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Abstract

UNIVERSITY OF SUSSEX
Atomic Molecular and Optical Physics
School of Mathematical and Physical Sciences
Doctor of Philosophy
Quantum Theory of the Penning Trap
an exploration of the low temperature regime

by Frances CRIMIN

The objective of this thesis is to develop the quantum theory of the motional degrees of
freedom of a charged particle in a Penning trap. The theory is treated within the formalism
of quantum optics, and explores the use of dressed-atom methods by exploiting the three-
fold SU(N) algebraic structure of the problem. The quantum form of the experimental
techniques of sideband coupling and driving to the ultra-elliptical regime are examined in
this context, and resulting future applications considered. Interpretation of the quantum
dynamics of the separate x and y motions of an electron is discussed, motivated by the
desire to modify the trapping potential without changing the basic experimental config-
uration. A detailed discussion of operator methods which exploit the algebraic structure
of the problem is given. This results in a clearer understanding of the physical manifesta-
tions of a range of unitary transformations upon a general three-dimensional system, and
a novel interpretation of the mapping between canonical angular momentum components
of isotropic and anisotropic trapping systems. The results highly promote future use of
these methods in Penning trap theory, detailing a robust formulation of unitary operations
which can be used to prepare the quantum state of a charged particle. The majority of the
results can be applied to any Penning trap, but the theory is based throughout upon the
“Geonium Chip” trap at Sussex; the scalability and planar design of this trap promotes it
as natural candidate in experimental quantum optics and Gaussian quantum information

studies. The work in this thesis aims to provide framework for such future applications.
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Chapter 1. Introduction 1

Chapter 1

Introduction

“To test reality we must see it on the tightrope.
When the verities become acrobats, we can judge them.”

Oscar Wilde [1]

1.1 Introduction

Scientific progress is driven by an ability to test the theories of nature we construct, along
with an insatiable curiosity and a considerable amount of perseverance. In modern physics,
the refinement of our theories is then largely contingent upon the accuracy of experimental
results. In this cycle of theoretical and experimental investigation, the Penning trap plays
a vital role.
The device resulted from the advancement of a technique discovered by Penning in 1936 [2],
of increasing the confinement time of an electron by use of electric and magnetic fields.
Responsible for this “development of the ion trap technique”, Hans Georg Dehmelt and
Wolfgang Paul shared the Nobel prize in 1989 [3], with Dehmelt’s group achieving single
electron trapping in 1973 [4]. The Penning trap has since become an indispensable tool
in high precision mass spectrometry [5, 6], in anti-matter experiments [7, 8, 9], and in
providing increasingly precise measurements of the g-factor of the electron [10] and pro-
ton [11, 12] against which fundamental theory can be tested. The framework for these,
and the ever expanding applications of the device [13], has been laid down by extensive
and successful study of Penning trap theory [14, 15, 16, 17, 18, 19].

The goal of achieving quantum information processing by confinement of single elec-
trons in Penning traps [20, 21, 22, 23, 24] motivated the enterprise of planar traps [25], in

an effort to optimise both the scalability of the system, and addressability of the trapped
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particles [26]. The Geonium Chip [27] at Sussex forms such a trap, furthermore designed
to form a compact, mobile device. It is with the Geonium Chip in mind that the work of
this thesis was conducted, in an effort to expand upon its future applications.

In pursuit of this, an extensive quantum theory of both the ideal circular and elliptical
Penning trap has been developed, providing a mapping from one to the other in an eleg-
ant way. Inspired by Kretzschmar’s use of the Bloch Vector model in studying coupled
oscillator modes in the Penning trap [28], his method has been greatly developed and
used to investigate a number of theoretical challenges, and to reinterpret some of the ba-
sic quantum theory of the Penning trap in an illuminating way. The result is a concise
and logical formalism for studying the quantum theory of the Penning trap, which takes
advantage of inherent algebraic structure of the quantum Hamiltonian. From this, novel

applications result, and the low temperature regime of the trap can be explored.

1.1.1 Motivation and research topics

The lines of inquiry of this thesis roughly fall into four categories, although they are not
strictly divided up as such between the chapters.

The first challenge encountered upon developing the theory was the question of whether
or not the system, i.e. an electron in a combination of static electric and magnetic fields,
has an interpretable potential energy landscape which can be plotted along the three axes
in space. This is motivated by a desire to couple these individual motions in a quantum
calculation, and so access the associated degrees of freedom experimentally. In Chapter 4
this is first treated classically, and then compared to quantum mechanical results. The
most intuitive solution to the problem is quickly found to be inconsistent in quantum form,
and the investigation of both the cause and solution to this produce an extensive analysis.

In consequence, the quantum theory of angular momentum in the Penning trap is
thoroughly examined. Rather than comprising of three independent harmonic oscillators,
the Hamiltonian can be treated as three, two-dimensional harmonic oscillator systems,
each with its own set of mutually commuting angular momentum algebra. This reveals
a total of twelve angular momentum-like operators in the Hilbert space of the problem.
This thesis aims to address the question of how they all relate to each other, and how
rotation around them affects the spatial coordinates of the system. Development of this
framework is crucial in ensuring the robustness of some of the later proposed experimental
techniques. This forms the second major topic of the thesis, chiefly discussed in Chapter

D.
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The third topic again follows naturally, by studying the behaviour of these angular
momentum operators upon a change of the trapping frequency along a particular axis.
This is of consequence in the Penning trap, and of particular significance to the Geonium
Chip, since the trap is driven to the ultra-elliptical regime [29] by effectively changing
the frequencies of the oscillator modes which comprise its Hamiltonian. Thus both the
quantum elliptical and ultra-elliptical Penning traps are investigated in Chapter 8.

The other principal research topic in this thesis results from the quantum mechanical
treatment of sideband coupling in the Penning trap. First calculated in Chapter 2, it is
again addressed in different bases and under different conditions throughout Chapters 7, 8,
and 9. The formation of an avoided crossing in the adiabatic energy levels of the coupled
quantum system arguably motivates much of the work in this thesis. The observation of
the phenomenon leads to at least two potential applications in the Penning trap, which
are discussed in Chapters 9 and 10. The adopted dressed-atom formalism enabling these

methods could have huge applications in Penning trap experiments.

1.1.2 Basic confinement and types of Penning trap

The term “Geonium” was first used by Dehmelt in reference to the trapping of a single
electron, since “ultimately the electron is bound to the earth via the trap structure and the
magnet” [30]. In a Penning trap, this binding is provided by two static fields: an electric
quadrupole which, in its simplest form, produces the potential ¢ o 22 — (22 + y?)/2, and
a homogeneous magnetic field pointing along the z axis. The former provides a potential
minimum and hence confinement along the z axis, and in consequence of the Laplace

equation V2¢ = 0, a potential mazimum in the xy plane. This is illustrated in Figure 1.1.
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Figure 1.1: A quadrupole potential of the form ¢ o 2% — (22 4 y?)/2 produces a two-dimensional inverted
oscillator in the xy plane of the Penning trap, atop which the motion of an electron is unbounded. Successful

trapping therefore requires radial confinement by an additional magnetic field.

An electron in the presence of a magnetic field |B|é, will precess around this field in
the perpendicular plane, and providing the Larmor frequency is large enough [14], this
counteracts the potential hill of the electric field. The crossing of the fields must also act
to alter the motion of the electron from a sum of that induced by the two fields separately.

This is considered in more detail in 1.2.1.

The quadrupole electric field can itself be provided in a number of ways, leading to
hyperbolic [5] and cylindrical traps [31] in addition to planar traps [25, 32, 33, 34]. As
the name suggests, hyperbolic traps use three electrodes which form a hyperbolic shape,
with the resultant equipotential surfaces following that of the electrodes. However, they
are difficult to manufacture [27], and so cylindrical traps, with the electrodes constructed
in tube shapes, were proposed as a result [31]. These traps additionally allowed for easier
access to the trapped particle, but harmonic trapping requires the addition of two extra
electrodes, the so-called correction electrodes, to counteract any anharmonicities created

by the cylindrical shape.

In 1.5 the generation of the required trapping fields are considered in the specific case
of the Geonium Chip, a planar trap [27]. However, in the following section, the basic

classical and quantum theory is discussed for a general trap with cylindrical symmetry.
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1.2 The ideal Penning trap with axial rotational symmetry

1.2.1 Classical theory
The Lagrangian and conjugate momenta

For a charged particle in an electromagnetic field, the action of a free particle, and that
describing the interaction of the particle with the field, must be considered separately [35].
The properties of an electromagnetic field are characterised by its four-potential A;, com-
prising three spatial components A,, A, and A, which form the vector potential /_l', and
one temporal component Ay = ¢, the scalar potential. For a particle with charge ¢ and

mass m, the total action is written [36]:

b
S :/ (—mcds — qA,-dmi)

b
:/ (—mcds—i—qA-df’—qqﬁdt). (1.1)
a
Changing to an integration over ¢ and taking the non-relativistic limit v < ¢ leads to
to 1 .
S = <2m02+qA-17—q¢) dt, (1.2)
t1
with the resulting Lagrangian of a charged particle in an electromagnetic field given by:
1 .
£:§m52—qqﬁ+q17-A. (1.3)

The form of this can be verified by employing the Euler-Lagrange equations [37], %g—jﬁ —

oL

e = 0, which produce the equations of motion, mv = qE + q¥ X B. The Lagrange

function (1.3) is clearly not of the conventional form £ = 7 — U, due to the interaction
term ¥ - ff; should this be called kinetic energy T, since it depends on the velocity of the
particle, or potential U, since it is due to the externally produced field [35]7 In fact, this
part of the interaction term of the particle and the field cannot be ascribed to either kinetic
or potential energy. In Chapters 4 and 6, the question of whether this is possible following
transformation to an alternate reference frame for both a classical and quantum system is
discussed in detail.

From the Lagrangian (1.3) the form of the conjugate momenta follows [37]

oL
; = — i . 1.4
p 507 mv; + qA (1.4)

The subsequent Hamiltonian is then given by:
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where

7= % (ﬁ—q[f). (1.6)

The form of this velocity, or equivalently the conjugate momentum in (1.4), is a direct
consequence of the field-particle interaction term in the Lagrangian (1.3). It is highly
significant in the Penning trap; the non-zero Poisson brackets of the components [37]

1 (v, 04,  Ov, OA,
{oe, vk =2 <8Ay dr  9A, Oy > 70, (L.7)

hints at the consequence of these expressions for 7.

Classical Hamiltonian of the Penning trap

As discussed in 1.1, confinement in a Penning trap is provided by a static, homogeneous
magnetic field B and a static electric field E derived from a potential ¢ whose ideal form
for a cylindrically symmetric, or circular trap, is that of the quadrupole. Throughout this
thesis, trapping is considered either in this ideal configuration, or in the ideal elliptical
trap which is detailed in 1.5. The distinction will be made where appropriate.

The following fields provide the basic trapping mechanism:

B = |Blé., (1.8)
E=-Vo¢, (1.9)
where
2 2
6 =Up (22 - x‘;y) . (1.10)

The units of Uy are Vm~2 and the sign of this field curvature will be seen to depend upon
the charge of the trapped particle in (1.14). The Coulomb gauge V-A=0 [38] leads to the

convenient form [14] of the magnetic potential A= %B’ x 7, which admits the components

1 1

Expanding out Hamiltonian (1.5):

1
H =5~ (0% + P, + % = 20(peAs + pyAy + p2A2)

+q* (A3 + A7 + A2)) + g, (1.12)
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and inserting (1.10, 1.11):

1 qB 2
H=-—|pi+p,+0—aBapy—yp:) + | 5 ) @+
2m 2
1 2 2
+ §mw§ <z2 - QC;?J) . (1.13)

The frequencies

B 2qU,
We = LH ’, wyp = \/m, Wz = \/ﬂ, (1.14)
m

m
are defined, and at this point the charge

q=—e¢ (1.15)

is inserted for electron trapping, so that the classical Hamiltonian in the laboratory frame

is written:

1 w, 1 1
H= m (P} +P32, +p3) +?C (zpy — ypz) + gmw% (2% +9°) + §mw§z2 . (1.16)

Equations of motion

The equations of motion of an electron in the fields defined in (1.8) and (1.9) are obtained

from F = —¢E — e(¥ x B):

2€U0
- 1.1
—z, (1.17)
B\ Uy (1 O) [z} B [0 1) (2 (1.18)
i mo\o 1) \y m o \_1 0/ \y

The radial motions are decoupled by rotation of the vector ¥ by a unitary matrix U, where

v L[t (1.19)
AT ’
so that (1.18) becomes
i Up. (1 0 x B 0 1 i
U = _ug ut.-u — Mg Ut.u ) (1.20)
i m—\g 1 y m—\_1 9 i

The new coordinates 74 and r_ then admit the equations of motion

i r B (1 o)\ (¢
oo [T Bl s (1.21)

Ty = \}Q(LE —iy) r_ = \}i(y —ix). (1.22)
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The original coordinates are given by
=U' : (1.23)

and the decoupled solutions are found:

x(t) = Ay sin(wyt 4+ 1) + A_sin(w_t + ¢_),

y(t) = Ay cos(wit + p4) + A_cos(w_t + ¢_), (1.24)
along with the straightforward axial motion
z(t) = A, cos(w,t). (1.25)

The amplitudes of the motion are given by [39]

2F 2E_ 2F

+ 5 Af - 27“]2), AZ == 22, (126)
— Xz mw

— 2 z

A+ = VN
m(wi — %) m(w

The energies E, E_ and E, of the modes are controlled via the cryogenic cooling of the

system [14]:
E. =kpTy, E_=kpT., E,=kpT,, (1.27)

and the cyclotron (+) and magnetron (—) mode frequencies are defined

1 1
wy = i(wc +w) w-= i(wc —wi) |, (1.28)

where w,, wy, and w, are given in (1.14). For an electron in a strong magnetic field

(|B| 2 0.5T), the general hierarchy of the trapping frequencies is [14]

(Wi > w: > w- | (1.29)

with
wy ~GHz, w,~MHz, w_ ~ kHz. (1.30)

This is the regime of the Geonium Chip trap [27], and as such will be assumed throughout
this thesis unless otherwise stated.
For traps held at liquid helium temperatures, coupling of the detection circuit to the

motional modes results in [14]:

T, =42K, T.=42K, T =-T, (“) . (1.31)

Wy
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Figure 1.2: From (1.24), the radial motion of a charged particle in the circular Penning trap traces out
an epicyclic curve. The cyclotron motion with amplitude A4 and frequency w4 is superposed onto a slow
magnetron drift orbit with amplitude A_ and frequency w_. The relative size of the orbits are not drawn

to scale: from (1.33), A_/A; =~ 3 x 10°.

