* = 3, t; = 4.4
1S,

and the u; are the solutions of the system

' 1 1
i — —— — = 0. 4.19
ED Dy ey AP DR oy (4.19)
The NM coordinates are thus defined as [85]
qy = E Apiy/ m](qz - C]Z(O)), (420)

where the NM subscript v runs now from 1 to N. Conventionally the v are
ordered from the lowest to the highest frequency [96]. As for two ions we de-
fine V(q1, g2, g3, ---, qn) as the coordinate-dependent part of the Hamiltonian (41]).

The a,; are the components of the vth eigenvector of the symmetric matrix

- 1 82v_ ¢, (0)
Vij = \/Waqiaqj(qi ’

usually be determined numerically [96]. They are normalized as >, a2, = 1. As

will

v

q](-o)), that, together with the eigenvalues \, = 2

up is common to all ions, it can be shown that Q,(¢) = A,w;(t), where A4, is a

constant.
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FIGURE 4.6: Comparison of final excitation quanta (classical simulation as in
Fig. @) vs final time in the expansion of two 4°Ca* ions following the shooting
protocol (solid blue), linear protocol in Eq. (@24]) (dotted green), and cosine
protocol in Eq. (£25]) (dashed red). In (a) I plot in logarithmic scale up to times
where only the shooting protocol reaches the level of 0.1 excitation quanta. In
(b) I extend the analysis up to longer final times, so that the best of the cosine
protocol reaches also 0.1 final excitation quanta. wg/(27) = 1.2 MHz, 72 = 3.

Generalizing the steps leading to Eq. (£7]), the Hamiltonian in a NM frame up

to quadratic terms becomes

2
Py, 12 o
= "0 ow | 4.21
- |: 2 + 2 e + Po.P ( )
where the p, are momenta conjugate to the q,, and pp, = — ), a,,i‘/miq'i(o). As

for two ions, all the pg, are proportional to w;/ wi’/ . We now apply the unitary

transformation U = e~ 2 Povav/n and find the effective Hamiltonian

p, 1 Po ?
" o__ Py oY v
H' = {2+29V(qy+—92+) ] (4.22)

v
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This Hamiltonian is similar to the one for two ions (4.9). The corresponding set

of auxiliary equations is also similar to Eqs. (4I1]) and (AI2),

. 3
Py + Qipv ?),Va
Py
d, +Qa = po. (4.23)

The BC for inverse engineering read p,(0) = 1, p,(ty) = v, pu(ts) = pu(ts) = 0,
a,(ty) = &, (ty) = d,(ty) = 0. When introducing the BC for the «, in the set of

Newton’s equations, we get from all of them the same condition Zig:; +1(ty) =0,

which is satisfied for wy (&) = @1 (t,) = 0.

Figure[d4ldepicts the excitation for expansions of single-species ion chains, with
approximate (nonoptimized) protocols that use Eqs. (@I5) and (£I6), but with
the lowest-frequency mode, v = 1, instead of the minus (—) mode. The longer
the chain, the lower the fidelity of the protocol, as more terms are neglected in
the NM approximation and more boundary conditions are disregarded. However,
the protocol still provides little excitation at long enough final times in the most
demanding simulation that we examined, N = 8. Figure shows the position of
the ions, and the trap frequency along the evolution time for the eight-ion chain,
ending up with a separation between ions twice as large as the initial one, in times

shorter than 4 us (Fig. L4 without any significant final excitation.

In Fig. B3 the excitation for an expansion of the two-species chain *Bet-4Ca*-
9Bet is depicted. The minimization technique was used with two free parameters,
that is, with an 11th-order polynomial ansatz for p,—(¢). The excitation is smaller
than for the shorter chain *Be™-*°Ca™’ (with a 13th-order polynomial for p_) due
to the symmetry in the three-ion chain, which leaves two of the NM static and

unexcited.
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4.4 Discussion

I have designed fast diabatic protocols for the time dependence of the trap
frequency that suppress the final excitation of different ion-chain expansions or
compressions. Unlike the simpler single-ion expansion [32], the inverse design
problem of the trap frequency for an ion chain involves coupled Newton and Er-
makov equations for each dynamical normal mode. I found ways to deal with this
inverse problem by applying a shooting technique in the most accurate protocols,

and effective, simplifying approximations.

These protocols work for process times for which the quadratic approximation
for the Hamiltonian is valid. Longer and more asymmetric chains need larger
times than shorter and symmetrical ones. The examples show that these times
are compatible with current quantum information protocols, so many processes

may benefit by the described trap-frequency time dependencies.

The designed protocols provide a considerable improvement in final time and
excitation energy with respect to simple, naive protocols. For the expansion of
two 4°Ca™ considered in Fig. 111 compare in Fig. 6] the excitation energy of the

shooting protocol with two simple protocols that drive the frequency w; linearly,

wi(t) = wo + @t, (4.24)
f
and following a cosine function,
— t
wi(t) = Wo Ty F 0TS s (28 (4.25)
2 2 t;

The simulations are classical, as described in Sec. Figure (a) compares
the excitations at short times. For ¢y ~ 2.5 us, the shooting protocol reaches a
low excitation of 0.1 vibrational quanta, four orders of magnitude smaller than
the excitations due to the simple methods. In Fig. (b) the excitations are
represented for longer protocol times. The smoother cosine protocol behaves better

than the linear one and finally reaches an excitation of approximately 0.1 quanta
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for t; ~ 20 ps. That means that the optimized protocol gets an improvement by
a factor of 8 in final time. The results presented on this chapter were published

in [97].






Chapter 5

Fast separation of two trapped

ions

“A creative man is motivated by the desire to

achieve, not by the desire to beat others.”

Ayn Rand

I design fast protocols to separate or recombine two ions in a segmented Paul
trap. By inverse engineering the time evolution of the trapping potential composed
of a harmonic and a quartic term, it is possible to perform these processes in a few
microseconds without final excitation. These times are much shorter than the ones
reported so far experimentally. The design is based on dynamical invariants and
dynamical normal modes. Anharmonicities beyond the harmonic approximation
at potential minima are taken into account perturbatively. The stability versus

an unknown potential bias is also studied.

83
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5.1 Introduction

Separating ion chains is in the toolkit of basic operations required. (Merging
chains is the corresponding reverse operation so we shall only refer to separation
hereafter.) It has been used to implement two-qubit quantum gates [57]; also to
purify entangled states [98,199], or teleport material qubits [100]. Moreover, as is a
common theme in this thesis, ion chain separation/merging could be an important
operation in the scheme to build an architecture for processing information scalable

to many ions in multisegmented traps [23].

Ion-chain separation is known to be a difficult operation [101]. Experiments
have progressed towards lower final excitations and shorter times but much room
for improvement still remains [26, 42, [84]. Problems identified include anoma-
lous heating, so devising short-time protocols via shortcuts-to-adiabaticity (STA)
techniques was proposed as a way out worth exploring [83]. STA methods intend
to speed up different adiabatic operations 31, 32] without inducing final excita-
tions. An example of an elementary (fast quasi-adiabatic) STA approach [32] was
already applied for fast chain splitting in [42]. Here, I design, using a more gen-
eral and efficient STA approach based on dynamical normal modes (NM) [63, 197],
protocols to effectively separate two equal ions, initially in a common electrostatic
linear harmonic trap, into a final configuration where each ion is in a different
well. The motion is assumed to be effectively one dimensional due to tight radial

confinement. The external potential for an ion at ¢ is approximated as

Voot = a(t)q* + B(t)q", (5.1)

which is experimentally realizable with state-of-art segmented Paul Traps [101,

102].

Using dynamical NM [63, 97|, a Hamiltonian will be set which is separable in a
harmonic approximation around potential minima. By means of Lewis-Riesenfeld
invariants [76], I shall design first the approximate dynamics of an unexcited split-

ting, taking into account anharmonicities in a perturbative manner, and from that
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inversely find the corresponding protocol, i.e. the a(t) and 5(¢) functions.

The Hamiltonian of the system of two ions of mass m and charge e is, in the

laboratory frame,

2 2
Py Y2
=2, 0y
2m+2m+ ’
C.
Vo= a(t)(qf+q§)+ﬁ(t)(q;‘+q§)+ql_qz, (5.2)

where p1, po are the momentum operators for both ions, ¢, ¢gs their position op-

erators, and C,. = €p being the vacuum permittivity. I use on purpose a

Ameg?
c-number notation since I shall also consider classical simulations. The context
will make clear if c—numbers or ¢g—numbers are required. I suppose that, due to
the strong Coulomb repulsion, ¢; > ¢. By minimizing the potential part of the

Hamiltonian V', I find for the equilibrium distance between the two ions, d(t), the

quintic equation [101]
B(t)d®(t) + 2a(t)d*(t) — 2C, = 0, (5.3)

which will be quite useful for inverse engineering the ion-chain splitting, even
without an explicit solution for d(t). At ¢t = 0 a single external well is assumed,
B(0) = 0 and «(0) > 0, whereas in the final double-well configuration G(t;) >
0,a(ty) < 0. At some intermediate time ¢; the potential becomes purely quartic

(a(t;) = 0). My aim is to design the functions «a(t) and B(t) so that each of the

FIGURE 5.1: Scheme of the separation process. At ¢t = 0 (left), both ions are

trapped within the same external harmonic potential. At final time ¢y (right),

the negative harmonic term, and a quartic term build a double well external

potential. The aim of the process is to set each of the ions in a different well
without any residual excitation.
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ions ends up in a different external well as shown in Fig. [5.1] in times as short as

possible, and without any final excitation.