From (1.26), the requirement A, € R imposes the following trapping condition [14] upon

the relative sizes of w; and w,:

Ye
5l

From (1.29) and (1.31), w— < w,, and E_ < 0 respectively, which guarantees A_ € R. The

wy > (1.32)

curious nature of this negative thermal energy is further discussed in 1.4.1, but for now it
is straightforward to verify that a lower temperature T, results in a larger (less negative)
energy F_, and from (1.26), a smaller amplitude A_. In this way, the magnetron motion
can be bounded.

From (1.24), the motion of the electron in the radial plane is therefore given by an
epicyclic orbit, comprising a fast rotation of frequency w; superposed upon a slow mag-
netron drift at w_, as shown in Figure 1.2. From (1.25), the axial motion is simply given
by harmonic oscillation at frequency w,. For an electron in a trap with typical values of

B=05Tand V, = —-1V:
Ay ~0.lpm, A_~3mm, A, =~ 90um, (1.33)

so that the orbits in Figure 1.2 are not to scale. A discussion of how this radial orbit varies
with the axial confinement is given in 3.3.
The average quantum number of the modes can be found from the simple energy

equality iw my = kpTy. At T = 4.2K, and for sufficiently strong B fields, a quantum
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mechanical description of the cyclotron motion is therefore required for an electron in the
trap [14]. For further cooling of the system down to mK, this is also true for the axial and

magnetron motions, as shall be discussed further in 1.4.

1.3 Existing quantum theory

1.3.1 Hamiltonian

To quantize Hamiltonian (1.16), the standard procedure is to first decouple the motions

by defining the canonically conjugate variables [15]:

1 mwi 2

o= s (e 2.
1 mwi 2

== V2 ( 2 mwlpy)
1 mwi 2

b+ 72 <_ Ty miwl m> )
1 mwi 2

p—_2<\/ 2 y+\/mw1px>7

qZ = mwzz7

, 1
P, = Pz =Dz (1‘34)

Quantization is then achieved by interpreting the classical canonical variables as Hilbert

space operators with equal time commutation relations [28]:
(), Pe(t)] = ihdjr,  [G;(1), a(t)] = [P;(t), Px(t)] = O. (1.35)
Thus Hamiltonian (1.16) is written:

. 1 1 1
H=wi (@ +0%) — g (@2 +92) + 5w (& +52). (1.36)
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Creation and annihilation operators are now constructed from the above canonically con-

jugate pairs [28]:

1 1 2
iy = —=(ds + i) = ——= ( T @ = i)\ + i)
2h 2V h 2 mwi
R 1 < mwy " 2
al = —= -1 = — — (@ +y) + 4/ —— Dy — 1
N 2h((1+ p+) W 5 (T +i9) oo (Py — iPz)
~ 1 ) 1 mwi . .. 2 .
a_ = —(q_ +1p_) = ——= —(x 4+ — — — 1
m(q p-) W < 5 (& + 1) \/mwl (Dy — D)
R 7SV | mwi o 2 .
a_ = TH(Q— ip-) = Vi < — (@ =) p—— (Py + iDs)
1 1 1
z = (dz + 7:pz) mw,2 + 1 ﬁz s
V2h 2h NP
1 1 1
A A A A .
a, = —— 7 pe— mwyz — 1——— s
2= e ) = o (” T T )

(1.37)

so that the Hamiltonian can be written as a sum of uncoupled quantum harmonic oscil-

lators:

H

1
huwy (aim + 2) — hw_ (a*_a_ +

1

2

1
hwz ATAZ a
) <aza + 2)

, (1.38)

with the mode frequencies defined in (1.80) and (1.28). The negative sign in front of the

magnetron motion is worth emphasising. It is a direct result of the particle-field interaction

term in the Lagrangian (1.3). It is also important to note the mixing of & and ¢, p, and

Dy operators for future discussion.

By inverting the operator definitions in (1.37), the operators Z(t), y(t) and 2(¢t) can be

expressed [28]:

j(t) - 277:1)1
@(t) - 2’/7?(,01
£(0) =[5 (2L + . (0)

(1.39)

The time dependence of the creation and annihilation operators follows from the Heisen-

berg equations of motion ihd;A = [/1, H } [40]:

(1.40)

where @ = a(0), a' = af(0). In this way, the electron trajectories can be calculated from

the expectation values of (1.39).
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1.3.2 States and expectation values

The quantum Hamiltonian (1.38) admits Fock state solutions [41]

1 . N X
) = e @A) 00-0), (L)
4NNy

in addition to time dependent three mode quasi-classical coherent states [28]:
s (Ba (B (8)) = [aye oo e ity

— D+ (£) Dla(t)) Dla (£))]0:0_0.). (1.42)

Here, D(a(t)) is a general one dimensional time dependent displacement operator which

acts on the vacuum state as follows [41]
D(a(t))|0) = exp [Oé(lﬁ)fZT - Oé*(t)&] 10)

— e~ lof? Z (‘)‘(\/%)nmy (1.43)

From (1.39), expectation values of the semi-classical trajectories can be calculated in these

n=0

coherent states. For example, defining the complex amplitudes at = |oy|exp(—i(¢p4))
and a_ = |a_|exp(i(¢_)) leads to:
h

(E) =\ g (3O +ax(t) +a’ () +a-(1)),
= 2nfw1 (2|lag| cos(wit + ¢y) + 2|a—| cos(w_t + ¢_)) . (1.44)

An arbitrary phase shift ¢4 — ¢4 — /2, ¢— — ¢ — 7/2 reveals

(#(t)) = \/nff)l (s | sin(wst + 63 + Ja_| sin(w_t + 6_)), (1.45)

which corresponds exactly to the classical solution in (1.24) upon assigning

2h 2h
Ay =——lag|, A-=4/——|a_|. (1.46)
mwi mwiy

1.3.3 Spin and the electron g-factor

A particle with magnetic moment [ in a magnetic field B must contribute the spin-field

interaction Hamiltonian [40]

H,=—fi-B. (1.47)

For an electron in the Penning trap, this results in [14]

A~

g 1
s — & c709z, 1.4
H 27%1 50 (1.48)
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ny =3
hawg'
ny =2 T
A
n,=1 X hws
hw, v :
LI 2
n, = 0 ¥ hwz
Y
% hw_
[ ]
L[]
L[]

Figure 1.3: Splitting of the energy levels in the Penning trap. From left to right, each cyclotron level is
split by the :t% spin values of the electron. Each of these levels is then split by the axial confinement, and

finally by the negative energy of the magnetron motion [14].
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where o, is the usual z, or third component Pauli matrix [41]

1 0
0. = : (1.49)

Penning trap literature [14] commonly defines
We, (1.50)
so that

. 1
Ho = hws 0. (1.51)

In this way the g-factor of a spin—% particle can be expressed as the dimensionless ratio of

two frequencies of the Penning trap:

g Ws
S = 1.52
5w (1.52)
In terms of the directly measurable frequencies, the anomaly is given by
g Wi — wW_
=z -1=—"=—) 1.53
“ 2 Wi + w-— ( )
where
Wy = Wy — wi. (1.54)
Furthermore, the powerful Brown-Gabrielse invariance theorem of the trap [42]
Wi +w?+w? =uw? (1.55)

ensures that trap misalignments of the B field and imperfections of the trap electrodes do
not affect the precision with which a can be determined [14].

The energy levels of the motional modes plus those of the spin degree of freedom are
depicted in Figure 1.3, where the relative splitting between the levels for each mode is
not drawn to scale. For the remainder of this thesis however, the spin contribution to the

Hamiltonian will be neglected as it remains unchanged throughout all the calculations.

1.4 The temperature of the Penning trap

The above discussion has focused on well known Penning trap theory, and has laid out the
framework for classical and quantum calculation. The work in this thesis aims to explore
extended theoretical possibilities of the Penning trap in an exclusively quantum regime,
so this section will define such a regime, and discuss the thermal state of the Penning trap

as governed by finite temperature.
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1.4.1 Thermal states

Since the temperature of the trap is held at T}, T_ and 7T, for the three modes, the
probability of excitation of states with respective energy hwy(ny +1/2), —hw_(n_ +1/2)
and fw,(n, + 1/2) must be those predicted by statistical mechanics.

General thermal states

In thermal equilibrium, the state of a system with Hamiltonian His represented by the
density matrix operator [41]

exp(—BH)

Trlexp(—BH)] )

p/\:

where 3 = (kgT)~!. For a general harmonic oscillator Hamiltonian with quantum number

n and frequency w, this becomes

A+ 1))

p= TeXp( e 2)1 (1.57)

rlexp(—Bhw (A +1))]

The normalisation factor of (1.57) is the partition function Z, evaluated to [43]
.1
Z="Tr [exp (—Bhw (n + 2>>]
exp(—Bhw/2)

= . 1.58
1 — exp(—phw) (1.58)

The probability of occupying energy level n is given by the diagonal matrix elements of

p 43):

Pn) = {nlpl) = 5 (ol exp (5o (35 5 ) ) o)

= exp(—phwn)(1 — exp(—fhw)), (1.59)

and the off-diagonal terms are zero:

prn = {nlplm) = S tnlexp (~m (34 3 ) ) )

= PrnOnm.- (1.60)
The mean occupation number is given by [41]

7= () = Tr [pi]
1

= oo =T (1.61)
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The thermal states of the three oscillator modes of the Penning trap are governed in this
way by the external temperatures 7, 7_ and 7,. The resulting classical energies given

in (1.27) follow from the well known result from statistical mechanics [43]

(B) = —;ﬁmz (1.62)

for the separate partition function Z, and 3 of each mode.

The magnetron motion

Due to its negative energy contribution in Hamiltonian (1.38), care must be taken when
treating the thermal state behaviour of the magnetron motion. The long radiative decay
time of this motion [14] ensures that it is never in thermal equilibrium with the blackbody
radiation of the trap, so it must in fact be cooled separately to achieve the limiting
expression of 7 in (1.31) [14]. The mechanism of this cooling [44] is discussed more fully
in Chapter 2.

Labelling the magnetron contribution in the Hamiltonian (1.38)

. 1
H_=—hw_ (ﬁ + 2) , (1.63)
this is compared to the average thermal energy of this motion
w_
(E_) =kpT- = —kpT, <> : (1.64)
z
The effective S for this mode is therefore
1 1 w,
= = — ==, 1.65
p kpT-_ kT, w_ ( )

Now, both A_ and H_ contribute negative terms in a density operator of the system in
thermal equilibrium in (1.56), so that the overall sign of p_, the density operator of the
thermal state of the magnetron motion, will remain unchanged from that of a standard

harmonic oscillator:
_exp(—|B-|hw_ (- + 3))
Trlexp(—|B-|hw- (- + 3))]
In this way, the results in (1.59) and (1.61) follow analogously for the magnetron mode,

with B — [B_|.

(1.66)

The combined thermal state of the Penning trap

Treating the three mode of the electron as independent and distinct, the density matrix

of the Penning trap is given by [43]

pr: = iy Q) p- R - (1.67)
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Identifying T = T, = T from (1.31), the values of 8 for each mode become similarly
linked:

1
B+ = B2 1@7 B,
1 w, Wy
== -, 1.
= T o ”Bw, (1.68)

The density matrix operators in (1.67) are then given explicitly by
_exp(—fhw, (fy +3))
T Trlexp(=Bhwy (g +3)]
~exp(—Phw; (A + 7))
- Trlexp(—Bhw, (ﬁ_ + %))]’
o ep(—Bh (i + )
Trlexp(—phw, (7z + 3))]’
noting the dependence p_ = p_(w.). In fact, (1.58) shows that the partition functions

(1.69)

of the axial and magnetron modes are identical, as are the mean occupation numbers of

these modes:

1
My= ————— =T_. 1.70
"z exp(fhw,) — 1 " ( )
This is the result of the mode coupling used to cool the magnetron motion [44]. The total
probability of occupation of the state [nyn_n.) is given by the product of the independent

probabilities of each mode:
P(nyn_n.) = P(ny) - P(n_) - P(n:)

— exp (=Bhwins +ws(n_ +n.))) - (1 — exp(—Bhuwy)) - (1 — exp(—Bhw,)).
(1.71)

1.4.2 The average quantum number

From (1.61), the average quantum number of each of the motions is determined by the
trap temperature and the appropriate mode frequency. Since all three frequencies are
dependent on 1/m, for a given temperature 7' the mean quantum number of an electron
in the trap is significantly lower than for other charged particles, making its quantum
regime more accessible [14].

Unless otherwise stated, a ring voltage V,, = —1V and magnetic field ‘B’ | =0.5T will
be assumed throughout this thesis. At liquid helium temperature 7" = 4.2 K, this results

in the following average quantum numbers for an electron:

T=42K:

— 7n, =58, m,=n_=4372. (1.72)
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There are two ways in which the quantum numbers of the axial and magnetron motion
can be lowered. The first is by direct cooling of the trap to mK temperatures by use of a

dilution refrigerator [45]:

T=80mK:

— n, =0.0002, 7, =mn_ =82.7. (1.73)

The second method requires coupling of the axial and cyclotron motions which reduces
m, until @, = 7. This will be discussed extensively in Chapter 2. Cooling to the ground
state of ions in a Penning trap has been successfully achieved by this method [46]. Further
lowering of the axial quantum number is also possible by increasing the trap depth, i.e.

by increasing the ring voltage.

For the purposes of this thesis, the low temperature regime, and one requiring quantum
treatment, will refer to temperatures resulting in an average quantum number 7 < 100
of the modes being discussed. Calculations involving classical mechanics will be included
for comparison only, and unless otherwise stated, this low temperature regime should be
assumed. The thermal distribution of the system should be included when considering the
physical implementations of any theory in this thesis. Other quantum states, specifically
Fock states and coherent states, are investigated for theoretical purposes, in the assump-
tion that the electron could be prepared in these states. Their analysis also serves to lay
the foundation for future study of interesting quantum optical states of the Penning trap:
thermal coherent states [47], squeezed thermal states [48], and indeed squeezed coherent

thermal states [49].

1.5 The Geonium Chip and the elliptical Penning trap

The Geonium trap is in the final stages of construction within the Geonium group at
Sussex, its purpose being to achieve the precision measurements of existing Penning traps
in a more compact device with a planar magnetic field source [27]. Taking advantage of
the scalability of design this offers, future generations of the trap could be adapted to
explore new possibilities in the field of quantum computation. This section will introduce
some of the novel features of the Geonium Chip, laying down the framework for discussion

of the low temperature regime of the trap in Chapter 8.
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1.5.1 Genesis of the trap

The Geonium Chip is a progression of the coplanar-waveguide (CPW) Penning trap [39]
proposed at Sussex. In addition to the magnetic field source being parallel to the surface
of the trap, the Geonium Chip also aims to implement both the magnetic field source and
the trap electrodes into a single chip [50, 51|, offering huge advantages in scalability over
other planar Penning traps [25, 32, 33, 34].

As shown in Figures 1.4 and 1.5, the CPW trap is based upon a projection of a standard
five electrode cylindrical Penning trap onto a plane, shielded by two outer ground planes.
The flattened electrodes form part of a CPW transmission line [39], enabling the possibility
of integrating the trapped electron into quantum circuits for quantum electrodynamic
(QED) purposes [52, 53].

The Geonium Chip expands the capabilities [29] of the CPW trap by adding two side
electrodes to the design shown in Figure 1.4. The trap is then boxed within a closed
metallic cavity, the dimensions of which are chosen so that the spontaneous emission of
the cyclotron motion is strongly inhibited through the Purcell effect [52].

For electron trapping, a magnetic field of |§ | = 0.5T, resulting in a cyclotron frequency
of w, = 2m - 13.99 GHz, allows coupling of the electron cyclotron mode frequency by
microwave (MW) photons to other quantum systems [29]. The cavity enclosing the chip
suppresses the emission and absorption of these photons, but coupling can be achieved

through the near-field of the CPW transmission line [39, 54].



Chapter 1. Introduction 20

Figure 1.4: The projection of a cylindrical Penning trap onto a plane, with the magnetic field parallel to

the z axis. This diagram is taken directly from [39].

Figure 1.5: The cyclotron and axial motions sketched above the dielectric substrate with the standard five

electrodes patterned onto its surface. This diagram is taken directly from [39)].
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Vg
> Me—
Ve e llW||V Ve
V
M2
A
Yo x

ol

Figure 1.6: Electrode structure of the Geonium Chip, with V;., V¢, Ve, V; indicating the ring, correction,
endcap, and side-electrode voltage respectively. The ratios of these voltages given in (1.83) define the

equilibrium position yo, and V,. determines the overall trapping potential [29].

1.5.2 Classical theory of the ideal elliptical trap

The electrode structure of the Geonium Chip is shown Figure 1.6, where the insulating
gaps 11 and 7y can be seen. These must be taken into account when engineering the total
trapping potential, which is calculated from the Green’s function for the Laplace equation
which fulfils Dirichlet’s boundary conditions in a box. Details of this calculation is given
in [29], and the resulting potential of the Geonium Chip for V; = 0 is shown in Figure 1.7.

For the purposes of this thesis, it is sufficient to consider the resulting series expansion of
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Figure 1.7: The electric field produced by the Geonium Chip with V; = 0 is indicated by the red lines,
with the blue lines showing the resulting equipotentials. The quadrupole form of the field is clearly visible

at the equilibrium position yo. The figure is taken from [54].

the electrostatic potential around the equilibrium position of the trap (0, yo,0) [39]:

®(z,y,2) =®(0,y,0) + Copaz* + Canoz” + Coao(y — yo)%
¢e($,y72)

+ Co122*(y — y0) + Ca107*(y — y0) + Coso(y — %0)?

odd anharmonicities

+ Ca022°2% + Co2222(y — y0)? + Ca202”(y — 10)* + Cooaz® + Caoox® + Coao(y — yo)*

~
even anharmonicities

o (1.74)
where
Cijk = Vi ciji (1.75)
and

1 IR (2,9, 2)
Gk Daiayioak 0mo)

(1.76)

The vanishing of all C;j;, with odd i and/ or k is implied by the symmetry of ® along the
x and z axes, while the remaining contributions must be carefully optimised to remove

the anharmonicities and produce an ideal trapping configuration [39]. In this way, these
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coefficients are largely responsible for the proficiency of the trap. Constraints imposed by

the Laplace equation V2® = 0 lead to [39]
Ca00 + Coz20 + Coo2 = 0, (1.77)

and indistinguishability of the = and y coordinates for radially symmetric traps results in
Ca00 = Co20, so that (1.77) becomes Copp = —2Cpgp. This results in the potential of an
ideal circular trap, where Up in (1.10) is given by Cpype. However, in the Geonium Chip x
and y are distinguishable, so that the curvatures Cogg and Cygg are non-identical, and the
general form of the quadrupole potential including terms only up to the second order is
given by [39]

2% + (y — yo)?

<;5€(:B,y,z) = Coz - (Zz - 9

> + %C’ooge- (:1c2 —(y— yo)Q) , (1.78)

where the ellipticity parameter € is defined as

O — Co20

, 1.79
Coo2 (179)

and —1 < e < 1. If |¢| becomes greater than 1, the magnetron orbit becomes unbounded
and the electron is lost from the trap [15]. In this approximation, (1.78) represents the
total potential supplied by the Geonium Chip, the ideal elliptical potential of a Penning
trap [15]. Comparing this to (1.10), the axial frequency in the Geonium Chip is identified

w, = ) 2V co02q (1.80)
m

so that the Hamiltonian of the Geonium Chip, and the ideal elliptical Penning trap, can

as

be written in terms of the radially symmetric Hamiltonian (1.16):

1
He=H o+ emut(e? )

1 w,
= — (P2 + o+ 02+~ (zpy — Yps)

2m 2
1 1 1
+ gmwf(mQ +y%) — gmwg (*1—e)+y*(1+¢) + §mw322. (1.81)
The trapping height yo has been absorbed into the y coordinate:
(¥ —yo) — ¥ (1.82)

Throughout this thesis, the coordinate y will always refer to y — yo, so that for example,

{z, 0} refers to {z,yo}.
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Magnetron drift

Figure 1.8: The motion of an electron in the ideal elliptical trap with the potential given in (1.78). The

figure is taken from [29].

The following ratios are critical in the Penning trap, and determine this trapping height

Yo:

Tuning ratio: T, =

Endcap — to — ring ratio: T, =

Side electrode — to — ring ratio : Ty = (1.83)

S SIS NS

Crucially, T, allows the linear fluctuations of the axial frequency w, to be eliminated,
whereas Tj; enables variation of ellipticity in the trap [29]. This will be discussed further

in 1.6 and again throughout Chapter 8.

1.5.3 Frequencies and equations of motion

In [15], Kretzschmar rigorously discusses the ideal elliptical trap, and shows by various
canonical transformation that the classical Hamiltonian (1.81) can be solved analytically.
This section will only quote the results, but a full, quantum calculation is given in Chapter
8. The z dimension is unaffected by the ellipticity, so the axial motion remains unchanged
from that in the circular Penning trap in (1.25).

H, can be written as the sum of three harmonic oscillators with radial frequencies

modified from the circular case [15]:

wiw? + w?. (1.84)
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Figure 1.9: The magnetron orbit of an electron calculated from (1.85) for different values of T,. The values
are 0.522, 0.653, 1.653 for the three values of € in ascending order. The plot has been taken from [29], and

the axial energy is £, = 4.2kp.

The equations of motion of an electron in the ideal elliptical trap are given by [15]:
x(t) = &4 - Ay cos(pt) + & - A cos(@_t),

y(t) = —ny - Apsin(@yt) —n_ - A_sin(@_t), (1.85)

where

204 Jwi\/wiw? + 2w
s = w? - ew? + \/wiw? + e2w§, (1.86)
201 Jwi/wiwi + 2wl

and the amplitudes are similarly modified:

- / 2F ~ / 2F_
A+ - TJ’_“}Q, Af — ﬁ (187)
m(w+ — 72) m(o — 72)

A plot of the motion of a trapped electron in the ideal elliptical Penning trap is shown in

£y = \/wg + ew? & /w2w? + 2wl
- )

Figure 1.8. Cylindrical symmetry can be described in a straightforward way as a special

case of the above equations, occurring when € = 0 and |[+| = [ns| =1 [15].

1.6 The tunable dimensionality of the Geonium Chip

1.6.1 The ground planes V,

Asintroduced in 1.5, the standard five electrodes of a Penning trap are additionally flanked
by side electrodes in the Geonium Chip, held at voltages V. Without making use of them
(Vg = 0), the basic tuning ratios in (1.83) are T, > T, ~ 1, but this section examines the
scope of the trap when the ground planes are held at finite voltage.

A voltage V, must affect the coefficients Cj;;, in the series expansion of the potential

shown in (1.74), which modifies the ellipticity parameter through (1.79). In this way, the
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ellipticity of the Geonium trap can be modified. This in turn alters the mode frequencies
and orbits of the electron (8.28, 1.85). The cyclotron frequency, typically being of MHz
value, along with the coefficients &, and 7y, are largely unaffected by the ellipticity:
|€4+] >~ In+] = 1 [15]. In contrast, the magnetron motion, through the frequency @_ and
coefficients _, 7_, is significantly modified by non-zero voltage V. Figure 1.9 shows a plot
of the magnetron orbit of an electron for three different values of the ratio Ty [29]. As €
increases, the motion becomes a narrow ellipse along the x axis, so that in the limit € — 1,
the magnetron orbit is confined to the z axis. The cyclotron orbit is a fast oscillation
superposed on top of the magnetron motion with a typical orbit size /Lr ~ 0.1 um for
B = 0.5T. Including the axial oscillation, the motion of the electron therefore becomes
quasi two-dimensional (2D) as e — 1. This is known as the “ultra-elliptical regime” of the

Penning trap [29].

1.6.2 The ultra-elliptical regime

As shown in Figure 1.9, the semi-major axis of the ellipse becomes increasingly large with
e. In order that the electron does not orbit outside the harmonic trapping region [29],
magnetron-sideband cooling must be applied [14]. It was discussed in 1.4.1 how this
technique reduces the average quantum number of the magnetron motion nm_ until it

equals that of the axial mode, which accordingly reduces the size of the amplitude A_.

The series expansion of the potential in (1.74) is around the equilibrium position
(0,40, 0), so that yo itself is determined by 9,® = 0. The Cjj;, coefficients in this expansion
change with T, and in turn new anharmonicities of order 3 and 4 are generated with each
new voltage of the ground plane [29]. These generate a linear dependence of the mode
frequencies with the energies [54, 39]. In order to compensate for this, the tuning ratio 7
must be adapted to a new optimal value T,¥ " for each new T,, and hence each new g, so
that the linear dependence of w, is eliminated; the precise determination of all the trap
frequencies rely on this value being well defined [14].

In summary, increasing the ellipticity through V; changes 3o, and in turn the anhar-
monic coefficients in ®(z,y,2) (1.78). These must then be eliminated by modifying 7
to some value T°P'. In the upper plot of Figure 1.10, the variation of ellipticity for an
increasing value of Ty for three fixed values of T, is shown [29]. The resulting optimal
tuning ratios 757 ! for each of these with increasing T, is shown in the lower part of the

figure [29]. The frequencies w, and w_ must be well defined in order that magnetron cool-

ing can be applied at every stage of the ramping process [29], meaning that experimental
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Figure 1.10: a) Ellipticity e with icreasing T}, for three values of T. = V./V,. b) Optimal tuning ratio Tg"*
with increasing Ty for each of these fixed T, values. Driving of the Geonium trap to the ultra-elliptical
regime must follow one of these lines, to eliminate the frequency shifts of w,. This enables cooling of the
magnetron motion, so that the electron remains in the harmonic trapping region. The graph has been

taken directly from [29].

adiabaticity requires one of the lines in Figure 1.10 b) to be followed.
In Chapter 8, the quantum theory of driving to the ultra-elliptical regime will be
examined, and a scheme proposed for using the process to produce potentially robust

squeezed states.
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Chapter 2

Sideband Coupling

2.1 Background theory

Coupling of the motional modes of an electron in a Penning trap is a well established
technique for the resonant conversion of these modes to enable easier detection of the

oscillator frequencies [28].

This method was first employed as a means of cooling the magnetron degree of free-
dom [55], whose motion is unstable, and must subsequently be minimised so as to prevent
the electron from striking the ring electrode and being lost from the trap. “Motional
Sideband Cooling” [44] has since become an invaluable technique in Penning trap exper-
iments, enabling further control and detection of the particle’s motion. It has prompted
subsequent theoretical and experimental investigation into the coupling of, for example,
the axial and cyclotron motional modes [56], and more recently, the effect of using octu-
polar radio-frequency (RF) fields to couple the radial modes of an ion [28] .

Although a purely classical process, the general mechanism can be readily described
in terms of thermodynamics and quantum mechanical language [14]. For coupling of the
axial and cyclotron modes, it is sufficient to consider the ladder of states of shown in Fig.

1 [14]. If an electron in the (n4, n;) level receives a quantum of energy fi(w4 — w,), the
resulting transition is to the state (ny — 1, n, + 1), or to the state (ny + 1,n, —1). The
transition probabilities are determined by the relative sizes of ny and n, [14], so that if
the two modes are held at the same temperature, then wy > w, demands that n, > n..
The axial motion is therefore reduced until ;. = 7., at such a time when the photon will
be exchanged back and forth between the oscillator states [14].