5.2 Dynamical Normal Modes

To define dynamical NM coordinates, I calculate first at equilibrium (the point

{q%o),qéo)} in configuration space where the potential is a minimum, 0V/dq¢; =

dV/dgqa = 0) the matrix V;; = % agi‘;; Tl The equilibrium positions are q§0) = @,
(0) d(t)

¢y = —=5, and the matrix takes the form

1 [2a+128% + 2 — e

m 2 2a + 126% 4 2

The eigenvalues are

1
A = —(2a+ 38d%),
m
1 , 4G,

which define the NM frequencies as 24 = /A4 corresponding to center-of-mass
(—) and relative (stretch) motions (4). These relations, with Eq. (B.3]) written as

20, 2a(t)
allow to write a(t) and d(t) as functions of the NM frequencies:
1 2 2
at) = 5m (307 —507), (5.7)
s 4C,

Substituting these expressions into Eq. (5.6]), 5(¢) may also be written in terms
of NM frequencies.
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The normalized eigenvectors are

- 30
- %(_11) (5.9)

which I denote as vy = (“i). The (mass-weighted) dynamical NM coordinates are

bt

defined in terms of the laboratory coordinates as

9t = axvm(q — Ch ) +bivm(q — ¢ ))' (5.10)

The unitary transformation of coordinates is

U:/dQ+dQ—dCI1dQ2‘Q+7Q—><Q+7Q—|Q1>Q2><Q17Q2‘a (5~11)

where (q+,9-1q1,¢2) = d[g1 — ¢1(a+,9-)]0]g2 — g2(q+, q-)]. The Hamiltonian in the
dynamical equation for |[¢/') = Uly), where [¢) is the lab-frame time-dependent

wave function evolving with H, is given by

H’:lﬂﬂﬁ—mw@m)

p7 1
= 4+ -0%q _\/ L
5 —1—2 +\/§ mp4y
- p2‘+ ~0%q?, (5.12)

plus qubic and higher order terms in the potential that we neglect by now (they
will be considered in Sec. [B.4] below). Similarly to [63, [97], I apply a further
unitary transformation U = e~ivmdar/(V2h) ¢4 write down an effective Hamiltonian

for [¢") = U|Y') with the form of two independent harmonic oscillators in NM
space, H" = UH'UT — ihtd (OUT),

2
p 1 vmd
"o + Q2
H > +2 <q++\/_92)

2
1
+ %‘+§Q2 > =H!+H'. (5.13)
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These oscillators have dynamical invariants of the form [76]

I = Zlpe(pe —dx) — pa(ae — z2))”

1 . 2
+ 5% (M) , (5.14)

where the auxiliary functions py and z satisfy

o4 020, = = 5.15
pr+Qipr = —, (5.15)
P+

B+ Q2. = —,/%a’l’, (5.16)

with Qo = Q4(0), and, due to symmetry, z_ = 0. In this chapter, I used the
notation x4 for the auxiliary function satisfying Newton’s equation instead of a.
as in the rest of the chapters because « is already used to define the harmonic
term in the potential. This is done because it is a tradition in the field to name

the harmonic term as «.

The physical meaning of the auxiliary functions may be grasped from the so-
lutions of the time-dependent Schrédinger equations (for each NM Hamiltonian
H! in Eq. (513)) proportional to the invariant eigenvectors [33]. They form a

complete basis for the space spanned by each Hamiltonian HY and take the form

.9
I iepr—aapr) | D, (04 )
(qelin(t)) =€ ke BV (5.17)
P+
where 0. = £ and ®,(04) are the eigenfunctions of the static harmonic

P+

oscillator at time t = 0. Thus, p. are scaling factors proportional to the state
“width” in NM coordinates, whereas the x4 are the dynamical-mode centers in
the space of NM coordinates. Within the harmonic approximation, there are
dynamical states of the factorized form |¢)”(t)) = |/ (t))[¢" (t)) for the ion chain
dynamics, where the NM wave functions [¢}(t)) evolve independently with H.
They may be written as combinations of the form [/ (¢)) =" Cpi|¥l, (), with

constant amplitudes C,, . The average energies of the nth-basis states for the two
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NM are E] . = () |HY W),

2n+1)h (. 0z
E' = (2n+ 1A (2_+Q2_2_+L ,
490_ P P p2_
2n+1)h (. 02
B, = ( (pz Q22 4
+ 400, F TR T
2

1, 1., \/md'>
+ it 4o -] . (5.18)
27t 2 +< V202

5.3 Design of the Control Parameters

Once the Hamiltonian and Lewis-Riesenfeld invariants are defined, I proceed
to apply the invariant-based inverse-engineering technique and design shortcuts
to adiabaticity. The results for the simple harmonic oscillator in [32] serve as
a reference, but have to be extended here since the two modes are not really
independent from the perspective of the inverse problem. This is because a unique

protocol, i.e., a single set of «(t) and S(t) functions has to be designed.

I first set the initial and target values for the control parameters a(t) and S(t).
At time ¢ = 0, the external trap is purely harmonic, with (angular) frequency wy.

From Eq. (&), we find that Q_(0) = wy and Q,(0) = v/3wp. The equilibrium

distance is d(0) = @ 35% For the final time, I set a tenfold expansion of the
equilibrium distance, d(t;) = 10d(0), and Q_(t) = wy. This also implies Q2 (t5) =
V1.002wy = Q_(ts), i.e., the final frequencies of both NM are essentially equal,
the Coulomb interaction is negligible, and the ions can be considered to oscillate

in independent traps.

The inverse problem is somewhat similar to the expansion of a trap with two
equal ions in Ref. [63], but complicated by the richer structure of the external
potential. The Hamiltonian (5.13]) and the invariant (5.14]) must commute at both
boundary times [H (), I(ty)] = 0,

ty = 0,1y, (5.19)
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FIGURE 5.2: Evolution of (a) «(t); (b) B(t); and (c¢) d(t). In (d), the NM

frequencies, solid line for the ‘-’ and dashed line for the ‘4’ are depicted. Two
9Be™ ions were separated in the simulation, with wo/(27) = 2 MHz, t; = 5.2
ps, ap = mw3/2, and d(0) = 5.80 pm.

to drive initial levels into final levels via a one-to-one mapping. This is achieved

by applying appropriate boundary conditions (BC) to the auxiliary functions p.,

z4 and their derivatives:

p+(0) Lo pxlty) = s, (5.20)
pr(ty) = px(ts) =0, (5.21)
24 (to) iy (te) = iy () = 0, (5.22)
where vy = gf((g). Let me recall that z_ = 0 for all times so this parameter

does not have to be considered further.

Inserting the BC for z(t,) and #,(t,) in Eq. (510), we find that d(t,) = 0.

Additionally, d(t,) = 0 is to be imposed so that U (t,) = 1. According to Eq. (5.8,
d(tb) = d(tb) =0 by imposing Qi(tb) = Qi(tb) = 0. With d(tb) = d(tb) = 0,

the Hamiltonians and wave functions coincide at the boundaries, H'(t,) = H" (),
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|V (ty)) = |¥"(ty)), which simplifies the calculation of the excitation energy.

From Eq. (5I3), the NM frequencies may be written as

/% P+
O, — /0 _ = 5.23
* Pi P+ ( )

Thus, the BC Qi(tb) = Q4 (t,) = 0 are satisfied by imposing on the auxiliary
functions the additional BC

Pa(ty) =P s(ty) = 0. (5.24)

We may now design ansatzes for the auxiliary functions p4 that satisfy the ten

BC in Egs. (5:205.215.24), plus the BC for 2, () and i (t,) in Eq. (5.22)) (since

d(ty) = 0, &4 (t,) = 0 is then automatically satisfied [see Eq. (B5I0)]). Finally,

from the NM frequencies given by Eq. (23] we can inverse engineer the control

parameters «(t) and B(t) from Eqs. (5.6), (57), and (&.8).

A simple choice for p_(t) is a polynomial ansatz of 9th order p_ = 377 b;s’,
where s = t/t;. Substituting this form in the ten BC in Eqgs. (5:20), (5.21)), (5:24),
we finally get

po = 126(y_ —1)s° —420(y_ — 1)s® 4+ 540(y_ — 1)s"

— 315(y- — 1)s® +70(y_ — 1)s” + 1. (5.25)

For py I use an 11th order polynomial p, = 27111:0 a,s™ to satisfy as well z,(t,) =
%4 (ty) = 0. The parameters ag_g are fixed so that the 10 BC for p, are fulfilled (see
the Appendix[G]), whereas aqg, ay; are left free, and will be numerically determined
by a shooting program [103] (‘fminsearch’ in MATLAB, which uses the Nelder-
Mead simplex method for optimization), so that the remaining BC for = (¢,) and
%4 (tp) are also satisfied. Specifically, for each pair {ayo,a11}, Q+(t) and d(t) are
determined from Egs. (5.8]) and (515, to solve Eq. (B16]) for x(¢) with initial

conditions x4 (0) = #,(0) = 0. The free constants are changed until z,(t;) = 0
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and @ (t;) = 0 are satisfied. Numerically, a convenient way to find the solution

is to minimize the energy E . (t5) in Eq. (B.IS)).

Figures[5.2] (a) and (b) depict the control parameters «(t) and £(t) found with
this method, using Eqgs. (5.6 and (5.7), for some value of ¢y and wy, see the
caption, while Fig. (c) represents the equilibrium distance between ions as a
function of time (5.8)), and Fig. (d) the NM frequencies. In Fig. (a) the
excitation energy is shown versus final time for the optimized parameters given in
Fig. (b). The initial state is the ground state of the two ions. It is calculated by
propagating an initial guess of the wave function in imaginary time until it relaxes
to the lowest eigenfunction [81]. The excitation energy is E., = E(tf) — Eo(ty),
where E(ts) is the final energy, calculated in the lab frame, and Ey(ts) is the final
ground-state energy. The wave function evolution is calculated using the “Split-
Operator Method” with the full Hamiltonian (5.2)). If the harmonic approximation
were exact, there would not be any excitation with this STA method, E(tf) =
E§ (ty) + E{_(ty) = Eo(ts) [see Eq. (I8)]. The actual result is perturbed by the
anharmonicities and NM couplings. The final ground state is also calculated with
an “imaginary-time evolution”. The corresponding final ground-state energy is
essentially twice the harmonic-oscillator ground-state energy plus the (negligible)
Coulomb repulsion at distance d(tf). For the final times of all the examples,
as it was noted in previous works [52, 63, 163, 183], classical simulations (solving
Hamilton’s equations from the equilibrium configuration instead of Schrédinger’s

equation) give indistinguishable results in the scale of Fig. (a).

The excitation energy in Fig. [(.3|(a) (solid line) increases at short times since
the harmonic NM approximation fails [63, [97]. However, it goes down rapidly
below one excitation quantum at times which are still rather small compared to
experimental values used so far [42,84]. In the following section, I shall apply a

perturbative technique to minimize the excitation further.
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FIGURE 5.3: (a) Final excitation energy vs final time using the inverse-
engineering design of Sec. (solid blue), and the design that takes into account
anharmonicities in Sec. [5.4] (dashed red). (b) Values of the free parameters ag
(solid blue) and aj; (dashed red) that minimize the excitation energy for the
11th order polynomial (G.I). (c) Parameters c1g (solid blue), ¢1; (dashed red)
and c19 (dash-dotted green) that minimize the excitation energy for the 12th
order polynomial (G.2)). Two “Be™ ions were splitted, with wg/(27) = 2 MHz.