In the seminal work by Cornell et al. on mode coupling in a Penning trap [56], the

cyclotron and axial modes of a single N; ion in a Penning trap are coupled by an RF field.
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Figure 2.1: Coupling of the cyclotron and axial energy levels in the Penning trap by an incoming photon
with frequency matching the splitting between the levels. If ny is greater (less) than n., the cyclotron

quantum number will decrease (increase) and the axial one increase (decrease) until they are equal [14].

It is shown how the resulting energy of the coupled system can be treated in the dressed-
atom formalism [57], with an avoided crossing structure emerging from the calculation.
This chapter discusses the quantum analogue of the coupling in the circular Penning trap,
where again ideas are borrowed from the dressed-atom approach [57]. Extension to the

elliptical trap is discussed in Chapter 8.

2.2 The coupling field

As outlined above, cyclotron-axial coupling requires an electric field of the same frequency
as the frequency difference between the two sets of ladder states. Following [56], this

frequency will be denoted w, and a classical quadrupole field of the form
E,(t) = Re (epe™r) (zé, + zé,) (2.1)
is applied in the lab. Such a field (with €, € R) has an associated potential of the form
V() = —¢p cos(uwpt)(2). (2.2)

This is now quantized and re-expressed in terms of the time dependent creation and

annihilation operators for the three oscillator modes using the expansion of £ and Z in
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(1.39):
V,(t) = —¢p cos(wpt) & 2

o1
= €p cos(wpt) X

N
X {amz +ala. +ala, +alal
ta_a, +ala, +ala + a*_ai} . (2.3)
The total Hamiltonian of the electron in this potential is given by

~

H, = H + qVp(1). (2.4)

Following the prescription for time dependent unitary transformation of a general quantum

Hamiltonian [41]
UOHUT () +irU )0 (¢), (2.5)
in a frame of reference defined by the unitary operator
= .wp A~ A
Up(t) = exp {—z? (fy —Ny) t} , (2.6)
the coupled Hamiltonian (2.4) becomes

. 1 1
%pt :m—i- <ﬁ/+ + 2) + hwz (ﬁz + 2> — hw_ (CALT_CAL— + ) + hi(ﬁz - ﬁ-i—)

h | |
+ e ¢, cos(wpt) {amz +al asert +alayeiert 4+ ol af
tala_e Tt aiage—z%”} . (2.7)

The cosine function is expanded into exponential form, so that in this frame, the explicit
time dependence of the additional potential energy qf/p is given by:

“ . - h 1

X { dpdert + et ala Rt 4 e ]
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where
6~ 0, (2.10)

leads to only two terms in (2.8) which are not oscillating at GHz or MHz frequencies,
allowing for variation in the realtive strengths of w, and w,. By a second-level rotating
wave approximation (RWA), or secular approximation [58], only the terms marked “RWA”

in (2.8) remain. Following this, the total Hamiltonian (2.7) in this rotating frame becomes

N 1 1 1) 1
o = h% (m + ) + h? (n + ) 3 (e = y) = o (a*_a_ + 2) +he(ala, +alay),

2 2

(2.11)

where the renormalised coupling strength £ has been defined

e 1
= 2.12
Am \Jwiw, P (2.12)
and

wo = W4 + w;. (2.13)

Hamiltonian 7:[pt must now be made diagonal in order to interpret the effects of the field

(2.1) upon the motional modes of the system.

2.3 Dressing the energy levels

2.3.1 Interpretation I: the dressed frame

Hpt can be written in diagonal form by application of

Up = exp {g(a1a+ - aiaz)} , (2.14)

where the rotation angle 6 is given by

2
6 = arctan {;] : (2.15)
This produces:
Bl = 0,01
(2otR) 0 0 a,
A - - _ . (Wl + Wz)
zh( al al al ) 0 («=72) 0 ap | +h (216)
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where
A = \/4€2 + 2. (2.17)

The Hamiltonian has been rotated to a new frame of reference in the same local basis.
The rotation is defined by (2.14), and the frame of reference will be called the dressed

frame.

Statistical properties of the coupled modes 1

In this dressed frame, it is straightforward to determine the average occupation numbers

n4+ and M, as a result of the coupling. Labelling

e = wo — A
+ — ) 3
e, =0 tA (2.18)
2
the thermal density matrices of the two modes become
b = exp(—Bhey (fig + %))
T Trlexp(—Bhey (g +3))]
exp(—pfhe, (i, + %
b, = SRR (s 4 3)) (2.19)

- Trlexp(—Bhe, (ﬁz + %))]
In both cases, 3 is unchanged from the value given in the uncoupled case in (1.68), since
it assumed that the physical temperature at which the trap is held remains unchanged.
From this, the average occupation numbers of the modes in this dressed frame are given
by

1

exp(Bhey) — 1
1

exp(Bhe,) — 17

Moy = Tr [pey 011] =

Ne, = Tr [ﬁsz ﬁz] = (2.20)

The thermal states of the coupled system in the lab are therefore governed by the density
matrices ﬁgﬁg () pe, Up(t)Up and [?g ﬁg(t) pe. U,(t)Up for the respective modes, with U,,(t)
and Uy given in (2.6) and (2.14). These can be used to determine the statistical properties
of the coupled trap in the lab frame. As an example, 7, is now calculated explicitly.
The operator U, involves the mixing of the operators of the axial and cyclotron modes,

so that the transformed density matrix

A ~

la+z = Ag A;])L(t) ﬁ€+ Up(t)UG (2-21)

is necessarily a function of the operators of both modes. These operators belong to different

Hilbert spaces, and so the reduced density matrix p* [41] must be used to determine (7).
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This is given by

= Peys (2.22)

where the calculation is trivialised by the cyclic properties of the trace [59].
The average occupation number of the cyclotron mode in the coupled system in the

lab frame is therefore given by
ﬁ+ =Tr [ﬁ+ﬁ+] =Tr [ﬁ5+ﬁ+] = ﬁng. (223)

Likewise, the average occupation number of the axial mode in the lab frame is equivalent
to the average occupation number of this mode in the dressed frame, (2.20). This of course
follows from the preservation of expectation values upon unitary transformation of both

the state and operator [59].

2.3.2 Interpretation II: dressed states

In the way Up has been applied to 7:[1;,5 above, the whole Hamiltonian has been transformed
to an alternate reference frame from the laboratory. Where this frame of reference is, if
indeed the rotation is purely spatial, motivates some of the discussion in Chapter 5.

For a calculation more analogous to the classical one in [56], instead of transforming
the Hamiltonian (2.11), consider that there exists a basis within the original frame with
respect to which this Hamiltonian can be written in diagonal form. The eigenstates of
this basis are the original states dressed by the coupling field [60]. In the present case of
coupling the axial and cyclotron modes of the Penning trap, the Hamiltonian ﬂpt rewritten

in terms of operators of this dressed basis is given by

. 1 1 1
Hpt = hea <ﬁa + 2) + heg <ﬁ5 + 2> — hw_ <&Td_ + 2) , (2.24)
where
wo + A
Ea = &z 9 )
wo — A

p=er =5 (2.25)
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The creation and annihilation operators of these new modes are defined

.t 0., . 0. 0. .0
a, = Cos iaz + sin 5%; Qo = COS §az + sin 5%7

6 6 0
&L = cos idl — sin 5&1; ag = cos iéx — sin 5&2, (2.26)

and € and A are given in (2.15) and (2.17) respectively.

There is only a subtle difference between the two interpretations, of the dressed frame
in 2.3.1 and the dressed states of this section, both of which solve Hamiltonian (2.11).
They are of course mathematically equivalent, but it will prove important to retain the
distinction that has been made throughout the remainder of this thesis. From now on,
the approach of rotating a general Hamiltonian, UpHU, T, will be always referred to as
transforming or rotating to another frame of reference. The method of diagonalising by
rewriting a general Hamiltonian H will be referred to as “rotating” the states only, with

the new states being the dressed states of a coupled system.

Statistical properties of the coupled modes I1

Analogously to 2.3.1, the diagonal Hamiltonian in (2.24) directly reveals the statistical
properties of the dressed modes at finite temperature. In fact, it is straightforward to
show that m, = 7, and g = Ty as given in (2.23) and (2.20). For future reference, the
density operators of the dressed modes o and 3 are given explicitly by
. exp(—pheq (ﬁa + %))
o= Trlexp(—pPheq (ﬁa + %))]7
exp(—Bhes (g + 3))

= - : (2.27)
p Trlexp(—Bhes (g + 3))]
from which other characteristics of the dressed system follow naturally:
P(ng) = exp(—Lheana) (1 — exp(—LFhea)),
P(ng) = exp(—Bhegng)(1 — exp(—fSheg)). (2.28)

These statistical results are significant for the calculation in Chapter 9, where time de-

pendent driving between the energy levels of these dressed modes is considered.

2.3.3 Introduction of Schwinger boson operators

Throughout this thesis, the formation of problems in terms of sets of operators with an-

gular momentum-like algebra will be exploited. The method is introduced below, for the
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present purpose of studying the nature of the dressed modes in 2.3.2.

Motivated by Kretzschmar’s study of the “interconversion of motional modes” by ana-

lysis of the rotation of the Bloch vector [28], the following operators are formed:

Ty = g (didz + &iﬂh) ;
T = g (afay +ala.).,
) = —% (alay —ala.).,
Ty = g (aiaz - aim) , (2.29)
where [61]
[TTJ} — iheyjiTh, [TOT] —0; i=1,2,3. (2.30)

The circular components are given by [61]
Ty =Ty +ily = hala,,

T =T —ily = hal as,,

(2.31)
with the resulting commutation relations
[T;;,Ti} . [ﬁ,TL} — Ty, (2.32)

These are completely equivalent to (2.30). The SU(2) Lie algebra of these Schwinger
Boson operators can of course be obtained from any 2D harmonic oscillator system [61],
and indeed several sets of operators analogous to T’ = {To, Tl, Tg, Tg} are formed in later
sections. A discussion of the interconnection of these sets, and their use in the Penning

trap, is given in Chapter 5.

2.3.4 Avoided crossings

The coupled Hamiltonian (2.11) is now rewritten in terms of these Schwinger boson oper-

ators of the set T, defined in (2.29). Before dressing:

N - N N huw 1
Hpt = wolp + 015 + 2617 + 70 — hw_ (&Td + 2) . (2.33)

Focusing on the axial and cyclotron levels only, the magnetron Hamiltonian in (1.63) is

taken away to define:

. A A hw
= wolp + 615 + 2617 + 70 (2.34)
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where wy is given in (2.13).

The quantum numbers

N=n,+ny, l=n,—ng (2.35)
are defined so that:
TO’n+7nZ> - 7N’n+7nz>7
. h
Ts3lngy,n,) = B lng,n.), (2.36)

where N =0,1,2,3,...,and l = =N, —N + 2,..., N — 2, N.! The expectation value of

in the Fock state |ny,n,) follows:

. Fw ho
(Ha) = TO(N +1)+ L (2.37)
Similarly, the magnetron Hamiltonian (1.63) is subtracted from the dressed Hamilto-

nian (2.24), and it is rewritten:

. h h hiw
Ha = 5(% +¢eg) (Ra + ng) + §(Ea —ep) (Mo —71g) + 70' (2.38)

It is clear that the n, and ng operators must form a set of Schwinger boson operators
T8 completely analogous to 7' in (2.29). In terms of this T8 set of the dressed modes,
Hamiltonian (2.38) is written:

T

Hy = woTdP + ATSP + 5

(2.39)

where A is given in (2.11). The expectation value of the dressed Hamiltonian (2.39) in

the states |nq,ng) is clearly
N Fw h
(Ha) = =~ (Nag +1) + 5 A lag, (2.40)

where Nog = ng +ng, lag = na — ng.

Comparing the expectation values in (7.15) and (2.40), it is straightforward to see the
effects of this “dressing”: the degeneracy of the [ levels at the point § = 0 is lifted by
the non-zero value of A = \/ém . This is shown pictorially in Figure 2.2, where the
expectation values of the bare and dressed Hamiltonians has been plotted as a function

of ¢ for the first few total quantum numbers N. The plot shows how an avoided crossing

!The allowed values of | are clearly different from that of standard eigenvalues of a third component
angular momentum operator [40], as they are in steps of two rather than one. This is a simple consequence

of the fact that Tp and T3 both contain two independently varying number operators.



Chapter 2. Sideband Coupling 37

bare dressed
(}Td) . .
=2
hs "
N=2 1=0  3h° — I
A
l=-2
=1
hs
hwg 2hE hA
N=1
L /\
N=0 1=0 %
0 8 0 )

Figure 2.2: Left: The expectation values of the coupled Hamiltonian in the Fock states |n4,n.), as given
in (7.15). These are the so-called “bare” states of the system. Right: Expectation values of the coupled
Hamiltonian in the “dressed” states |na,ng), given in (2.40). The effects of the dressing is the formation
of an avoided crossing between the | = n, — n4 sub-levels of the system at the point § = 0. The size of
the splitting is dependent on the electric coupling field strength in (2.1), where the renormalised strength
¢ is defined in (2.12). The bare and dressed levels of the modes for the different values of N are not drawn

to scale.
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occurs at the point 6 = 0 due to the dressing of the modes [57]. The size of the splitting
is given by 2Ai&, and accordingly varies with the strength of the applied field in (2.1).

In comparing the results of the above quantum calculation to the classical one in [56],
it is clear that the dressed-atom formalism [57] is directly applicable to the combined
quantum modes of the axial and cyclotron motions, with the distinction that the latter
is clearly not a two-level system (TLS). In the present case of the coupled Penning trap,
there are IV avoided crossings formed at the point § = 0 for each N when the system is
dressed. Consequently there are a total of Z]I\(/:o N avoided crossings formed between the
[ sub-levels in the entire spectrum. The upper limit K of this sum must depend upon the
temperature of the trap.

The description of mode coupling as taking place between the separate ladders of
cyclotron and axial energy levels is convenient [14]. However, in order to discuss the
quantum avoided crossing, the more appropriate description is that the coupling takes

place between the combined levels of this 2D spectrum, [.

2.3.5 Analysis of statistical results

The statistical results of 2.3.1 and 2.3.2 are now compared alongside those of the uncoupled
system.

In terms of the bare basis in the lab frame, the values of 4 and n, are modified from
those of the uncoupled system, as discussed in 1.4.1, by the frequency shifts w, — e
and w, — €, (2.18). Since in general wi > w,, it is clear that the mean occupation of
the cyclotron mode is little changed by this shift, whereas that of the axial motion must
be greatly reduced, assuming the value 3 is the same for both modes. This is in general
agreement with the discussion at the beginning of this chapter on the basic mechanism of
mode coupling, illustrated in Figure 2.1.

From (2.26), it appears that a, — G, and ag — a4 as the coupling is removed (6 — 0).
The eigenvalues of the modes €, and € also appear to reduce to w, and w, respectively
(2.25). However, such association between the modes of the two bases {z,+} and {«, 5}
themselves is much more subtle; once the coupling has been established, the dressed energy
levels on the right hand side of Figure 2.2 do not collapse into those of the bare basis on
the left when the coupling field is then removed, £ — 0. This is manifest in the fact that
the reduced density matrix must be used when calculating the statistical properties of the
coupled axial and cyclotron modes in the lab frame, as in (2.23). Once the coupling has

been established, information about one of these modes must necessarily assume complete
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ignorance of the other; restricting attention to observables associated with only one of the
coupled modes leads to a loss of information on the correlation between them [41]. When
the coupling field is switched off, let us assume that the o mode does “become” the axial
mode, and that the cyclotron mode is similarly recovered from the o mode. In this way,
information about both modes is available, which in turn reveals information about both
modes of the coupled system. This is in contradiction to the necessary use of the reduced

identity matrix p*, and hence cannot be true.

2.4 Manipulation of adiabatic potentials in atom traps

Dressed adiabatic potentials are of course more commonly discussed in the context of
trapped atoms [57]. In this section, combinations of static and time dependent magnetic
fields used to dress atoms with RF radiation are considered. Carefully constructed spatial
variation in these fields can lead to control over the trapping potential of the atoms [60],
enabling a huge variety of traps to be constructed. In particular, the method has been used
to create an adiabatic double well potential, leading to matter-wave interferometry in atom
chips [62]. Such interference experiments enables the study of matter at a fundamental,
quantum level [63, 64, 65], and lead to high-precision sensing of gravitational fields [62].
Additionally, they allow for the engineering and control of quantum states, an important
feature in the pursuit of quantum information processing [66].

As discussed in 1.5, the planar formation of electrodes in the Geonium Chip offers the
possibility of an integrated CPW transmission line. For the purposes of mode coupling in
the trap, the coupling potential in (2.2) is communicated to the electron via this waveguide,
with the chip designed to be transparent to microwave fields [27]. It was proposed [67]
that the possible customisation of fields thus generated could be used to spatially vary
the amplitude and/ or detuning of the coupling field along the x and z axes of the trap.
This is turn could generate control over the adiabatic potential of the electron in a similar
way to the dressed-atom traps [60]. To investigate this further, a brief introduction to
the theory of the generation of a double well through RF dressing in atom traps is given

below.

2.4.1 RF dressing in atom traps

An atom with magnetic dipole moment [ = —gF,uBﬁ/ h in a magnetic field B interacts
with the field via the magnetic dipole moment /i - B [68]. In this case gp is the Landé

g-factor and pp the Bohr magneton [40]. In a magnetic trap with an additional RF
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interacting field, this coupling results in the Hamiltonian [60]

Hy(7t) = ~PBIL G (By(F) + Brr(7,t)). (2.41)
h

The magnetic field gg(f") is responsible for the basic trapping of the atoms and induces
splitting between the mp Zeeman levels [40]. This stationary field is constructed by a
pair of coils with opposing currents to produce a potential minimum at the centre of the

trap [60]:

Bo(P) =t (m% +yj — 22k>

— Uo(7) = mp gr ug|Bo(7)]

=mp gr ppb'va? +y? + 422 (2.42)

The uncoupled potentials of the F' = 1 sub-levels are therefore given by parabolic functions
along the x axis, as shown in a) of Figure 2.3. The purpose of the RF field is to induce
transition between these levels. Suppose that the static component defines the local quant-
isation direction along the z axis, By(7) = |Bo(7)|F,. The RF radiation is then chosen to
be linearly polarised and assumed to be a cosine function [60]. The RWA is applied, to
the effect of neglecting the counting-rotating terms [69], and (2.41) becomes [60]

., . 1 = [ . ” ;
_ _MBth (\Bg(f’)\Fz + Q‘BRFO")’ FL exp(Fiwgrpt) + - exp(Liwgrp t)]) :

(2.43)

The components F. are the angular momentum raising and lowering operators Fy =
F,+ iﬁ'y [68]. Moving to the interaction picture by changing to a frame rotating at wrp

in the same local basis [60] leads to the time independent Hamiltonian

Hy(7) = + (—5(7?)1@ + Qo(f)ﬁx) . (2.44)

The RF Rabi frequency and detuning are given by Qo(r) = £54F |Brp(7)| and 6(r) =

wrr — wr(r) accordingly, and the Larmor frequency has its usual definition, wr(r) =

%B?O(FH [60]. The £ and 7F signs throughout depend upon the sign of gp.

RF dressing The dressed states of Hyz(7) are found by defining a new quantization axis

2" which enables (2.44) to be written in diagonal form:
Hyz(F) = Q(7) Fr, (2.45)

where the generalised Rabi frequency is given by [60]:

Q(F) = 1/ 82(F) + Q3(7). (2.46)
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a) b) )

mp =1

Figure 2.3: RF dressing of the mps = 0, £1 levels in a magnetic atom trap. a) The potential energy of the
trap before the RF field is applied is given in (2.42), where the Larmor frequency wy (¥) varies in space
with the trapping field Bo(7). When the RF field is added, at the point where w;, matches the frequency
wrr, the mp levels are coupled. b) The diabatic energy levels cross as a result of this coupling. ¢) The
adiabatic potentials as given in (2.47) are drawn, showing the avoided crossings, the mechanism by which

a double well potential is formed in the trap [70].

The dressed potentials are therefore [60]

U(7) = hmp Q)
= i [82(7) + 93 (7)
_ hmpl\/(wRF (M) + (”gé’F |§RF(F)|)2, (2.47)

where mpg is a label for the states in the adiabatic basis, with 2F + 1 values that range
from —F to F.
The RF dressing can be viewed as a rotation of (2.44) around the local y axis through

an angle defined by cos (%) = —3(7) /Q(7) [60].

Creation of a double well potential The spatial dependence of wy, () with the con-
fining potential (2.42) means the frequency wrp of the applied field is resonant only at
two points in space. In terms of the adiabatic basis: the potential energy of the dressed
levels, as given in (2.47), lifts the degeneracy of the coupled diabatic energy levels at the

points where §(7) = 0, leading to avoided crossings and the creation of a double well along



Chapter 2. Sideband Coupling 42

the x axis [60].

Both the detuning 0(7) and Rabi frequency Qy(7) can change in space, but for the
dressed potentials in (2.47) to be valid, their relative change must be small compared to
the generalised Rabi frequency [60], || < Q3, [Qd'| < Q3. It should be noted that
the Hamiltonian does not contain a kinetic term; the validity of this approximation is

discussed in [60].

2.5 Comparison of RF dressing in atom traps and mode

coupling in Penning traps

The calculations above, of mode coupling in Penning traps in 2.2 and 2.3, and RF dressing
in atom traps in 2.4, have an obvious semblance, as well as some clear differences.

After both calculations are transformed to their respective interaction pictures, the
remaining Hamiltonians (2.34) and (2.44) both contain first and third-component angular

momentum operators. Re-writing these together explicitly:
A~ A~ A~ ~ th A~ ~
Ha=woly+ 0T+ 260 + 2, Hz=+ (—5(?)1@ + QO(F)Fx> . (2.48)

Following transformation by Ty and Fy respectively, the dressed Hamiltonians (2.39) and
(2.45) are written in terms of third angular momentum components of dressed mode
operatorszz

N A N how N
Hy — wol? + ATSP + 70 Hy —s Q(F)Eu. (2.49)

A

In the case of the dressed atoms, the term Q(7)F./ is interpreted directly as potential
energy of each m/, level of the dressed system. In the Penning trap, the equivalent “Rabi
frequency”, A, is instead attached to some sub-levels l,g of the dressed modes of the
coupling. If the detuning and field strength were made variable in space as proposed [67],
so that A — A(r), the effects upon the potential energy of the electron in the trap are
not obvious. This idea will be re-addressed in Chapter 10.

In fact, the potential energy of the electron in the Penning trap is not directly in-
terpretable even before the coupling field is applied. This is due to the presence of the
magnetic field and its associated magnetic vector potential, which leads to the v - A term

and ultimately the zp, — yp, term in the Hamiltonian (1.16). This leads to some of the

2The dressed Penning trap Hamiltonian furthermore contains a Ty and ground state energy term, but

this represents only an energy shift.
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considerations of Chapters 3, 4 and 6, through which an interpretation of the potential in
the quantum regime of the trap is sought.

This calculations in this chapter expose a number of parallels between the dressed-
atom formalism [57] and the joint oscillator modes of the Penning trap in general. This is

further examined throughout the remainder of this thesis.
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Chapter 3

Comparison of Three Systems

This chapter is devoted to studying three distinct systems: the 2D harmonic oscillator, the
“Landau system”, comprising a single charged particle in a homogeneous magnetic field,
and the Penning trap. After laying out the framework for the first two, their connection

to the Penning trap is discussed.

3.1 The two-dimensional harmonic oscillator

3.1.1 Classical
The Hamiltonian of a particle of mass m confined by a potential V(z,y) = im(%)%(2* +
y?) is written:

1 1 we\ 2
H = o (pi +p§) + 5m <?> (:c2 + y2) . (3.1)

The equations of motion are integrated to yield [71]
x(t) = xpy, cos (%t - gox) , pa(t) = —m%xm sin (%t - 4,0,,3) ,

w LW
t— cpy) . py(t) = —m?cym sin (?Ct — cpy) , (3.2)

We

Y(t) = ym cos ( 5

where the constants z,, ¢., ym and ¢, depend on initial conditions, and x,, and y,, are
assumed positive. The particle orbit as shown in Figure 3.1 depends upon the relative
phase and amplitudes of the x and y motions. For example, if ¢, — ¢, = 0, the motion
follows a diagonal line BD through the origin of the plane [71]. The condition ¢, —
vy = £7/2 induces anticlockwise motion about this point, whereas the motion is always
clockwise for —m < ¢, — ¢, < 0 [71]. This is all summarized by the component of the

orbital angular momentum L., = zp, — yp, which is written, according to the above
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y
A Vm B
/ |
—Xm 0 Xm
D —Vm c

Figure 3.1: Classical trajectory of an particle in the zy plane, with motion governed by Hamiltonian (3.1).
The motion in this 2D harmonic potential depends upon the initial conditions @, ym, ¢« and ¢, in the
equations of motion (3.2). The figure is copied closely from [71].

expressions for x(t) and y(t) [71]:

W .
L, = m?ca:mym sin(py — @z). (3.3)

This value is clearly maximal for ¢, — ¢, = £7/2, and describes circular motion for the

additional condition x,, = y, [71].

3.1.2 Quantum mechanical

Imposing the canonical commutation relations [Z;, pj] = d;;ih enables construction of the

operators:
<\/me \/ 2 ) . ( mwe . >
T+ Pz |, a T —1
mwe mwe!
mwe . 2 N ~ 4 mwe . . ~
= (e 3.4
( y+1\/ wcpy> = o ( 5 U mwcpy> ;o (34)
where [, a}] = [ay, &L] = 1, with all other commutators going to zero. The quantum

Hamiltonian in the zy plane is given by

. 1 w, 1
_ $ A e ( ata
sz = h 9 ( ax —+ 2) —+ h? <ayay —+ 2) . (35)
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The basis of eigenstates of fAI;cy is composed of vectors of the form [71]

|6nainy) = 10n,) Q) én, ) (3.6)

and the energy is given by

We 1 We 1
E"E - - €T - — ey . .
y h2<n +2>+h2 (ny+2> (3.7)

The eigenvalues of |¢p, ,,) in the state space e,y associated with the variables z and y
are clearly degenerate: for an energy E., = h(w./2)(n + 1), where n = n, + n,, there

corresponds the various orthogonal eigenvectors [71]:

‘¢nz=n,ny=0>7 ‘¢nz=n—1,ny:1>, ey |¢nz:0,ny:n>- (3.8)

The eigenvalue E,,, is therefore (n + 1)-fold degenerate in €4, so that I:LCy alone does not
constitute a complete set of commuting observables (CSCO) [71]. Taking better advantage
of the symmetry of the system, consider first that the component of the angular momentum

L, can be expressed in terms of the creation and annihilation operators in (3.4):
L,=—ih (a;ay - agax) . (3.9)
It is straightforward to show [f[xy, f)z] = 0, which promotes a basis of eigenvectors com-

mon to both ﬁzy and L.. This is found by introducing the operators of left and right

“circular quanta” [71]:

2
5 1 o . . o
b= —2(% +iay) = STr 5 (4 ig) — - (Py —iPz) | ,
~ 1 1 mw 2
bl = —(al —ial) = —= £(& — i) — ' 3.10
\/i(am wy) ovh B (& —i9) C(py + iPz) ( )
Hamiltonian (3.5) is rewritten
B We (4. 242 we (1.1 We (242 1
Hyy = h?C <aTa + 0T+ 1) = h?" (aTa + 2) - hi <bTb + 2) : (3.11)
and the angular momentum in (3.9) is now given by
L.=h (a*& - lSTB) . (3.12)

Since [a, af] = [b, bT] = 1, [a, b] = [a, bT] = [af, b] = [af bT] = 0, it is possible to construct
states of the independent harmonic oscillators [71]
1

[Xnamy) = W(fﬁ)"a (6")"|o,0)- (3.13)
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These are eigenstates of both H,, and L,, with eigenvalues h(w./2)(nq + ny + 1) =
Mwe/2)(n + 1) and hAw.(ng — ny) = h(we/2)m respectively. The quantum numbers n
and m therefore form a CSCO in €,y; to a pair of values n and m, there corresponds a

single state vector |Xp, n,) as given in (3.13), where a = (n +m)/2, b = (n —m)/2 [71].