5.4 Beyond the harmonic approximation

An improvement of the protocol is to consider the perturbation of the higher
order terms neglected in the Hamiltonian (5.13]). These “anharmonicities” [59)]

are cubic and higher order terms in the Taylor expansion of the Coulomb term

CVc/(ql - C]2)>
Vo= ) VU
j=3

= ’oo % qu - céo)) — <q1 - q§°))r : (5.26)

J=3
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In NM coordinates, the terms take the simple form

J
, . C. /2
sV ) = (_1)]4‘1% < Eq—k) : (5.27)

which may be regarded as a perturbation to be added to HY in Eq. (BI3). (The
perturbation does not couple the center-of-mass and relative subspaces.) To first

order, the excess energy due to these perturbative terms at final time is given by

SEY) = (it (tp) |5Vl (), (5.28)

where the |1}, ) are the unperturbed states in Eq. (5.I7). Inverse engineering the
splitting process may now be carried out by considering a 12th order polynomial
for p; (see (G.2)), with three free parameters so as to fix the BC for x; and
also minimize the excitation energy. In practice, I used MATLAB’s ‘fminsearch’
function for the shooting to minimize Fy, (¢ f)—i-éE(gi) as no significant improvement
occurs by including higher order terms. Figure (a) compares the performance
of such a protocol with the simpler one with the 11th-order polynomial (G.II).

Figure (c) gives the values of optimized parameters at different final times.

5.5 Discussion

A large quartic potential is desirable to control the excitations produced at the
point where the harmonic term changes its sign [83]. At this point, the harmonic
potential switches from confining to repulsive, which reduces the control of the
system and potentially increases diabaticities and heating. In the inverse approach
proposed here, there is no special design of the protocol at this point, but the
method naturally seeks high quartic confinements there. In Fig. (b) B reaches
its maximum value right at the time where a changes sign (see Fig. (a)).
However, the maximum value that § can reach will typically be limited in a Paul

trap [101]. In Table[5I11 summarize the different maximal values of 5, and critical
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wo (MHz)  Braz (1073N/m?)  t. (us)

3 44.2 2.9
2 11.4 4.4
1.2 2.082 7.4
0.8 0.539 11.2

TABLE 5.1: Maximum values of 3, and critical times (final times at which exci-
tations below 0.1 quanta are reached) for different values of wg. The calculations
were performed with the 11th order polynomial for p. .

times (final times at which excitations below 0.1 quanta are reached) for different

values of wy using the 11th-order polynomial (G.IJ) for p..

The maximum £ decreases with ¢, such that the shortest possible ¢; at a given
maximum tolerable excitation energy is limited by the achievable . The trap
used in Ref. [84] yields a maximum #3 of about 107* N/m?3, at +10 V steering
range. In a recent experiment reported in [104], where although the purpose
was not ion separation a double well potential was produced, the value used was
B a5 x 1073 N/m?. The numbers reported in the Table are thus within reach, as
the S coefficients scale with the inverse 4th power of the overall trap dimension,
and technological improvements on arbitrary waveform generators may allow for

operation at an increased voltage range.

Another potential limitation the method could encounter in the laboratory is
due to biases (a linear slope) in the trapping potential, V,,; = aq®+ Sq* + \q, with
A constant and unknown [83]. Figure [5.4] represents the excitation energy versus
the energy difference between the two final minima of the external potential, AF
(also vs A). To calculate the results, a(t) and f(t) are designed as if A = 0, but
the dynamics is carried out with a nonzero A, in particular the initial state is the
actual ground state, including the perturbation. Note that AFE should be more
than a thousand vibrational quanta to excite the final energy by one quantum. In

Ref. [84] an energy increase of ten phonons at about 150 zN and 80 us separation
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FIGURE 5.4: Excitation energy vs. different tilt values of the external potential

in terms of the energy difference between both wells (upper axis) and values of

the \ parameter (lower axis), when using the 11th order polynomial in the
evolution. Same parameters as in Fig.

time was reported, so the STA ramps definitely improve the robustness against

bias.

Further experimental limitations may be due to random fluctuations in the
potential parameters, or higher order terms in the external potential. I leave
these important issues for a separate study but note that the structure of the

STA techniques used here is well adapted to deal with noise or perturbations

44, 156, [105].

Finally, I compare in Fig. the performance of the protocols based on the
polynomials (528 and (G.J]) with a simple non-optimized protocol based on those
experimentally used in [84]. There, the equilibrium distance d is first designed as
d(t) = d(0)+[d(t;) —d(0)]s*sin(sm/2), where s = t/t;. From the family of possible
potential ramps consistent with this function, I chose a polynomial that drives «
from «(0) = ap to a(ty) = —ap/2 (as in Fig. (.2) and whose first derivatives
are 0 at both boundary times. [ is given by Eq. (53). For the times analysed
in Fig. B the method based on Egs. (5.28) and (GI) clearly outperforms

the nonoptimized ramp. To get excitations below the single motional excitation
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FIGURE 5.5: Excitation energy vs. final time comparing the 11th order poly-
nomial (solid blue) and a non optimized trajectory experimentally used in [84]
(dashed red) in the evolution. Same parameters as in Fig.

quantum with the nonoptimized protocol, final times as long as t; ~ 80 us would

be needed, which is in line with current experiments.

I conclude that the method presented here, could bring a clear improvement
with respect to the best results experimentally reported so far [42,/84]. The param-
eters required are realistic in current trapped ions laboratories. The simulations
show that, under ideal conditions, the separation of two ions could be performed
in a few oscillation periods, at times similar to those required for other operations
as transport [63] or expansions [97], studied before in this thesis (Chapters 2] and
[ respectively). The results obtained in this chapter were published in [106].






Chapter 6

Shortcuts to adiabaticity for an
ion in a rotating radially-tight

trap

Merlin:  There’s only one thing to it. Learn!
Learn why the world wags, and what wags
il.

Arthur: How could I learn if I couldn’t think?....

Merlin:  Yes...thinking, boy, is something you
should definitely get into the habit of

making use of as often as possible.

From the film ”Camelot” (1967)

I engineer the fast rotation of an effectively one-dimensional ion trap for a
predetermined rotation angle and time, avoiding the final excitation of the trapped
ion. Different schemes are proposed with different speed limits that depend on the
control capabilities. I also make use of trap rotations to create squeezed states

without manipulating the trap frequencies.

99
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6.1 Introduction

In this chapter I study rotations of a single ion as depicted in Fig. My
aim is to inverse engineer the time dependence of the control parameter(s) to
implement a fast process, free from final excitations. I assume for simplicity that
the ion is trapped in a linear, harmonic trap, tightly confined in a radial direction
so that it moves effectively along a one-dimensional axial direction, hereafter “the
line”. The trapping line is set horizontally and is rotated in a time ¢; up to an
established final angle (f; = 7/2 in all examples) with respect to a vertical axis
that crosses the center of the trap. Such an operation would be useful to drive
atoms through corners and junctions in a scalable quantum processor [107,108]. It
is also a first step towards the more complicated problem of rotating an ion chain
[107, 109, 110], which would facilitate scalability in linear segmented traps, and
be useful to rearrange the ions, e.g., to locate a cooling ion at the right position in
the chain [110]. Opposite to other operations studied in this thesis, like transport
(Chapters [ and 2]) or expansion (Chapter ), rotation of a single ion was never
studied before, so I shall first design the rotation process for a single ion in this

chapter, and then I will extend the analysis to ion chains in Chapter [l

I shall first find the classical Hamiltonian. Let s denote a point on the line.

t; ts

FIGURE 6.1: Schematic representation of the rotation process. The ion is

confined along a line (where it is subjected to an effective one-dimensional lon-

gitudinal potential), which is rotated by an angle § up to 6y in a time ¢, so
that the final state is not excited.
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s may take positive and negative values. A time-dependent trajectory s(t) has

Cartesian, laboratory frame components x = z(s,t), y = y(s, t),

x = scos(f),

y = ssin(0), (6.1)

where § = 6(t) is the rotation angle. The kinetic energy is K = $m(i?+3?), where
m is the ion mass, and the potential energy is assumed by now to be harmonic,
smwgs® (this will be relaxed below and in Sec. B.2), where wy is the angular
frequency of the external confining trap in the (longitudinal) direction of the line.
This gives the Lagrangian

L oo 1 95,

L = §ms' — gmw’s’ (6.2)

w? = wi-62 (6.3)

Note that the angular velocity of the rotation 6 must be real but could be nega-
tive, whereas w? may be positive or negative, making w purely imaginary in the
later case. Unless stated otherwise, the following physically motivated boundary
conditions are also assumed: the initial and final trap should be at rest, and I also

impose continuity of the angular velocity,

0(0) = 0, 6(t;) =0, (6.4)
0(0) = 6(ty) =0, (6.5)
w(0) = w(ty) = wo, (6.6)

where the last line follows from the second one using Eq. (63]). By a Legendre

transformation we finally get the Hamiltonia

oL 1 1
H= SE — L= éméz + émwzsz. (6.7)

At this point, I quantize this Hamiltonian by substituting ms by the momentum

!This is easily generalized for a potential U(s), not necessarily harmonic, as H = %mSQ +
U(s) — imb?*s?
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operator p and by considering s as the position operator, which becomes a c-

number in coordinate representation,

1 1
H=—p* + —muw?s®. (6.8)
2m 2

[ will from now on work with this quantum Hamiltonian (possibly with a more
general potential) and corresponding quantum states. It represents formally a
harmonic oscillator with time-dependent frequency, but there are significant dif-
ferences with an actual harmonic oscillator when the inverse engineering of w(t) is
considered. For an actual harmonic oscillator, a fast and safe expansion or com-
pression in a time ¢ should take the system from an initial value to a final value
of w without final excitation, in principle without further conditions. By contrast,
in the rotation process, according to Eq. (6.0]), the initial and final effective fre-
quencies are the same, but the conditions in Eqs. (6.4]) and (6.5 must be satisfied.

This implies an integral constraint on w,

tro. ty
b(t,) — / b’ — / w2 — W2t (6.9)
0 0

where the square root branch should be chosen to satisfy continuity. One further
difference is that in a physical expansion/compression w(t) is controlled directly,
whereas in the rotation there are several options. If wy is constant, only 6(t)
is controlled, so that w(t) is an ‘effective’ frequency. In general, both wy and 0
could be controlled as time-dependent functions, see the next section. As for the
final excitation, the expression for the energy of a state that begins in the nth
eigenstate of the trap at rest can be found making use of the Lewis-Riesenfeld

invariants [32, [76], see the corresponding time-dependent wave function in the

Appendix H]
(2n+1)h

O ="

<p2+-w2ajp2+»f%?i). (6.10)

Here p is a scaling factor, proportional to the width of the invariant eigenstates,

that satisfies the Ermakov equation

w?(0)
PP

p+wi(t)p = (6.11)
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To avoid any final excitation, it is required that

plts) =1, plts) =0 (6.12)

for the initial conditions p(0) = 1, p(0) = 0. The boundary conditions for p and

Egs. (64), (65), (6.6) imply that H(0) = H(t;) commutes with the corresponding
Lewis-Riesenfeld invariant [76], so that the nth initial eigenstate is dynamically
mapped onto itself (but rotated) at time ¢;. In Eqgs. (6I0) and (611), both the
excitation energy and the wave packet width are mass independent, so that inverse-
engineered rotation protocols will be independent of the species. In the following
sections, I shall analyze different methods to perform the rotation without final

excitation.