It is clear that the action of the operator af on |xy,n,) is to add a quanta of energy
and increase the angular momentum of the system, whereas bt must similarly add energy,

but reduce the angular momentum by inducing an anticlockwise rotation [71].

3.2 The Landau system

3.2.1 Classical

A charged particle of mass m in the field B = |§ |é, has following Hamiltonian in the

radial plane [40]:

L v
Hy = %(p—qA(r))Q
=5 (2 +py) + 5 (@py —ype) +5m (f) (2% +4?), (3.14)

where the gauge conditions from 1.2.1 have been used, and w, = |¢||B|/m.

3.2.2 Quantum mechanical

The sole difference between Hy and H,, is is the additional angular momentum term
xpy — Ypg. From (3.12), the quantum form of this term is known. Adding it to ﬁxy in

(3.11), the quantum Hamiltonian of the Landau system is given by:
ﬁL = f{xy + I:z

—a (ata 1) o r%e (Bth o L) 4 m%e (ata — it
h2<aa+2 +hs (1 + 3 +h2<aa bb)

1
= w, (a*a + 2) . (3.15)

Through the matching frequency contributions of the angular momentum and harmonic
oscillator terms, the Hamiltonian can be written in terms of a single mode of circular
quanta. The operators Hy, and L, again form a CSCO for the Landau system, but the
“collapse” of the Hamiltonian into a single mode in (3.15) makes transparent the infinite
degeneracy of the Landau levels [40]; states with a different value of m = n, — ny but the
same n = ng + ny have the same energy; the angular momentum term does not contribute

to the energy of the system [71].
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3.3 The spectrum of the Penning trap

The cyclotron and magnetron mode operators of the circular Penning trap in (1.37) are
compared to those of the harmonic oscillator and Landau systems in (3.10). It is clear
that the only difference in the sets {dl, ay, &T_, a_} and {af,a, bt I;} is the frequency term,
with wy in the former, and w. in the latter. Moreover, since w; — w, as w, — 0 (1.14)
as the axial trapping is removed, it is clear that the radial Hamiltonian of the Penning
trap (1.38) is reduced to that of the Landau system (3.15).

The Hamiltonians of the Penning trap (%) and Landau systems (Hy) can be most
readily compared by plotting the energy spectrum of # as a function of w,.

The expectation values of the radial part of the H with respect to Fock states [ny,n_)

is first defined:
. 1 1

Rearranging this reveals

T T R TR
_Lw 1 w1 1 We
—h2 <n+—|—2>+h2 (n_+2>+h2(n+—n_). (3.17)
The parameter v is defined [72]:
We — Wy
= 1
v 2 (3.18)
so that (7,)+ can be written as a renormalized function of v:
Ev) = g;n)/g =ny+n_+2v+1)(ng —n_)+ 1. (3.19)

Figure 3.2 shows a plot of £(v) for the first ten total quantum numbers (ny 4+ n_) of the
Penning trap. Bhaduri et al provide a thorough analysis of this spectrum in [72], and
they were indeed the first to recognise the generation of the Farey fan pattern [73] for this
“cranked oscillator” system.

At v =0, w. = w1, which corresponds to setting w, = 0. At this point, there is no axial
trapping and the electron is “confined” by the magnetic field only; this is exactly the
Landau system described by Hamiltonian (3.15). To the right of this point, these levels
are smeared out by the axial trapping in the Penning trap. This corresponds to the region
we > w1, and so a real Penning trap exists in this first quadrant. For typical trapping
parameters |§| =05Tand V, = -1V, v = 1 x 1076, The point v = —0.5 corresponds
to we = 0 and the spectrum reduces to that of a 2D harmonic oscillator with frequency

w1/2. Thus it is clear how the (radial spectra) of the three systems are linked.
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g(v)

Figure 3.2: The expectation value spectrum of the radial motion in the Penning trap as a function of v
(3.18, 3.19) for the first ten total quantum numbers ny + n_. The Landau levels form at v = 0, where
w, = 0, and are smeared out by the real trapping frequency along the z axis. The plot is symmetric about
the point ¥ = —1/2, corresponding to w. = 0, where the spectrum reduces to that of a simple 2D harmonic

oscillator with frequency wy /2.
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Figure 3.3: Zoomed-in plot of the expectation value spectrum of the radial motion of the Penning trap as
a function of v (3.18, 3.19) for the first twenty total quantum numbers n4 +n_. The gaps appear when v

is a rational fraction, which corresponds exactly to the classical orbits in the radial plane of the Penning

trap forming closed loops [72]. The pattern is self-repeating as the scale decreases.

The plot can be extended in a straightforward way in Mathematica to include the
expectation values for many more quantum numbers n4 +n_. Figure 3.3 shows a zoomed-
in plot of a symmetric region around v = —0.5 for the expectation values of the first twenty
total quantum numbers ny + n_. It reveals more clearly the complex pattern and gaps
of the spectrum, and the symmetry around this point. Such gaps correspond to rational
numbers of v, which, in the region v > 0, occur precisely when the classical radial orbits of
the electron in the Penning trap are closed [72]. This can be verified by plotting x(t) and

y(t) (1.24) for various values of v which is written in terms of the cyclotron and magnetron

frequencies as v = w_/(wy —w_).

A plot of the classical orbits of the three systems also nicely illustrates how the radial
motion of the three systems is linked. In Figure 3.4, the motion of an electron in the
Penning trap is plotted in green, whereas the blue orbit corresponds to setting w, = 0 to

depict the 2D oscillator system. The red orbit follows from setting w, = 0 for the Landau

system.
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y(®)

S w x()

x(t)

Figure 3.4: Plot of the electron orbit in the Penning trap, 2D harmonic oscillator and Landau
system as v (3.18) and correspondingly w. increases in strength. From left to right: v = 1/5, 1/40, 1/70.
The incomplete Penning trap orbits in the second and third plots is in consequence of the maximum
number of steps being reached in the Mathematica calculation. It indicates how the time to complete the
magnetron orbit (around the blue circle) grows with decreasing v. In the limit v — 0, corresponding to
removing the E field from the trap completely, it is clear that the electron becomes “stuck” at the top of

the blue circle; the motion in the radial plane reduces to that of the Landau system.
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3.4 Transformation of the {z,y} to the {+, —} basis

3.4.1 Summary of systems and coordinates

In writing Hamiltonian (3.1) of the 2D oscillator in terms of classical coordinates in 3.1,
the natural choice is obviously the {z,y} basis. The quantum Hamiltonian (3.5) follows
trivially upon defining the G, and a, mode operators. The rewriting of Hamiltonian (3.5)
in terms of & and b (3.11) follows from the desire to find a basis which uniquely defines
the state of the system, since the symmetry between the two axes leads to degenerate
states [71]. This leads to the rewriting of L, in a diagonal form, and the solution of the

problem in terms of Fock states of the circular ¢ and b modes.

In the Landau system above, Hamiltonian (3.15) is automatically written in terms of
the circular modes above. Equal frequency contributions from the harmonic oscillator
(fta + M) and angular momentum (A, — 7p) terms means Hy, can be written in terms of
one set of mode operators alone. This appeals to intuition and explains well the infinite

degeneracy of Landau levels [40].

Three-dimensional (3D) confinement in the Penning trap demands the use of both E
and B fields. As a result, both modes of “circular quanta”, ny and n_, must be used to
write Hamiltonian (1.38). Consequently, the size of contribution of the harmonic oscil-
lator term fuwy /2(7y +n—) can never match that of the angular momentum contribution,

hwe/2(n4 — n_). The independent cyclotron and magnetron modes result.

3.4.2 Rotation of the coordinates and angular momentum

The basis transformation between the linear (G, a,) and circular (é,b) mode operators
in 3.1, (or equivalently the operators (a4, a—) defined in (1.37)) is written compactly in

matrix form:

(3.20)
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It is instructive to form sets of Schwinger boson operators [61], as introduced in 2.3.3. For

the linear (I) and circular bases (L):

fg_g(ﬁz—Fﬁy), Jio_g(mm_),

ﬁzg@mwwmg, Lngﬁm+dﬁQ,
ja-—<—zgi(agay-a;az), £2._-—igi(a1a__—-aia+>,

=" -0, Ly =12 (hy ). (3.21)

Expanding these Schwinger boson components in terms of position and momentum oper-

ators Z, 9, Pz, and p,, establishes the following relationship between the two sets:

Iy = Ly,

jl = fj?)

.. 1.

Iy =1L3= iLzy

Is=1;. (3.22)

Both the second component of I and the third of L are identically half of the z component
of angular momentum . The correspondence between the sets I and L can be written in

the compact form:

Iy 00 1 I
s |=110 o0 I |, (3.23)
Ls 010 Is

which reveals the SO(3) representation of the transformation matrix in (3.20) [74]. This
will be discussed further in Chapter 5. For the purpose of the next Chapter, it is worthwhile
restating the following: L. can be represented as the second or third component of a set
of angular momentum-like operators, depending on whether it is written in terms of the

linear {z,y}, or circular {+, —} basis respectively.

!The factor of 1/2 is justified in Chapter 5.
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Chapter 4

Reference Frames

This chapter is motivated by a desire to interpret the individual r and y dynamics in
the Penning trap in a consistent way. As discussed in 2.5, the B field induces velocity
dependent potentials in the radial plane of the trap, so that the meaning of potential

energy in this plane is ambiguous.

4.1 Classical rotating frame

It has been shown [75, 76] how the dynamics in a circular Penning trap can be more
intuitively interpreted in a frame of reference rotating around the z axis. Different choices
of the frequency of this rotating frame allow for useful interpretations [75], and in particular
the frame rotating at w./2 is often used to reduce the dynamics of the radial motion to

that of two simple harmonic oscillators [77].

4.1.1 Removing the effects of the magnetic field

A change of coordinates to a frame rotating around the z axis at frequency € is defined [75]:
x — x cos 2t — y sin (4.1)

y — x sin Qt + y cos Qt, (4.2)

where the positive rotation is in the same anticlockwise direction as that induced by the

force on the electron in the magnetic field. In this frame, the Hamiltonian of the circular
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Penning trap becomes [75]

1 1
H— — (p?c +p§, —HUE) + (wc - Q) (xpy - ypx)

2m 2
mo(wi\2, o 2 1 2.2
+ 5 (7> (% +9°) + 5MWz2" (4.3)

and the canonical momenta of the radial motions transform accordingly:

1 1
Dy — MI + my <2wc — Q) , Dy — My —mx (zwc — Q> . (4.4)

By a judicious choice of Q@ = w./2, the angular momentum term is removed from the

Hamiltonian:

Q:if/Q

1 m (w12 1
HUE = g R eat) - 5 (T) @) gt (49

2m 2 \2 2

and from (4.4) it is clear that the canonical momenta reduce to their kinetic form [75].
Thus the rotating frame reveals an isotropic oscillator in the radial plane, along with the
original axial motion, and appears to remove the coupling of the z and y motions induced

by the magnetic field from the Hamiltonian.

4.1.2 Removing the effects of the electric field

Other interesting choices of the frequency {2 are the slow magnetron drift w_ and the
reduced cyclotron frequency wy [75]. Plugging the former into (4.3):
Q=w- Lo o 2y, M (wi\2 o o
H = Ho =-— (Px+py+pz) +5 <7> (=* +7%)

m
w1 1 2 92

> (zpy — ypa) + 5wz 2" (4.6)

T2

_|_
This radial part of this Hamiltonian is identical to the classical Landau Hamiltonian
(3.14) with frequency w./2 replaced by wj/2; the rotating frame at this frequency appears
to remove any effects of the electric field, leaving only the dynamics of an electron in a

magnetic field with Larmor frequency wy /2. The choice 2 = w clearly reduces the radial

part of H to the Landau Hamiltonian with the opposite sign of angular momentum:

Q:w+ 1 2 2 2 m (JJl 2 2 2
H — ’HW+=%(pz+py+pz)+§<7) (.T +y)
w1 1

This is the effective Hamiltonian of a positron particle in a magnetic field with Larmor

frequency wy /2 [75].
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4.2 Quantum mechanical rotating frame, {+, —} basis

4.2.1 Removing the effects of the magnetic field

The quantum analogue of the above transformation to the rotating frame is now studied.
Beginning with the quantum Hamiltonian of the Penning trap (1.38) rearranged into the
sum and difference between the two oscillator modes:

1 h

H = 5 (@s — w)(alay +ala )+ s+ w_)(ala, —ala )+ hw,(ala, + 5) T 5w
s ot ooy ot 4. 1. R
= §w1(aia+ + aT_a,) + §wc(aia+ - aT_a,) + hw.(ala, + 5) + SWL- (4.8)

From (3.21), this is rewritten in terms of the Schwinger boson operators of the {+, —}!
basis:

. A A L 1 h
H =wiLo+ wels + Aw, <ala2 + 2) + §w1. (4.9)

The analogous quantum transformation to the rotating frame discussed in 4.1 is achieved

by the unitary operator
U(t) = exp {;2(2@3} — exp {;Qtﬁz} . (4.10)

Time dependent unitary transformation of the Hamiltonian follows from (2.5), so that the

quantum Hamiltonian in the rotating frame becomes

N N ] N N o 1 h A
H—> H+ih- %QQLg = wiLg + wels + hw, <€Ll&z + 2) + 5&)1 —2Q L3, (4.11)

which follows from [ﬁ LU (t)} = 0. Again, the choice of Q = w,/2 reveals

Qmwef2 o L1\ A
H i}/2 Hqo=H =wiLg + hw, (alaz + 2) + 5&)1. (4.12)

This can be expanded out into position and momentum coordinates and identified exactly

with a classical Hamiltonian in the rotating frame (4.5).