6.2 Control of trap frequency

and angular velocity

If both the trap angular frequency wy and the angular velocity @ are control-
lable functions of time, a simple family of solutions to the inverse problem is found
by setting a Q(t) that satisfies Eqs. (6.4) and (6.3]), and compensating the time
dependence of #% with a corresponding change in w?(t), so that w?(t) = w?(0)
remains constant during the whole process. From the point of view of the effec-
tive harmonic oscillator, ‘nothing happens’ throughout the rotation, so that the

effective state remains unexcited at all times.

I may apply the Lewis-Leach theory of quadratic in momentum invariants
[58,[111] to extend the above results to arbitrary potentialg. The family of Hamil-

tonians
2
p | 5
H=_—+-m U (- 6.13
om 2T (p) (613)

2The theory was first formulated for classical systems in [58] but is applicable to quantum
systems as well [111]. Incidentally, this means that the rotation protocols designed in this chapter
(in this and the following sections) are valid for classical particles as well. The difference appears
only when considering which states are valid or not for classical and quantum particles, e.g.,
when using phase-space formulations of quantum states and classical ensembles.
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where U is an arbitrary function, and 2 depends on time, has the invariant

2 1 s
I =— + -mQ2s? - 14
2m+2m oS +U(p), (6.14)

where m = pp — mps, and () is a constant, provided the Ermakov equation
Q2
p+Qp=—7 (6.15)
p
is satisfied. Consider the simple case Qy = 0, i.e., from Eq. (615,
(1) = L. (6.16)
p

If we set p(t) = 1 as a constant for all times, it follows that Q(¢) = 0. However,
as we saw in the previous section, the rotation of a line with the potential U(s)
produces in the line frame a centrifugal term —02sm/2. To cancel the total
harmonic term, we have to add to the trap potential a compensating harmonic
term, w?s®m/2, such that w? = 2. In other words, Q% = w? — % = 0. The

resulting Hamiltonian and invariant (in this case they are equal) are simply

Her1=2 Ly (6.17)

2m

i.e., time independent. No excitation occurs at any time in spite of the fact that

a rotation is taking place.

For some applications, it may be interesting to consider in Eq. (613]) the more
general case in which p depends on time (for example to achieve a squeezed state
as will be studied later in Sec. [B.6), and w? = w? — 62, corresponding to an
auxiliary harmonic term and the centrifugal term. The inverse engineering in this

case proceeds by designing 6(t), so that 6(0) = f(t;) = 0, and then p(t) obeying
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the boundary conditions

p(0) = plty) =1, (6.18)
p(0) = p(ty) =0, (6.19)
p0) = p(ty) =0, (6.20)

(or more generally, p(tf) = ) that guarantee the commutation between invariant
and Hamiltonian at boundary times. Once 6 and p are set, I design the auxiliary
harmonic term considering, as before, 0y = 0 in Eq. (GI3):

=P = L (6.21)

p

The auxiliary harmonic term vanishes at both boundary times according to the
boundary conditions imposed on p and 6. In fact Q2 vanishes as well at the
boundary times so that before and after the rotation the atom is confined only
in the potential U(s). This type of protocols, where both the rotation speed and
the potential have to be controlled (the latter in space and time) may be quite
demanding experimentally. In the rest of the chapter, I shall assume the simpler
scenario in which only the rotation speed 0 is controlled, and the trap potential is

purely harmonic with constant angular frequency wy.

6.3 Bang-bang

It is possible to perform rotations without final excitation satisfying Eqs. (6.4])
and (6.5]) keeping 6 constant or piecewise constant. Here, I consider the simplest

one-step case,

0, t<0,
0, t >t

Note that Egs. (6.0) and (6.6]) are only satisfied now as one-sided limits. A bang-
bang approach may admittedly be difficult to implement because of the sharp
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changes involved, but it sets a useful, simple reference for orders of magnitude
estimates of rotation speeds, which may be compared to smoother approaches

that will be presented later. Integrating 0, one finds
Gf = th. (623)

For a constant = ¢, w remains constant from ¢ = 0 to ¢ = t;, and equal to

1/2

w; = (wi — )2, whereas w = wy in the initial and final time regions. For this

configuration, and 0 <t < ty,

p(t) = \/% sin?(wyt) + 1, (6.24)
o) sin(wit) cos(wit)(wi — w?) | (6.25)

wip(t)

to satisfy the boundary conditions p(0) = 1, p(0) = 0. The shortest final time to
satisfy the conditions (6.I2) at t; is 7/w;. From Eq. (623), this gives the value

of ¢ needed,
wao
Cc = 7[77_2 n 9]%]1/2’ (626)
whereas
s T T
ty = —=—-—-o=—F, 6.27
! Wy wi — 2 Wof (6.27)
b
f o= 1+ 3 (6.28)

As ¢ < wy, the effect of this bang-bang protocol is to expand the effective trap
during the rotation time interval. p increases first, and then decreases during
half an oscillation period of the effective trap. This does not, in general, coincide
with half an oscillation period of the actual nonrotating trap m/wy, because of the
f factor, but it is not too different for relevant values of ;. In particular, for
0y = m/2, f = 1.118. The maximum of p(t) at t;/2 is precisely f. For example,
for a frequency wo/(27) = 2 MHz, this implies a final time ¢; = 0.28 ps.
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6.4 Optimal Control by Pontryagin’s maximum

Principle

While the previous bang-bang method with just one time segment provides a
simple guidance, I am also interested in knowing the absolute time minimum that
could in principle be achieved (even if the “optimal” protocol ends up being hardly
realizable). Unlike ordinary expansions/compressions, the shortest time protocol
for bounded control is not of a bang-bang form. To find it, I first rescale the time

with wy by setting o = wot for ¢ € [0,¢f]. Now, I set the variables

x3(0) = /OUU(T)CZT, (6.29)

where u(o) = u(wot) = ﬁoe(t), with o € [0,wots]. Then, one can write a control
system describing the Ermakov equation (6.I5]) and the constraints in (6.4]), (G.5])
and (6.6), and formulate the time-optimal control (OC) problem for rotation of a

quantum particle on a line as

T
minJ = / ldr,
w 0

such that 2] = o,
Ty, = P + (u? — 1)y,
Ty, = u, (6.30)

where T' = wyt s, and the prime is a derivative with respect to o, with the boundary

conditions

.731(0) = ]_, Il(T> = ]_,
1’2(0) = 0, $2(T) =0



Chapter 6. Shortcuts to adiabaticity for an ion
in a rotating radially-tight trap 108

Note that I assume that the boundary conditions for v at t = 0 and ¢ = ¢; can be

fulfilled by the use of a sudden switch.

6.4.1 Unbounded Control

I apply the Pontrygin’s maximum principle [112] to solve the time-OC problem
([6.30), where the Hamiltonian is given by

1
H(t, T, Uu, )\) = )\0 + >\1$2 + )\2 [F + (U2 - 1)1’1 + )\3u, (632)
1

in which A = (Ao, A1, A2, A\3) and Ag is either 0 or 1. The necessary condition

%—’Z = 0 gives R
3
= — 6.33

which minimizes the Hamiltonian and where the co-states A\, Ao, A3 : [0,7] — R

satisfy N = —92 j =12 3, ie.,

8901-’
3
No= |2 @)
L= o)
X, = =\, (6.34)

N, = 0.

Solutions are found by solving the equation system composed by Eqs. (6.30), (6:33)
and (6.34) with the boundary conditions at ¢ = 0 in Eq. (631]). We have the
freedom of choosing different initial values for the A;(0) to satisfy the boundary
conditions at T in Eq. (@31I). I applied a shooting method and numerically
minimize [x1(T)—1]24z2(T)*+[x3(T)—0;]? for these parameters using MATLAB’s
‘fminsearch’ function with 6y = 7/2 = 1.5708. The best results obtained are for
T = 2.2825, which, for the external trap frequency wy/(27) = 2 MHz used in
other examples, implies a final time ¢; = 0.18 us. The solution found is not exact,
(x1(T), 2o(T), 23(T)) = (1.0765,0.0842, 1.5650), which might be an indication that
the system is not controllable. Figure (a) shows the time evolution of u for

this case following Eq. (6.33), but forcing it to be 0 in the boundary times.
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FIGURE 6.2: Time evolution () for the optimal unbounded (a) and bounded
(b) control. The rotation angle is 0y = 7.

6.4.2 Bounded Control

Now, consider a bounded control with u(co) € [0,1] for all o € [0,7]. Because

the Hamiltonian (6.32]) is quadratic in u, the OC that minimizes H is of the form

o A
ug, :mm{max{—T;;l,O},l}. (6.35)

The bounded time-OC, and the resulting optimal trajectory, are illustrated in Fig.
62 (b). The minimum (dimensionless) time that completes the desired rotation is
T = 11.9984, and the calculated final state following the OC is (z1(T"), zo(T"), z5(T")) =
(1.0083,0.0382,1.5708). For wy/(27) = 2 MHz, the minimal time is 0.95 ps. Since
u(o) € [0,1], V o € [0,T], from Eq. (€30), we see that 6 > 0, and hence, the rota-
tion is always forward. In this case, x5 reaches the desired §; = 7/2 at o = 11.9028,

and the control is turned off. Then, the states x; and x5 are oscillating to reach



Chapter 6. Shortcuts to adiabaticity for an ion

in a rotating radially-tight trap 110
100
50+
&
ol
_50 L L L - L
0.1 0.15 0.2 0.25
tr (Us)

FIGURE 6.3: Values of the optimizing parameters a4 (thick blue line) and as
(dashed red line) for different rotation times ¢;. The trap frequency is wo/(27) =
2 MHz, and the final angle 6y = 7.

the desired terminal state (1,0). Figure (b) shows the time evolution of u for

this solution.

6.5 Smooth inverse engineering

An alternative inversion route, that provides smooth solutions, is depicted in

the following scheme:

0 f—>w Elp(ts), p(ts)] -

First, (t) is designed to satisfy Eq. (6.4]) and Eq. (635) with some free parame-
ters. The corresponding 6 and final energy are calculated, and the parameters are

changed until the minimum energy (and excitation) is found.

A convenient choice for 6 is a fifth order polynomial ansatz § = >°._ a,t"/ t.
In order to satisfy the boundary conditions in Eqs. (6.4]) and (6.5]), we need to
fix parameters ag_3 = (0,0, a4 + 2a5 + 36f, —2a4 — 3a5 — 26;). The other two
parameters, a4, as, are left free in order to satisfy the remaining two boundary

conditions in Eq. (GI2]), and suppress the final excitation energy. In practice, I
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FIGURE 6.4: Final excitation energy vs final time for the optimized protocol

without (solid blue line) and with final squeezing (y? = 3, dashed red line). The

trap frequency is wo/(27) = 2 MHz, and the final rotation angle 6y = 7. The
initial state is the ground state of the trap.

solve numerically Eq. (G.II) to find the final energy (G.I0) for each pair ag,as,
and use MATLAB’s ‘fminsearch’ function to find the values of the free parameters

that minimize the final excitation energy.

In Fig. 6.3 the values of the free parameters that result from this process are
given, and in Fig. [6.4] I depict the corresponding excess energy with respect to
the ideal target state (as in previous examples, wy/(27) = 2 MHz). Vanishing
residual excitations are found for times shorter than half an oscillation period up
to a time ¢y ~ 0.23 s, not much larger than the unbounded-OC minimum of
0.18 us. Figure depicts the difference between the ideal value of p(t;) and the

actual value, and makes evident the sharp change that marks the shortest time

bang-bang OC(unbounded) OC(bounded) inverse engineering

t; (us) 028 0.18 0.95 0.23

TABLE 6.1: Minimal rotation times for the different methods. Trap frequency
wo/(2m) = 2 MHz. In bounded OC, 0 < 6 < wy.
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FIGURE 6.5: Difference between the ideal and actual value of p at the end

of the rotation vs final time for the optimized inverse-engineered protocol for

rotations without (solid blue line) and with final squeezing (72 = 3, dashed red

line). The trap frequency is wy/(2m) = 2 MHz, and the final rotation angle
0 = 3.

for which a solution exists. Since I have limited the possible solutions by imposing
a functional form of the function 6(¢), this time is larger than the one found via
OC. Note also that the shortest final time is slightly better than the one provided

by the simple bang-bang protocol. Table summarizes the results.

6.6 Wave packet squeezing

Consider now a trap rotation with constant trap frequency wy satisfying the

conditions (6.4)-(6.4), and p satisfying

p(0) = 1. p(0)=0,

plt)) = 7. plty) =0, (6.36)

Unlike the previous sections, p ends in a value 7 different from 1.

According to Eq. ([L3), each initial state ¢,,(0) will evolve into e~ +1/2w09g,

at ty, where g = g(t5) = f(ff dt'/p*(t"), and ¢, s, is the normalized eigenstate for
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FIGURE 6.6: Values of the optimizing parameters a4 (thick blue line) and as

(dashed red line) for different rotation times to generate a squeezed vaccum

state with 42 = 3. The trap frequency is wg/(27) = 2 MHz, and the rotation
angle 0y = 7.

the trap with angular frequency ws, = wo/7?. (This is a virtual trap, let me recall

that the actual trap has angular frequency wy.)

A coherent state at time t = 0,

[e.e]

. _|a‘2/2 Oén
a)=e E —|0,(0)), 6.37
) 2 /_n"¢ (0)) ( )
will thus evolve into
W’(tf)) ¢T3/ 2o 1A /2 E |¢n sq (6.38)

where & = ae ™9, This is a coherent state for the virtual frequency ws,, and
therefore, a minimum-uncertainty product state. However, since the actual trap
has frequency wy, it is also a squeezed coherent state with respect to the actual trap,
|[r, @]), see [113], where = — In~y, up to a global phase factor. The final and initial
coordinate and momentum widths are related by Ay, = 7Aq0, Api, = Dpo/7-
We may rewrite the state at time ¢; in terms of the squeezing and displacement

operators as

W(ty)) = e 0928 (r)|a) = e 092 S(r)D(a)[0) = e *9?|[r, &),  (6.39)
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r 2 . . . .
where S(r) = e2(@>=a™) "¢ and af are annihilation and creation operators for the

zal=z"a ig the displacement operator. Note that

wo-harmonic trap, and D(z) = e
the phase at ty, arg(&), is controllable by means of the g-function that depends
on the process history, whereas the squeezing parameter 1/ is controlled by the
imposed boundary condition. If necessary, a controlled tilt of the squeezed state

in phase space is easy to achieve by letting it evolve, after its formation at ¢¢, in

the fixed, nonrotating trap.

As a simple example, let me consider the generation of squeezed vacuum states
starting from the ground state of the initial trap, so that o = 0. To design the
squeezing process, one may follow a similar procedure as in the previous section,

but minimizing the cost function

Fo= pty)* +w?(ty)p(ts)? + =

p = p—7+1, (6.40)

which is minimal for p(t;) = 1 and p(t;) = 0, so that p(t;) = v and p(t;) = 0.

Since, due to the centrifugal force during the rotation, the wave packet tends to
spread first, the squeezed states with v > 1 may be achieved in shorter times than
the ones needed without squeezing in the previous section. Figure depicts the
free parameters that optimize a rotation with a final squeezed state for the same
parameters in the previous subsection, but 42 = 3, and Fig. the excess energy
with respect to the target state. The excitation in a process with a final moderate
squeezing is smaller than for the simple rotation without squeezing. Figure
depicts the difference between the target value of the function p (proportional to
the width of the wave packet) and its actual value at final time for rotations without
and with squeezing. Again, the minimizations change suddenly to a different
solution that cannot satisfy the conditions at a critical time, see also Figs. and

0.6l
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6.7 Discussion

I have worked out different schemes to perform fast rotations of a one-dimensional
trap without any final excitation of the confined particle, which I have considered
to be an ion (for being the common platform in this thesis) throughout, but could
be a neutral particle as well by setting the proper trapping interaction. Apart
from excitation-free rotations, it is also possible to generate squeezed states in a
controllable way. For an arbitrary trap, the fast processes could in principle be
performed in an arbitrarily short time if an auxiliary harmonic potential with time-
dependent frequency could be implemented. In a simpler setting, where only the
rotation speed may be controlled, the rotation time cannot be arbitrarily short, as
demonstrated by inverse engineering or bang-bang approaches, and confirmed by
optimal-control theory. Bang-bang and OC protocols provide useful information
and time bounds, but are difficult to implement experimentally due to the sud-
den kicks required in the angular velocity of the trap. Smooth protocols designed
by invariant-based inverse engineering have also been worked out. They achieve

negligible excitations for times close to the minimum times given by OC theory.

The analysis may be generalized for a two-dimensional trap, but it becomes
considerably more involved [114]. The 1D approximation used here will be valid
for total energies well below the transversal confinement energy £, = hw,. For
the shortest final times considered in my simulations, excitation energies are never

larger than 2Awy, so that w; > wy would be enough for their validity.

Rotations are elementary manipulations, which, together with transport, split-
ting and expansions, may help build a scalable quantum information architecture.
In particular, they provide a mechanism for connecting sites by changing trans-
port directions in 2D networks. Rotations have been demonstrated experimentally
for trapped ions [110], and improving the capability to control the parameters
involved is feasible with state-of-the-art trapped-ion technology. To extend the
present analysis to ion chains [110], an approach similar to that in [63, 97, [106]
will be applied in Chapter [l working out the dynamical modes of the system and

taking into account the dipole-dipole interaction due to the rotation of the charged
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particles. The present results set a first step towards accurately controlling rotat-
ing ion chains, which would allow for fast reordering. The results obtained in this

chapter were published in [115].



Chapter 7

Shortcuts to adiabatic rotation of

two 10ons on a line

“Our goal is to make the best devices in the world,

not to be the biggest.”

Steve Jobs

I engineer the fast rotation of two trapped ions confined in an effectively one-
dimensional, harmonic trap, for a predetermined rotation angle and time, avoid-
ing final excitation. Different approaches are used when the ions are of the same
species or of different species, but in both cases it is possible to get a clear im-

provement with respect to the adiabatic protocol.

117
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7.1 Introduction

In this chapter, I extend the analysis done in |115] and in Chapter [6, and
study rotations of two ions as depicted in Fig. [[.Il My aim is to inverse engineer
the time-dependence of the control parameter(s) to implement a fast process, free
from final excitations. I assume that the ions are trapped in a linear, harmonic
trap, tightly confined in a radial direction so that they move effectively along
a one-dimensional axial direction, hereafter “the line”. 1 also assume the ions
to never change the ordering within the trap frame, due to the strong Coulomb
repulsion. The trapping line is set horizontally and is rotated in a time ¢¢ up to an
established final angle (§; = 7 in all examples) with respect to a vertical axis that
crosses the center of the trap. Such an operation was adiabatically performed by
Splatt et al [110], where the objective was simply showing the reordering of small
ion chains was possible, or with an optimized faster approach in [116]. This is
important, for example, when topologically encoding a qubit [117], where the ion
chain reordering is essential. A better experimental control of these rotations will
involve improvements in the filtering, voltage and noise control. In this chapter,
I explore the fundamental limitations for such an operation, more specifically the
time scale that could be reached under the ideal conditions of an effective external
potential that rotates rigidly, with strong radial confinement, so that the two ions
move effectively along a rotating one-dimensional line. I am thus ignoring features
that depend strongly on the electrode configuration, such as the possible effects

of micromotion.

Following the same procedure as in Chapter [0l I shall first find the classical
Hamiltonian from the corresponding classical Lagrangian and then quantize the
result. Let s; denote the points on the line where each ion lays. s; may take
positive and negative values. A time dependent trajectory s;(¢) has cartesian (lab

frame) components z; = x;(s,t), y; = vi(s, 1),

x; = s;cos(0), y; = s;sin(6), (7.1)
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t t

FIGURE 7.1: Schematic representation of the rotation process studied here.

The atom is confined along a line (where it is subjected to a one-dimensional

potential), which is rotated by an angle 6 up to a time ¢ so that the final state
is not excited.

where 6 = 0(t) is the rotation angle. For two equal ions, the kinetic energy is

K = im(i1+9})+ 3m(i3+73), and the potential energy is assumed by now to be

Ce
So—sS1?

harmonic plus a Coulomb interaction between both ions, V' = Sug(s]+ s3) +

where uy = mw? and C,. = %, €p being the vacuum permittivity, e the electric
charge of a single electron and wy the external harmonic frequency for both ions
in the (longitudinal) direction of the line and m the mass of each ion. This gives

the Lagrangian

1 1 1 C
I = = .9 o2 T 2/.2 AN c 72
5151 + 5y — MW (s +s3) P (7.2)
w? = wi-6% (7.3)

Note that the angular velocity of the rotation 6 must be real but could be negative,

whereas w?

may be positive or negative, making w purely imaginary in the later
case. The following physically motivated boundary conditions are also assumed:

the initial and final trap should be at rest, and I also impose continuity of the
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angular velocity,

0(0) = 0, 0(ty) =40y, (7.4)
0(0) = 6(ty) =0, (7.5)
w(0) = w(ty) = wo, (7.6)

where the last line follows from the second one using Eq. (Z3]). By a Legendre

transformation we finally get the Hamiltonian

Ce

So— 81

. OL 1 . ) 1
H= Z Sige L= §m(sf +83) + émwz(sf +53) + (7.7)
At this point, I quantize this Hamiltonian by substituting ms; by the momentum
operator p; and by considering s; as the position operator, which becomes a c-

number in coordinate representation,

Ce

82—81'

1 1
H=—(pi +p3) + -mw’(s; + s3) +

o 5 (7.8)

I will from now on work with this quantum Hamiltonian and corresponding quan-
tum states. It represents formally two coupled harmonic oscillators with (the
same) time-dependent frequency. For this kind of system, we cannot apply the
usual tools of inverse engineering through dynamical invariants, so I will define
the normal modes to get an approximate Hamiltonian as it was done in previous

chapters.