4.2.2 Removing the effects of the electric field

The other interesting choices of frequency, (2 = w_ and €2 = wy, are briefly examined in

quantum form. Following from (4.11),
H, =H-2(w_)Ls

1 1
= hw; (m + 2) + hw, (&L&Z + 2) , (4.13)

!The notation {4, —} is used to indicate the {+, —, 2z} basis, just as {z,y} will be used instead of
{z,y, z} throughout this thesis. This is just for ease of reading, and does not indicate that the axial

motion has been dropped.



Chapter 4. Reference Frames o7

R 1 At 1
=hwy | n_ + B + hw, | ala, + 5 (4.14)

Upon expansion, these are identical to (4.6) and (4.7) respectively.

4.2.3 States and expectation values

The above calculations so far demonstrate consistency between the rotating frames in
the classical and quantum regimes. Throughout the remainder of this thesis, the rotating
frame shall be used to refer to the frame rotating at w./2 explicitly.

Since (4.26) is unitary, expectation values are conserved by this transformation. De-

fining the solutions of the rotating frame

[Ya) = U)¥), (4.15)

the expectation value of the Hamiltonian in the frame rotating at w./2 is given by:
(balHalva) = (Yol [U(t)ﬂUT(t) +ihU (U (1) | [¢0)
= (WalUMOHTT(0)|a) + ih(eolU @)U (1)]ba). (4.16)

Since

U0 (1) = —w LsU@ 0T (1), (4.17)

and U(t) commutes with the Hamiltonian,

= (Y|Halp) = (WH[1) — we(|Ls|y). (4.18)

In terms of Fock states in the lab frame |¢) = |ny,n_, n,):
(WIHIY) = (IHaly) +we(y|Lslv)
= hwy <n+ + ;) — hw_ <n_ + ;) + hw, (nz + ;) . (4.19)

Thus the expectation value of the Hamiltonian in the rotating frame is added to the
angular momentum term L3 which was removed upon transformation, which yields the
correct total energy of the system. This is elementary quantum mechanics, but the point
is laboured for further discussion in 4.4.2.

The classical solution to the (radial) equations of motion in the rotating frame are
undoubtedly simple harmonic oscillators with frequency w;/2. It is also clear that the
Fock states |n.,n_,n.) are eigenstates of Hamiltonian (4.12) in the rotating frame. Hq
is expanded into position and momentum operators:

R 1, . R m /wi\2 , . . 1 .
Ho = o (P2 + 0y +52) + 5 (7) (2% +§7) + gmw?z?. (4.20)
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Since this Hamiltonian is diagonal in #2, 9%, p2 and ﬁg, it appears as though the Fock

states |ng,ny,n,) are also eigenstates of this Hamiltonian. This implies

ey, nz) = U (1)), (4.21)
for some eigenstate |¢) of the Hamiltonian in the laboratory frame.
These states form the basis of discussion in the following section, where the entire
calculation is reformed in the {z,y} basis.

4.3 Hamiltonian of the Penning trap in the {z,y} basis

In addition to the previously defined operators of the axial mode in (1.37), the operators

. 1 fmwi .
o = V2h ( 2 = &t mwy x>
1 mw 2
At . R
il = . 4.92
1= — (\/ = ) (4.22)
. 1 A+ 2
a — 7/
NGY \/ o Y mwy" Y

Q@>
l\')

% = 12h (\ﬁ \/>y) (4.23)

will now be used to write for the Penning trap. These obey the appropriate commutation
’]

5

relations [a,, dl] = [ay, ay] = 1, with all other commutators going to zero. The quantum

Hamiltonian is thus written:

~ w1 N 1 w1 PR 1 LW N N N 1
H = h? <alaw + 2> + h; <a;ay + 2) — ZH?C <alay — aL%) + hw, (aiaz + 2) .

(4.24)

Referring to the Schwinger boson operators introduced in (3.21), this is equivalent to:

1 h
H = wlfo + wCIQ + hw, <a G, + 2> + 5&)1. (4.25)

It should be borne in mind that the Hamiltonian in the form of (1.38) is identical to
Hamiltonian (4.24) via the replacement of operators {a4,a—} — {as, a,}. The Hamilto-
nian itself has not been rotated or transformed. This recollects the discussion in 2.3,
where the notion of dressed levels was introduced. In the present case, it is rather like the
cyclotron and magnetron modes are the z and y modes dressed by the magnetic field. Of
course, there is no analogous avoided crossing point for the radial motions in this case;
the z and y oscillators have the same frequency, so effectively “cross” at all points. From
(3.22), fo = f)o and fg = f)g, so it is clear that the Hamiltonians written in terms of the

two sets of Schwinger boson operators are likewise identical.
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4.4 Quantum mechanical rotating frame, {z,y} basis

4.4.1 Removing the magnetic field

In terms of the {z,y} basis, analogous transformation to the rotating frame is by the I
operator:

U(t) = exp {;QQtfg} = exp {;Qtﬁz} . (4.26)
To demonstrate consistency, this produces the same effect upon & as the classical trans-

formation upon x:

U(t) & expUT(2)

= exp {;Qtﬁz} i (&L + dx)
mwi

exp {—;Qtﬁz}

h
=4/— (&;@ cos Qt — &ZT/ sin Q0 + G, cos Ut — a, sin Qt)
mwi
= & cos Qt — ¢ sin Q. (4.27)

This is identical, apart from the hats, to (4.1). The other position and momentum operat-
ors transform analogously. Following the prescription for time dependent unitary rotation

(2.5), transformation of Hamiltonian (4.24) results in

1 w1 N 1
< z + 2> h? <azay + 2)
We ita —ata it 4 1
—ih (? Q) (apay — ajaz) + hw, | ala. + 3) (4.28)
where Q = w./2 reveals
1 w1 A.i_A 1 ATA 1
a9 (ata, 4 L) 4 At . lata, += ). 4.2
o = he < +2>+ﬁ2 <ayay+2>+hw (aza —|—2> (4.29)

A 3D harmonic oscillator has again been obtained in the rotating frame, matching exactly
(4.5) and (4.29). This problem seems resolved; this Hamiltonian (4.29) clearly admits
Fock state solutions |ng, ny,n;). It follows that dynamics of the radial system can surely
be interpreted as a 2D Harmonic oscillator rotating around the z axis. The following

analysis, however, refutes this idea.
4.4.2 States and expectation values

Fock states

The analysis of 4.2.3 is now repeated in the {z,y} basis. Defining the solutions of the

rotating frame

6a) = U(t)|8), (4.30)
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the expectation value of the Hamiltonian in this frame is:

(Galfalée) = (gal [TORTT) +inU (0 0)] [90)
= (ol U(OHTT ()| d) + in{$alU 6T (1) éa). (431)
This time,
U (1) = —w U601 (1), (4.32)
and again
[U(t), H} =0 (4.33)
= (¢a|Halba) = (8|H|d) — wedall2|da). (4.34)

In terms of Fock states |¢q) = |[ng, ny, n.):

A —1 R
<¢Q’I2‘¢Q> = T<n1‘7ny7n2’ (axay - a;f/az) ’n:v;nyynz>
—0, (4.35)
so that
(@|H|¢) = (dalHalso)

S T T 1 (A Y O T (4.36)

e\ 2 \" 72 A\ o) '
Assuming eigenstates in the rotating frame |¢q) = |ng, ny,n.), and therefore |¢) =

Ut (t)|ne, ny,n.), leads to the expectation value of the Hamiltonian which does not count
the non-degenerate energy contribution of the Landau levels. This may seem trivial. It
is, after all, the reason that the {4, —} basis is used to diagonalise this system. Yet this
result is in stark contradiction to what is assumed about the eigenstates from the form of

(4.29). It reveals the following:
(s s U (8) H UT () [0y gy mz) # (g yme g [Hing , no,ny). (4.37)

Since the Hamiltonians (4.24) and (1.38) are identical upon replacement of operators

{az,ay} — {a4,a—}, it follows that
Iny,n_,n.) # UT(t)|ng, ny, n.). (4.38)

The quantum treatment reveals that the Fock states |ny,n_,) of the Penning trap are not

rotating Fock states of the x and y modes. Transformation to the rotating frame in the
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{+, —} basis shows that the Fock states of the rotating frame are again the states |ny,n_)
with additional time dependence of exp{iw.t/2 (ny —n_)}. However, the radial dynamics
in the rotating frame cannot be split up into individual z and y motions on a quantum
level. It follows that interpretation of the potential energy of the electron in the Penning
trap for quantum states cannot be achieved by use of the rotating frame, as would appear
logical from the classical calculation of 4.1. In the following section, the semi-classical
problem is discussed.

It is interesting to consider whether there are any values of w. and w, (the “bare”
frequencies) for which the Fock states |ng,ny,n.) can be used to count the full energy of
the system: are there trapping parameters for which expectation value of H with respect
to |ng,ny,n;) is equal to that with respect to |ny,n_,n,)? The condition implies the

following:

<n$7ny7nz|ﬁ|n$>nyan2> = <n+7n*7nz|7:l|n+a n_, 7’LZ>

w w w
= h;(nx—i—ny—l—l) = h?I(mr—i—n_ + 1)+ =(ny —n_+1)

:>nx—|—ny:n+<1+wc>+n<1—wc). (4.39)
w1

Since the total quantum number n, + n, is always an integer value, the equality can only
possibly hold when the ratio w./wi is also an integer: the Fock states |ng,n,,n.) are

eigenstates of the Hamiltonian in the lab frame only when

Ye_ N, N=0,1,23,.. (4.40)
w1

Referring back to the spectrum of the Penning trap discussed in (3.3), it is clear that the
ratio w./wj is connected to the variable v along the horizontal axes of Figures 3.2 and 3.3.

In fact, the condition (4.40) implies :
=" (4.41)

The Fock states |ng,ny,n.) are eigenstates of the quantum Hamiltonian only for half
integer values along the horizontal axis of the spectrum.

In Figure 4.1, the spectrum of # with respect to |ng,ny,n.) is superposed upon the
spectrum with respect to |ni,n_,n,) for the first ten total quantum numbers n4 + n_
and n, + ny. It is clear that the two spectra coincide completely along these half integer
values of v. These are also the values for which all classical orbits in the radial plane of

the Penning trap are closed [72]?.

2Interestingly, integer values of v correspond to the overlap of the Penning trap and Landau system

spectra.
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£(v)

-10F

Figure 4.1: Blue: The expectation value spectrum of the radial motion in the Penning trap as a function
of v ((3.18), (3.19)) for the first ten total quantum numbers n4 + n_. Black: The expectation value
spectrum of the radial motion in the Penning trap with respect to Fock states |ng,ny,n.). Red: Values
of v for which the Fock states |ns,ny,n.) are eigenstates of the Hamiltonian (4.24). These lines indicate
the values of v at which there is complete overlap of the expectation value of H with respect to the two

bases. At these points in the spectrum, large gaps occur, indicating closed orbits in the radial plane [72].
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Coherent states

From (4.5), the classical Hamiltonian in the rotating frame, it appears that the z and y
coordinates can be interpreted completely separately. This is clearly inconsistent with the
quantum analysis of expectation values in 4.4.2. The semi-classical states of the Penning
trap are therefore studied to reveal whether the root of this inconsistency can be traced.

The quantum Hamiltonian in the rotating frame (4.29) also admits coherent state
solutions:

|¢Q >= ‘al‘szaynazn>v (4‘42)

where

Qg = |z | €XPipsg, Qyq = ‘O‘yn‘ eXPiPyq, Qzg = |t | €XP iz - (4.43)

The expectation value of the Hamiltonian in the lab frame with respect to these states is

straightforward to compute following (4.34):
’ w1 2 2 2
(H) =5 (laag |” + layg %) + hw:laz,|

. h
+ hwe [oag ||y | SIn(pyg — @zq) + §(w1 + w,). (4.44)

The energy contribution from the Landau levels can only be counted upon specifying the
relative phase difference between the individual z and y motions in the rotating frame.
This value is clearly maximal when ¢z, — ¢y, = £7/2. This corresponds precisely with
the condition for maximum angular momentum in the classical 2D harmonic oscillator
system (3.3), when the orbit is circular. The expectation values of the radial motions in

the lab frame with respect to the states UT(t)|ag 0yg @z are computed:

(6(0) = | 0w (c05(ws £ = an) + cOS(-t + )

~ gl (S04~ @yg) + sineot + 2y (1.45)
(900 =\ ool (S04 — ) + sin—t + )

# lagnl (cos(ut — gye) + cos(u—t + o)) (1.46)

These are compared to the classical trajectories calculated in (1.24). It is found that the

solutions can only agree if the relation

Prg — Pyq = T/2 (4.47)

is defined. It is therefore clear that the semi-classical states of separate x and y motions,

|y ey Lz, ) aTe eigenstates of the Hamiltonian 4 only for this precisely defined value of
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the relative phase of the motions. In fact, the phase condition reveals that the solutions
only agree when the remaining radial motion in the rotating frame is truly circular. In
a similar way to the Fock state treatment above, general coherent states of the lab and

rotating frames are compared:
’a+a_az> 7é UT(t)|ana?Jszazﬂ>' (4‘48)

That is, the semi-classical  and y motions in the rotating frame cannot be interpreted

separately in general.

Quantum to classical

In Figure 4.2, the spectrum of the Penning trap is plotted with respect to the [n4,n_,n;)
and |ng, ny, n,) Fock states for a total quantum number ny +n_ of twenty. This is twice
the number of levels as plotted in Figure 4.1. In comparing the two figures, it is clear
that the gaps in the spectrum become much less distinct, and there is more apparent
overlap between the black and blue lines in Figure 4.2. This closing of gaps and blending
of the two spectra with respect to the different Fock states |ny,n_,n,) and |ng, ny, n.) as
the total quantum number increases offers an intuitive analogy with the transition of the
quantum to the classical regime. The classical transformation to the rotating frame allows
interpretation of separate dynamics along the z and y axes, yet this can only happen for
semi-classical states under strict phase conditions, and for Fock states for particular values
of the bare frequencies.

The failings of the rotating frame in the {x,y} basis are due to the fact that the total
thermal energy of the Penning trap is not correctly “carried over” to this frame. This will
be formally shown in 6.5, but it is first necessary to study the connection between the
{z,y} and {4, —} basis in greater detail.