7.2 Normal modes

In order to get the normal modes [59], we first need to calculate the equilibrium
position of both ions {s§°>} by solving the equation system {0V/0s; = 0}, where
V' is the potential part in the Hamiltonian (7.§]). These are given by

Zo
2



Chapter 7. Shortcuts to adiabatic rotation of two ions on a line 121

n (a) 10¢ (b)

\ .

0.1k~
N
.
.

EeXC/(hw)
o
o
Eexc/(hw)

tr (Us) tr (us)

FIGURE 7.2: Exact energy excess evolving the full Hamiltonian (8] according
to Eq. (Z.26]) for the parameters c3_g that minimize the excitation in the normal
modes. (a) represents this excitation in a linear scale, whereas (b) shows the
same excitation in a logarithmic scale. The dotted blue line is for the protocol
using all 4 free parameters to minimize the energy. The short-dashed green line
fixes ¢g = 0 and minimizes the energy using 3 parameters. The long-dashed
black line fixes ¢5 = ¢ = 0 and minimizes the energy using 2 parameters. The
dash-dotted orange line fixes ¢4 = ¢5 = ¢ = 0 and minimizes the energy using
1 parameter. The solid red line fixes is the excitation given by a non-optimized
protocol after fixing c3_¢ = 0 in Eq. (.26). The evolution was done for two
40 Cat ions, with an external trap frequency wg/(27) = 1.41 MHz and a total
rotation angle 6y = .

where

Ty = ( 2C )1/3. (7.10)

1 9%V

Diagonalize the matrix V;; = EM|{si,sj}:{s§°),s§°)}’

the eigenvalues are
A = (24 1Dw? (7.11)

The effective frequencies of the approximated harmonic oscillators in the normal

modes are given by

Qr = Vs (7.12)

G+
The eigenvectors vy = are
by
1 b 1
Qa = — =, = ——’
+ \/§ + \/§
1 1
a. = —, b_=—2. 7.13
VRSN )
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The (mass-weighted) normal mode coordinates are subsequently defined as,

T T
s = ayvm(s;+ ?0) + by v/m(sy — ?0),

s. = a_\/m(sﬁ%)w_m(sz—%). (7.14)

To transform the Hamiltonian to the new set of coordinates, we apply the unitary

operator

U= /ds+ds_d$1d32|s+,s_)<s+,s_\sl,32)(sl,32\, (7.15)

where (s4,s_|s1,82) = 0[s1 — $1(S4,5_)]0[sa — sa(s4, s—)]. Since what we have is
effectively a two-ion expansion as in [97], the transformation is obtained as it was

there,

H' = UHU' —ihU(6,U")
v [
— Z (?” — PouPy + iﬁusu) , (7.16)

where I only considered terms up to the harmonic in the approximation, v = =+,

p+ are the conjugate momenta of the normal mode coordinates and

2v2m ,/ C. .
p0+ - 3 4mw5w7

po- = 0. (7.17)

This latter terms appear after the unitary transformation of the Hamiltonian due
to the time dependence of the equilibrium positions of the ions, xg, as seen in Eq.
((CI0). A further unitary transformation allows us to transform the term linear in

p+ into a term linear in sy,

U = e Hporsitpo-s-)/h

H//:Z

P21 ’Po ?
? + 5 (8,/—1- Q_?j) ] . (718)

This Hamiltonian is effectively the sum of two independent harmonic oscillators,

that expand or compress through the time dependence of ). and that have a
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virtual transport through po+. This Hamiltonian is very similar to the one in [97]
for simple trap expansions, except for w (the effective lab frequency) being now
given by Eq. (Z3)), while in [97] w was the time-dependent frequency of the external
trap, which was directly controlled in the lab. Here, its time dependence comes
through 6(¢), which is our control parameter. Thus, it is not enough to design
an w that leaves the normal modes unexcited as done in [97]. We additionally
need to inverse engineer this parameter to get an expression of @ that still satisfies
the conditions in Eqs. (4) and (Z5). This inverse engineering was already
problematic in Chapter [@] for a single ion rotation, because it implies a square
root, § = \/W, which can be imaginary if the effective frequency w (which,
in principle, has no physical limitation for not being a “real” frequency) happens

to be larger than the external trap frequency wy.
The Hamiltonian (7Z.I8) has a dynamical invariant [76]

1

I = Z §[pu(p1/ —ay,) = pu(s, — anu)P

v

1 s, — anu\>
+ =02 <7") , 7.19
3% (7.19)

v

where v stands for £ as in previous equations, Qpr = Q4(0), and pi (scaling
factors of the expansion modes) and . (classical trajectories of the normal modes)
are auxiliary functions that have to satisfy respectively the Ermakov and Newton

equations,

2
QO:I:

pr+Qpr = — (7.20)
P+
G +Qar = por. (7.21)

The Schrédinger equation is solvable, and the wave functions are known and ana-

lytic for such a Hamiltonian [33]

.2
i pj:si . . S4
w2y +(aipi—aipi)a}—p£2d>n(ai)

[Yne) =€ ; (7.22)




Chapter 7. Shortcuts to adiabatic rotation of two ions on a line 124

where o1 = % and ®,, are the eigenfunctions for the static harmonic oscilla-

tors. The average energy for the nth mode are also known [97, [106],

E;z,i - <¢Zi HUW;&)

(2n+1)h (-2 2 2 Qgi)
= (i 4
100, P+ +P+ P?t
) 2
=~ ez loe (o, o Pox (7.23)

7.3 Inverse engineering

The usual way of solving the dynamics via invariant-based inverse engineering
is by first imposing commutativity between Hamiltonian and invariant both at
initial £ = 0 and final times ¢ = ¢;. This guarantees that our Hamiltonian will
drive the system in such a way that at final time we will recover the same eigen-
state we had at the beginning, although we might have diabatic excitations at
intermediate times, where the commutation between Hamiltonian and invariant
is not guaranteed. Commutativity at boundary times amounts to imposing the

boundary conditions

p=(t) = px(ts) =0,
Gty = du(ty) =0, (7.24)

being ¢, = 0,t;. Additionally, we impose

p=(ty) = 0,
ax(ty) = 0, (7.25)

so that the external trap has the same frequency at the boundary times, wy(0) =
wo(tf). The control parameters are the rotation angle # and in principle the
external trap frequency wy, although I will leave wy constant for a rigid rotation. To
make sure that the square root that defines the rotation frequency remains positive,

similarly to [115], I proceed by setting an ansatz for 6 that satisfies the boundary
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conditions (74 and (Z.H), and additionally leaves some free parameters. Then, I
solve the differential Eqs. (C20) and (CZI]), and fix the free parameters so that
they satisfy the boundary conditions that leave the normal modes excitationless

[Egs. (T24) and (T.27)]. T use several ansatzes with up to 4 free parameters,

1
0(t) = 15(32¢s +80cs + 14dcs + 224c — 96y) cos (”—t)

ty
1 3mt
—  —(48¢c3 + 96¢4 + 160c5 + 240cs — 0¢) cos ort
16 ty
(57rt) (77Tt)
+ c¢3cos| — | +c4co8 | —
tr tr
9t 11xt 0
+ ¢5cos <%) + ¢ cos (t—j) + Ef (7.26)

This gives us an expression of 0, from which we obtain w as in Eq. [3). We
introduce w in (TI2) to get the normal mode frequencies Q4 and these in Eqs.
(C20) and ([T21)). I proceeded by fixing the values of the free parameters c;_g,
solving the auxiliary Eqs. (20) and (Z2I]) numerically and then recursively
repeating the process for different values in order to find the set of parameters that
minimize a given function. This minimization, known as a shooting process [103],
was done using the MatLab function ‘fminsearch’, and the function we minimized
was the total energy of the ground state of the normal mode [Eq. (T23])] at final
time E(ty) = Ep, (ty) + Eg_(ty).

Once the free parameters are defined such that the design of # minimizes the
excitation energy of the normal modes, the evolution of the quantum state is
calculated with the full Hamiltonian (Z.8)) to check the performance of the designed
protocol. The method used to do the evolution is the “Split-Operator Method”,
and I chose the ground state as the initial state, which was calculated performing
an evolution in imaginary time [81]. Figure shows the final excitation, i.e.,
the excess energy with respect to the initial energy after performing the evolution
of the full Hamiltonian (Z8). In Fig. (a), I show this excitation in a linear
scale, and in Fig. (b) in a logarithmic scale. The figures demonstrate the
improvement achieved by adding more free parameters. Even when using a single

optimizing parameter, the results are clearly better than the protocol with no
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FIGURE 7.3: Evolution of the control parameter 6(t) for different final times

when designed using all 4 free parameters. The dashed black line has ¢y =1 pus,

and the optimization parameters are cs_g = (5.134, —5.360,59.577,91.234) X

10~*. The solid blue line has ty = 2 ps, and the optimization parameters are

cs3—6 = (3.093,0.971,3.386, —6.036) x 10~%. The dotted red line has ty = 3 pus,

and the optimization parameters are c3_g = (1.400,—0.270,0.182,—0.117) X
10~%. Other parameters as in Fig.

free parameters. Figure [7.3] shows some examples of the protocol that leads to
these results. The best protocol (4 free parameters) reaches the threshold of 0.1
motional excitation quanta at a final time ¢; = 1.05 ps, whereas without free
parameters the same threshold is reached at ¢y = 2.23 pus. That means that using
our shortcut-to-adiabaticity protocol, one can accelerate the rotation of two ions

by a factor of over 2.

7.4 Magnetic vs electric force

In the lab frame, during the rotation, the velocities of the two charged particles
have perpendicular components to their alignment direction, so a magnetic force

appears of magnitude

| Frnag| = _r_vl X (U X 7)], (7.27)
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FIGURE 7.4: Exact energy excess with the full Hamiltonian (7.32]) according to
Eq. ([Z26) for the parameters c3_g that minimize this excitation by a brute-force
approach. The blue line with circles is using all of the 4 optimizing parameters.
The black line with squares is the excitation fixing c3_¢ = 0 in Eq. (Z.20).
Using 2 and 3 optimizing parameters we get very similar results to those for 4
optimizing parameters. The evolution was done for a % Ca™ and a ?Be™ ion,
with an external trap frequency for the Ca* ion of wy/(27) = 1.41 MHz and a
final rotation angle 6y = .

where g is the permeability constant, v; the velocity vectors of each ion and 7=
75 — 71 the relative position vector of both ions in the lab frame, r; = (x;, y;). This
is to be compared with the Coulomb interaction, which is the only one considered

so far, and gives a force

C.
|Ful = '; : (7.28)
T
The ratio of these two forces is
2
‘Fma | u—;i—‘ﬁl X (172 X ’f’)|
R= IFT:4 e . (7.29)
el 4Teqg r2
Using 0] = —t = g& and poeg = C%, being ¢ the speed of light in the vacuum, we
finally get .
T292

In the protocols of the previous section, the maximum values in the simulations are
Ormar = 5 x 106 571 and 7mee = 5.5 X 1076 m, 80 Ryngs ~ . For these parameters,

the magnetic interaction is negligible with respect to the electric one.
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7.5 Two different ions

In the scheme of ion chains that have to be reordered, tackling the rotation of
two different ions is of even more interest that the rotation of equal ions. However,
a shortcut cannot be designed using the same method. Even if the masses are
different, the spring constant will be the same for both ions, that is, myw? = maw?,

being m; the mass of each ion and w; the effective external trap frequency. For

this case, the Lagrangian in Eq. (Z2) will be

1 1
L = 57’7118% + imgsg
1 1 C,
— §m1w2$§ — §m2wgsg — ﬁ,
W= W
w = wi-62 (7.31)

Instead of Eq. (7.8)), the Hamiltonian is

2 2

P Pa 2 1 2 C.
= — + —— + —u18] + zuU2s

2m1+2m2+2 151+ Juasy +

(7.32)

)
S2 — 51

2

2 uy = mow?. Effectively, this is still an expansion of a two-ion

where u; = miw
chain, however, the effective spring constants of both ions are different, unlike in

[97]. For this Hamiltonian, the equilibrium positions of both ions are

(7.33)
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FIGURE 7.5: Position of each of the ions, s; (Calcium ion) as the solid blue

line and sy (Berilium ion) in dashed black, at final time ¢y = 1 pus and for the

optimizing parameters c3_g = (1.757,1.824,1.120, —0.234) x 102 when evolving
the Hamiltonian (7.32) under the protocol in Eq. (7.26]).

which are not symmetrical with respect to the external trap center anymore. The

new eigenvalues of the matrix V;; are

U U mi + Mo )uu
Ay = L 2 +( 1 2) Uyl
2my  2my  myma(uy + usg)

1

lemg (Ul + Ug)

X \/16m1m2u%u§ + [myug(3ug +ug) +moug (ug +3usg)]?.

(7.34)

The eigenvectors also have a complicated dependence with wuq, us, that is, they
depend on time. I will not display the explicit expressions here because they
are rather lengthy, but they are analytic. As it happened for example in [106],
when the coefficients a, by are time-dependent, the normal mode transformation
leads to crossed terms. That means that we cannot write the Hamiltonian as two
independent time-dependent one-dimensional harmonic oscillators, and thus the
Lewis-Riesenfeld invariants [76] are of no direct use here. Instead, I use a direct
numerical optimization of the protocol using same ansatz for the control € as in
Eq. (T26). I try initially random values for the free parameters c3_g, but instead

of some differential equations as for the equal ion case, we solve the full dynamics
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for the Hamiltonian (7.32)) and calculate the excess energy. As in Sec. [[.3] using
the function ‘fminsearch’ from MatLab recursively repeat the process for different
values of the free parameters until I get the minimum of the excitation energy. In
Fig. [ 4T show this final excitation, optimizing the result using 4 free parameters
for the 0 as well as the results for no free parameters. The times achieved are
slightly longer than the ones for the protocols based in minimizing the normal mode
energy for equal ions in Sec. [[3l The best protocol (4 optimizing parameters)
gives an excitation below 0.1 quanta at a final time ¢; = 1.4 pus, whereas the
protocol with no optimization needs ty = 2.6 us. That is, we get an improvement
of almost a factor of 2. The computational time required is dramatically longer
than in the previous section, as I had to solve the full dynamics of the system at
every iteration of the shooting method, whereas in the normal mode based method
we only needed to solve a simple system of differential equations at each iteration.
It is important to note that the squeezing plays an important role here, and so it
is not possible to use classical dynamics (which are much faster) to calculate the
energy instead of the quantum dynamics. Figure shows the positions of both

ions during the evolution for ¢y =1 pus.

7.6 Discussion

In this chapter, I have designed protocols to rotate a linear trap containing
two ions, such that at final time we recover the same state we initially had in the
trap frame. This provides a way to reorder ions without producing any additional
excitation energy. For two equal ions, independent normal modes may be defined,
and Lewis-Riesenfeld invariants may be used to design a protocol that leads to
negligible excitations in times around two oscillation periods of the external trap.
For two different ions, the modes are not independent, so I applied a direct nu-
merical minimization of the excitation energy. This minimization requires a much
longer calculation time. For any of the methods, the shortcut supposes a clear
improvement, which helps in the task of accelerating dynamical processes for a

viable quantum computing architecture based on trapped ions. Possible future
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extensions of this work are considering a time dependent external trap frequen-
cies, or designing the voltage supply evolution for a given trap architechture. Also,
specific protocols could be designed to simultaneously rotate longer chains of ions,
although it is always possible to sequentially rotate them in groups of 2 using the

protocols designed here.






Conclusions

The common thread of this thesis has been the design of various fast dynamical
processes for trapped ions using shortcuts to adiabaticity, with the aim of acceler-
ating these processes such that they reach the desired final state without any final
excitation. The operations studied, namely, transport, 2-qubit phase gates, expan-
sion, ion separation and rotation, are basic elements, or at least useful processes
to implement a scalable quantum processor based on the technology of trapped
ions. Compared to previous work on shortcuts, the contribution of this thesis has
been extending the technique of invariant-based inverse engineering to few-body
systems with Coulomb interactions. This was done by introducing the concept of
”dynamical normal modes” [118] and using Lewis-Riesenfeld invariants for each of
them in a consistent manner, so that only one physical set of control parameters

manages to satisfy the no-final excitation condition for every mode.

All the processes designed here are “experimentally friendly” in the sense that
the Hamiltonians considered are doable in the labs, and that limitations on the
values of the control parameters, and sometimes even typical deviations were con-
sidered. Moreover, the parameter values considered in all the examples are similar
to those they work with in state-of-art laboratories. That gives a fair view of
the validity of the methods here developed, and makes the shortcuts have the
potential of an immediate impact. In fact, many of the works were done in direct
collaboration with several laboratories, and I expect some of these protocols to be

experimentally realized soon.

Possibly, the greatest leap is that brought by the transport protocols, Chapters
M and 2], and the related phase-gate in Chapter[3l The transport is known to be the
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most time consuming process when adiabatically driven. For both cases I managed
to design protocols that drive the system well bellow the 100 us threshold that is
usually the limit in ion traps before the anomalous heating turns into a problem,
with final negligible excitation. For different mass ions, 4 — 5 ps were enough,
implying an improvement of over a factor of 20 with respect to the most naive
linear driving. Phase gates were shown to potentially work at even shorter times.
Another challenging operation is the ion separation, studied in Chapter Bl Here,
I showed how the performance of the shortcut protocol depends on the maximum
value certain control parameter (the quartic part of the potential) can reach. For
a range of reasonable maximum values of this parameter, it was shown that it
could work for final times between 3 and 11 us, whereas an adiabatic protocol
used for comparison needed around 80 ps. The quickest reported time reached in
the lab for similar parameters has been 55 us, although it had excitation higher (2
quanta per ion) than the one used here as the threshold for negligible excitation
(0.1 quanta). Expansions, in Chapter ] and rotation, in Chapters [6land [7] are not
as time consuming protocols. Nevertheless, these chapters show how it is possible
to design shortcut protocols that further improve these final time performances.
In an architecture based on moving trapped ions, one should potentially perform
many repetitions of each operation, so any improvement in the time required, even
if it is by a small factor, has potentially a major impact. During the realization
of this work, there has been a phenomenal progress in the technical ability of the
laboratories to improve on time and spatial resolution of the applied potentials
and on their stability, getting close to the accuracy level needed to implement the

fast protocols.

Shortcuts to adiabaticity contribute to fight decoherence, possibly the most
serious stumbling block towards practical quantum computation and comercial
applications in two ways: Shortening the process time is one of them, as noise
and perturbations have less time for spoiling the quantum state. The other way
is to make use of the ample freedom to design the shortcut so as to make it
more robust versus specific perturbations. I have put the emphasis on the first

aspect, but the route towards increasing the stability has been already explored
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in different systems and could be applied in this context as well. An example is in
Chap. Bl where I have implemented a protocol perturbatively stable with respect

to anharmonicities.

In short, I have demonstrated that shortcut-to-adiabaticity techniques can be
applied to trapped ion systems, and provide useful fast and safe protocols. A
shortcut-toolkit was developed for a number of different dynamical operations
needed for a scalable architecture. Simulations show a clear final time improvement
in all of them, giving this shortcut-toolkit the potential to have an impact in the

effort to develop a scalable quantum processor.
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Appendix A

N-Ion transport

In this Appendix, I show that for N equal ions in a harmonic trap the trap

trajectory appears only in the CM part. In a harmonic trap with N equal ions,

the Hamiltonian is given by N coordinates for the positions of each of the ions

(91, 92, 93, - - -, gn) and the corresponding momenta

=1

2m
+Nz::; CC.

N
A(@.3)) = 5 DB+ pme Zqz Qo)
N

(A.1)
In coordinate space, q1 > g > --- > qy_1 > qn because of the strong Coulomb
repulsion. We now define a CM and relative coordinates and momenta,
|
= 77 Aia P = AZ7
° vk 2P
Qi —Gip ~
TZ - N Y pZ pZ
1 = 1,2,...,N—1, (A.2)
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corresponding to the inverse transformation

N—i i—1
az = Q+ ]AN—]_ kr/r\ka

7j=1 k=1

1 N—i 1 i—1
pi = P+ — IDN_i — — kDs. A3
p +Nj:1]pN] N; Dk (A.3)

~ P2 1 ~
- - M 2 o 2
oM + g Mw (@ — Qo)

1 N N—1 N—i i—1
¢S]+ (S) X Y
i=1 Jj=1 J=1 k=1

1 N N—i 2 i—1 2 N—i i—1
oM’y (Z '?N_]) - (Z m) =23 D kN
=1 7=1 k=1 7=1 k=1
N-1 N—2 N-1
C 1 1
+ —¢ — + - = y (A4>
N (z’:l L S| D i Tk)

where M = Nm. As for two ions, the Hamiltonian can be written as the sum of
two terms H — ﬁcm(@, 13) + ITIT({?Z-,@}), where ﬁcm has the same form as that of
a single particle driven in a harmonic trap, and ]/-L depends only on N — 1 relative
coordinates and their corresponding momenta. It does not depend on the trap
trajectory Qo(t), so this system can be transported without final excitations by

following any shortcut-to-adiabaticity trap trajectory for a particle of mass M.



Appendix B

Generalization for an arbitrary

force ratio

B.0.1 Equal-mass ions

In the main text we have studied state-dependent forces which are equal and
opposite to each other for up and down spins, F; = o7 F(t). However, depending on
laser beam polarization and specific atomic structure, different proportionalities
among the two forces will arise. Let us consider a general force ratio F;(1) =
—cF(t) and Fy(]) = —F(t), where ¢ is a constant. Then, for equal-mass ions,

instead of Eq. (8:49) (corresponding to ¢ = —1), we find, see Eq. (3:48)),

f+(TT) = f+(¢¢):0,

P = ef (M) = 28

Y

oF

— C

f+(T¢) - —f+(¢T):_ F;

1
\V2m

E

+

C ~

F. (B.1)

- = -0 =

To inverse engineer the forces we start choosing the same ansatz for a, ({1) as
in Eq. (B353). ap through ay are also fixed in the same manner to satisfy the
boundary conditions. Using Eq. (3:20) this gives f, (}1;t) as a function of as, ay,
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and in fact all other fi by scaling them according to the Eq. (BJ). As in the
main text, the same az in Eq. (B353) guarantees that d4(t,) = 0 for all spin
configurations. Now, using Eq. (B.47) we can write down the phase produced by
each spin configuration. Individually, they depend on ¢ but, adding them all in
A¢p = (1)) + o(I1) — d(11) — o(14), the dependence on ¢ is cancelled, as can be
seen from Eq. (CI) or Eq. (320) and Eq. (B.I). Following the method described
in the main text, imposing A¢ =  fixes the remaining parameter ay, so that the
same expression in Eq. (3.59) is found. Using Eqs. (3:49) and (B.I)), the generic
control function F is simply proportional to that for ¢ = —1 (see Eq. (360)),

2
1-c

F=

F. (B.2)

B.0.2 Different masses

Similarly, for different-mass ions in the generic case both ions could have dif-

ferent proportionality factors for the spin-dependent forces:

Fl(T) = _Clﬁm Fl(\l/):_ﬁav
K1) = —ab, Bl)=-F. (B.3)

Instead of Eq. (8:62)), the normal-mode forces are now, see Eq. (B:14)),

ax

flt) = t—ZafiF

o) = t—EcF, ¥ —_F,

) = £TERFSoh,
f(l) = =R 9= (B.4)
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This implies that the a are in general all different and the inverse scheme in Eq.

(360 is replaced by

fe(M1) - ax(t1)
ar(th) == fe(t) == Fo, By - fo(11) -=» ax(I) (B.5)
feld) == as(ld).

functions of ¢;,co

—

Using Eq. (810) and Eq. (B.4) we may rewrite the control functions F, and F,

as
F, = vmla_f-(1}) + as f-(tD)]/ 1,
Fy = pmlb_ f- (1)) + by fr (1)) (B.6)
As in the special case ¢; = ¢o = —1 of the main text, we use the ansatzes in Eq.

B60) for ax(T)), and the parameters in Eq. (B67). In particular a_(1]) = 0
and f_(1]}) = 0, so F, and F, are proportional to each other, see Eq. (B.), and

thus all the fi are proportional to f, (1)) according to Eq. (B.4). Thus, from
Newton’s equations, all (nonzero) solutions . (t) are proportional to each other,
and similarly all (nonzero) «_(t) are proportional to each other. The parameter
choice in Eq. (B.67)) assures that a (¢,) = & () = 0 for all configurations. Fixing,
for example a_ (11)(t,) = 0, a3 may be fixed as in Eq. ([368), so that &_(t,) = 0,
and therefore a_(t,) = &_(tp) = 0 as well for all configurations. Using Eq. (3:47])
to calculate the phases, and imposing A¢ = =, the remaining parameter (ay) is

fixed as

ay = Cay, (B.7)

where a} = a4(c; = ¢; = —1) is given in Eq. (B.70) and

R (B5)

All coefficients in « (1]) are proportional to a4, so a, (1)) is just scaled by the

factor C with respect to the ones for ¢; = ¢; = —1 in the main text, and f; (1))
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is also scaled by the same factor according to Eq. (3:20). Comparing Eqs. (B.6))
and (B.64]), and using f_(1}) = 0, we find that

Fa = _gFm
&1
E, = CF, (B.9)

in terms of the forces F,, Fj given in Eq. (B73) for ¢; = ¢; = —1. All these
functions have odd symmetry with respect to the middle time ¢¢/2 so that there
is no contribution to the phase from the time integral of f , see Eq. (B14).

Finally let us analyze the limit of equal masses where ¢; = ¢o = c and pu = 1.
In the main text, this implies ¢; = ¢y =c=—1and F,(u — 1) = F(u — 1) = F,
in agreement with the physical constraint of using the same laser for both ions.
However, when ¢ # 1, F,(u — 1) # Fb(,u — 1), see Eq. (B.Y). Physically this
implies the use of two different lasers which is not possible in practice, so equal

masses with ¢ # 1 have to be treated separately, as specified in Sec. [B.0.1l
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Integral expression for the phase

For a4 (0) = ¢4(0) = 0, Eq. (3:20) may be solved as ay.(t) = 5+ [odt fo (') sin[Qq (t—
t")], see Eq. (B:37). Thus the phase (3.47) can be also expressed by double integrals

of the form

o b / v " / " sin[Q“(t’—t”)]
o) = 3 [ [ =g

tifts ! gl / " Sin(Q ‘t/ _ t//‘)
= Y [ i@ nen ™ ng
=i’ 070 p
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Appendix D

Worst case fidelity

To simplify notation, let us denote the internal state configurations by a generic
index s = 11,1, 11, J{. Assume an initial state [¢,,) (3", ¢s|s)), where Y |cs|> =1
and the “m” here stands for “motional”. The ideal output state, up to a global

phase factor, is

ia) = (Z csei¢<8>\s>> ), (D.1)

S

where

(1) + (1) — (1) — o(l) = £ (D.2)

The actual output state is generally entangled,
Vac) = Z Cs€i¢/(s)|5>‘¢m8>a (D.3)

with a different motional state |1),,5) for each spin configuration, and actual phases

¢'(s). First we can compute the total overlap

(ialthae) =Y _ a0 (4 [ihrnc). (D.4)

s
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Moreover, writing each motional overlap in the form (1, [ts) = [(¥|thms) [€19ms =

ese'¥ms we have
(Cidac) = Y leafee™ = R+, (D.5)
where §; = ¢/(s) — ¢(s) + ¢ums, and
R = Z |cs|?€s cos b,
g = zs: |c,|%€s sin 0. (D.6)
The fidelity is

F = [R+iSP=R2+3>> R

= (Z |c|%es cos 6,)2. (D.7)

Assuming a “good gate”, such that |ds] < 1 for all s, then the fidelity is bounded

from below by the worst possible case,

F > Min[(e, cos 5,)?. (D.8)



Appendix E

Spread of the position of one ion
in the ground state of the two

ions

An approximate analytical wave function for the ground state of the two ions
subjected to the Hamiltonian (B.3]), is given by multiplying the ground states of
the two normal modes, see Eq. (3:24)),

UNm = < 7T—;h2 ) e, (E.1)

In laboratory coordinates, and for the specific case of equal mass ions, the nor-

malized ground state is

o\ VA4
= B
T

(E.2)
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The expectation values of z; and z? are calculated as

<931 //d$1d3325171¢ (33175172) $20

2
xo (3+V3)h
/ / dzydrozi®(zr, 20) = =2 + e
(E.3)
so that the wave packet width for ion 1 is
1 h
Az = /(z]) = (21)? = 54 [1+ =/ —. (EA)

DO |
&
3
&



Appendix F

Alternative inversion protocols

An approximate analytical wave function for the ground state of the two ions
subjected to the Hamiltonian (B.3]), is given by multiplying the ground states of
the two normal modes, see Eq. (3:24)),

Q.0 \"* .
Unm = ( 7:;;# ) e m @i 02), (F.1)

In laboratory coordinates, and for the specific case of equal mass ions, the nor-

malized ground state is

) 1/4
(a1, 25) = (mﬁw ) o~ 2 [ (L VE) @1+ 20 (14/B) (r— 5P +2(1—VB) (1 +58) (02— )]

m2h?
(F.2)
The expectation values of z; and z? are calculated as
(1) = / / drydzozi? (21, T0) = xo
2 (3+V3)h
(27) = / / dzydrsay)® (x1, 22) = 40 T o
(F.3)
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so that the wave packet width for ion 1 is

Az =/(z) —(z1)2 = = [1+ —=/—. (F.4)



Appendix G

Ansatz for p

The ansatz for p, that satisfies the BC p.(0) = 1, pi(tf) = V4, pi(ty) =

pi(ty) = P (ty) = P (tp) = 0 with two free parameters takes the form

P+ = 1-— (126 - 126’7+ + a9 + 5&11)85
+ (420 — 4207y, + 5ayg + 24a1;)s°
540 — 5407, + 10a19 + 45a11)s”

+ (315 — 315794 + 10a1 + 40ay;)s®

(
(
(
— (70 — 707y, + 5ay0 + 15a1;)s”

+ CL10810 + CLHSH. (Gl)

To minimize the perturbation energy in Eq. (B.28]), three free parameters are

introduced,

pr = 1— (126 — 12674 + cio + 5ci1 + 15¢19)8°
(420 — 420y, + 5c19 + 24c11 + T0cp9)s°
(540 — 540y, + 10cyo + 45¢11 + 126¢15)s”
(315 — 3154 + 10c1g + 40cy; + 105¢y5)s®
(70 — 7074 + 5eip + 15¢1; + 35¢19)s”

+ 010810 + 011811 + 012812. (GQ)
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Appendix H

Wave functions

The time-dependent wave functions evolving with the Hamiltonian (6.8) take

the form [32, 133, [76]
ch ) (s (t)) (H.1)

where the ¢, are constant,

1 J(n+1/2)hwy tal
an(t) = h/o R wo(n—i—l/Q)/O a1
im 2 ]_
(slpn(t)) = en? (2”’—p1/2<1>n (%) (H.3)

and ®,(x) is the Hermite polynomial solution of the harmonic oscillator with

angular frequency wy and with energy eigenvalue (n + 1/2)hwy, that is, ®,(z) =

mwon

\/21,1—("7”;0)1/4 o H,(y/%2x). Note that #(I)n(s/p) is just a scaled state that

corresponds to the nth eigenstate of a trap with angular frequency wy/p?.
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