Since crossing points of the two spectra indicate when the Fock states |ng,n,,n.) are
eigenstates of the Hamiltonian, there may be potential uses in tuning a system to specific

values of w,./w; for a given temperature in order to access these states in the lab frame.

4.5 Alternate frame of reference for the quantum solution

The above analysis has shown that the rotating frame cannot produce a consistent quantum
theory of the Penning trap in terms of quantized modes of the individual x and y direc-

tions. Another frame of reference is sought, and the calculation and discussion of this
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Figure 4.2: Blue: The expectation value spectrum of the radial motion in the Penning trap as a function
of v ((3.18), (3.19)) for the first twenty total quantum numbers ny + n_. Black: The expectation value
spectrum of the radial motion in the Penning trap with respect to Fock states |ng,ny,n.). Red: Values
of v for which the Fock states |ns,ny,n.) are eigenstates of the Hamiltonian (4.24). As more energy levels
are considered, it is clear that the gaps in the spectrum become less distinct, and there is more apparent

overlap between the spectrum with respect to |n4,n—,n.) and |ny,n_,n.) Fock states.
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“alternate reference frame” forms the content of Chapter 6. The idea is first introduced

here, as it motivates some of the discussion of Chapter 5.

Since a potential landscape along the three spatial axes {z, y, z} is being sought, the use
of the operators for these quantized modes will continue to be used, with the Hamiltonian

in this basis written in the form of (4.24).

As a reminder, in terms of Schwinger boson operators of the {z,y} basis (3.21), H is
written in the lab frame as a sum of the fo and fg components, in addition to the axial
contribution. The commutation relations between the operators in the set I (and indeed
every other set of angular momentum operators) dictates how each one transforms upon
rotation by every other member of the set . These transformations are calculated and

collected together in the following three matrices [61]

’ I ‘ 1 0 0 L
exp{;wi} I eXp{—;¢f1} =1 0 cos¢ —sing I |
Is 0 sing cos¢ I3
. I . cosy 0 sinvy I
exp {;75} I, |exp {—;VfQ} = 0 1 0 I |,
I —siny 0 cosy I3
. I _ cosf —sinf 0 I
exp {;Gfg} I, |exp {—;Qfg} = | sinf cosf O L |- (4.49)
i, 0o 0 1 I

These transformations are referred to frequently throughout the remainder of this thesis,
and they are obviously not exclusive to the set I. The fact that the second component I

is identically L, /2 is, however, exclusive to this set.

4.5.1 The fl frame

These transformations are now implemented in the following calculation:

exp{hqﬂl}%exp{—hqﬂl}
Y ; - .10 h i
= exp %Qﬂl w1Io+ch2+hwz(azaz+§)+§wl exp _ﬁ¢[1
7 - & AT 1 h
= w1l + we [12 cosp — I3 smgb} + hw,(ala, + 5) + ZwL- (4.50)
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The choice ¢ = —7/2 leads to the following:

wcofi ()} ()]

. . L 1 h
= wily + wels + hw, (ala, + 5) + 5w (4.51)
In terms of creation and annihilation operators:
) . 1 . 1 . 1

The Hamiltonian transformed by I; through /2 becomes diagonal in the {z,y} basis,
from which solutions may follow naturally. What is less transparent, however, is whether
or not this transformation, like the component fg, describes a rotation in space. The
physical interpretation of the fo, I5 and I3 components is not yet obvious. In the following
chapter, the relationship between different sets of Schwinger boson angular momentum
operators, and to the canonical angular momentum operators {f)z, ﬁy, ﬁz}, is thoroughly

examined.
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Chapter 5

The Schwinger Boson Operators

In this chapter, the role of each angular momentum operator of a given set, in terms
of its effects upon spatial coordinates, is established. In order to capture the full three
dimensions of the Penning trap, the analysis is extended to include three interconnecting
sets of Schwinger boson operators {I,J, K}. The operators of these sets are shown to
provide a full mapping between the position and momentum coordinates of the three

dimensional system.

5.1 The Rotation group and SU(2)

In his seminal work “On Angular Momentum” [61], Julian Schwinger has shown how
“commutation relations of an arbitrary angular momentum vector can be reduced to those
of a two-dimensional harmonic oscillator”, leading to a method for the development of
angular momentum eigenvectors. The method has since provided an indispensable tool in

solving physical problems, and beautifully exploits the homomorphic mapping [78]
=5 .50(3), (5.1)

granting insight into some of the fundamental structure of quantum theory. Questions
concerning the nature of this mapping in relation to the quantum theory of the Penning
trap are addressed in this chapter.

The apparently different dimensionality of the two representations of SU(2) and SO(3)
is reconciled by considering the basic number of parameters required to define the matrices,
plus the number of constraints imposed upon each in order to render them unitary and
orthogonal accordingly [79]. However, in a 3D system, with three sets of creation and

annihilation operators of the x, y and z directions, three sets of Schwinger boson operators
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can be formed. The role played by each vector of each set in real 3D space is not then
immediately obvious.

In this chapter, the role played by each component of a single set, in this case I of the
radial plane, will first be considered. This leads to the construction of a further two such
sets, J and K, whereupon the now three sets are shown to relate to each other and to the

orbital angular momentum components L = {i}x, i}y, i}Z}

5.2 Position and momentum representation of Schwinger

boson operators

In terms of both operators a, and a,, and position and momentum coordinates &, ¢, D,

and py, the set of Schwinger boson operator [ is:

A h . . 1 2 | A9 N2 A2 h

IO = 5 (nm + ny) ngI(x +y ) + Imw; (px + py) - 2’

. B, ot 1 . 1 o A

I = 5 (azay + ayax> = gmwl(Qxy) + W(prpy),

R ho/o.. L 1 .

Iy = —15 <alay — azax> = i(xpy UDx)

=" e i) = T (22— %)+ —— (% — 7). (5.2)
2 y 8 2muwy ¢ Y

This expansion follows directly from (4.22) and (4.23). It is worthwhile noting that the
frequency in the expansion of the operators of both mode operators a, and a, is wq/2.
Non-matching frequencies here would lead to significantly different expansions in terms of
position and momentum operators. This is discussed further in 5.7.

The role of I is clear, it is (half) the canonical angular momentum of the z axis, and
rotations by this operator are purely spatial. Transformation of coordinates by the other

components are examined in the following section.

5.3 Role of the Schwinger boson components

Inverting the definition of the creation and annihilation operators of the x and y modes

in (4.22) and (4.23):

. h . . ) i .

i= oo a,;[: + ay), Py = —ix/hmwl(ar — al,),

A h . . . i . .

)= oo (a; + ay), Py = —5\/ himw (Gy — a;f/). (5.3)

These are transformed by each of the vectors I 1, I and Is:
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Figure 5.1: The arrows between each component of the set I indicate rotation through an angle 7 /2 by the

operator directly opposite, with the direction implying positive sense of rotation. The caption above each

line details how the three transformations are connected in terms of their effects upon spatial coordinates.

P i
exp { h'ﬂg} T exp —%'ﬂg

~.

exp {h'ﬂg} Do €Xp

exp 4 ~yly b py exp { —=vI
h Y h

(T A
exp{helg} Dy €xXp —ﬁQ 3

Each set is analysed in turn:

{
el
eXp{;vfz} j eXp{—;v 2

{

qs:?: 2 sin ?ﬁy,
mwi 2

.1 O
— —Mnw1i S1n —
Dz 2 1 23/7

sin ? Do s
mwi 2
1
Dy — 5w sin gi" (5.4)

>
|

2.
=
\
=

<
_l_
&.
=

0 1

0
= cos =Py + —mw; sin =7. (5.6)

2 2 2
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I, transforms spatial coordinates in one direction to momentum coordinates of a dif-
ferent axis, and momentum coordinates to spatial ones of the opposite axis; the first
component involves a mixture of a real space and phase space transformation.

I, transforms spatial coordinates in one direction into spatial coordinates of a different
axis, and momentum coordinates to momentum ones of the different axis; the second
component induces purely spatial rotations.

I transforms spatial coordinates in one direction into momentum coordinates of the
same axis, and momentum coordinates to spatial ones of the same axis; the third com-
ponent induces rotations purely in phase space.

The role of Iy should be clear, as it follows from that of fg; the “zeroth” component
of the set rotates each of the position and momentum operators in phase space, but now
with symmetric effects upon the & and ¢ (p, and p,) components. It also acts as the “total
energy operator” of the system.

This makes transparent the connection between the operators of the set in terms of
their effect on coordinates. Recalling the transformation matrices in (4.49), the analysis
of the operators is depicted in Figure 5.1.

The operators of the set I; each perform different types of rotations upon the & and
9 coordinates, but this does not reveal how the z dimension of a 3D system could be

included in this formalism. This forms the topic of the next section.

5.4 The canonical angular momentum in three-dimensional

space

In this section, the frequency in each of the a,, a, and a. operators is assumed to be the
same. This is not the case for the Penning trap, as a. contains w., whereas a, and a,
contain w /2 (1.37,4.22,4.23). The Schwinger boson operator sets still exist for anisotropic
systems such as the Penning trap, but each component does not have the same expansion
in terms of coordinates as for an isotropic system, (5.2). This is discussed more fully
towards the end of this chapter, in 5.7 to 5.9 .

The three canonical angular momentum components for each axis are given by
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In terms of Schwinger boson components of creation and annihilation operators of three

isotropic oscillators of the x, y and z directions, these are given by

L, = —in (a}a. — ata,) = 2K,
Ly = ~in (ala, - ala.) = 2,
L. = —in(ala, - ala, ) = 25 (5.8)

[ﬁx, ﬁy] - [—m (a;az - aiay) , i (aiax - a;az)]
— 1 (@} "oy )
—in-—in (afa, - afa. )
= ihL., (5.9)

and the other relations follow analogously. The labels Jo and K» have been introduced
in (5.8), since each of these operators forms the second component of a set J and K

respectively. These sets are discussed in the following section.

5.5 The three sets of Schwinger boson operators

5.5.1 Definitions of Schwinger boson sets

The full sets of J and K operators are given by:

Jo =5 s ), Ro= 3 (y+12),

gy = g (a;aw n a;az) . K= g (a;y + a;ay) ,

Jy = —Zg (aiax - a;az) . Ko = —ig (a;az - &L&y) ,

Js = o (e =) Ry =1 (3, —#2). (5.10)

Within a single set J or K, these operators obey appropriate commutation relations for
angular momentum algebra, (2.30). Commutation relations between these sets, and with

operators of the set I, are examined in 5.6.

5.5.2 Transformation of ¢ and af

It is straightforward to calculate the transformation of the operators a;, a,, a., and their
self-adjoint counterparts, by the Schwinger boson operators of the appropriate set. The

results for the set I are collected here [74]:
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I
. ~ 1 . ¢ . P AT
. a . cos s isin$ a
eXP{ZCbh} N eXp{—Z¢Il} = 2 ? e (5.11)
h &L h isin% cos% d;
; ol ~ ol - o1
. a . cosZ —sinZ a
exp {’L'YIZ} ’ exp {—1712} = 2 2 ’ , (5.12)
h &L h sind  cos3 dz
. At . -0 ~F
. a . exp (43 0 a
exp{lﬁfg} v exp{—ZHIg} = p(i2) . (5.13)
h &L h 0 exp (—ig) ay

Analogous results for the set J and K are given in A. The relative position of the pairs
of operators within each 2 x 1 matrix is crucial for the consistency of all the results of this

chapter, and indeed throughout the remainder of this thesis.

5.6 Rotation matrices and commutation maps

The calculation for commutation of every component of each set by every other is lengthy,
as indeed are the results written out in full. Instead, following from Figure 5.1, the results
have been collected into a “commutation map” to highlight the interconnectivity of the
three sets. Before discussing this, an example calculation is detailed in order to clarify the
meaning of the lines and arrows on the map.

Beginning with the commutation relation of I and J;:

PO h /... . A/, .
[Il, Jl} = [2 (aiay + aLax> '3 (aiax + a;azﬂ

h2

== (—&Lay + dgaz)
B R
=g iy (ayaz - azay)
Do
— iz Ko, (5.14)

From this calculation, a line is formed:
A
Il — KQ, (515)

and a glossary of these lines corresponding to commutation relations is built up, where,
instead of writing the transformation operator above the line, each is colour coded for ease
of reading. Additionally, the direction of the black arrow on each line indicates whether
the resultant operator is positive or negative through commutation; the line
K

A

I «— Jy (5.16)
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indicates [fl, Kl] = —%hjg. Some of the commutation relations are non-cyclic. For
example,

iy, 1) = %fl, (5.17)
but

[fl, I}} — ihls. (5.18)

Relations such as this are indicated by arrows at the start and end of each line, pointing
in the direction in which the result occurs. Lines with only one black arrow in the center
(i.e none at the ends) indicate that the commutation relations are fully cyclic. This is
discussed further at the end of the section.

A last point which should be mentioned is that the commutation relations occurring
within each set i.e. Iy —s I —» I3 are indicated by the yellow shading enclosed in the
area bordered by these lines, which also means that these results are twice the value of

those indicated by other lines. This is due to the fact that

[fl, fg} — ihls, (5.19)
but

[12, Jl} =iz ki; (5.20)

each set individually obeys the angular momentum commutation relations, but transform-
ations between sets I, J and K must pick up an extra factor of 1/2.

There are a few things to note about Figure 5.2. Firstly, commutation relations which
are cyclic, i.e. those indicated by only one black arrow in the centre of the line, additionally
indicate the transformation of one component to another. For example, referring to the

result of (5.14):

exp {;qul} I exp {_;¢j1} = cos %IH + sin gf(g T R, (5.21)

Therefore all cyclic relations on the map additionally indicate transformation through an
angle of 7, unless the transformations are within a single set, in which case the angle must

be 7 /2 for complete transformation:
exp {;gbfg} I exp {_;i¢j2} = cos ¢pI| + sin ¢l (b;g Is. (5.22)

This should be read as “I5 transforms I; to I3” for correspondence with the map. Details

of transformation of one component to another for non-cyclic cases cannot be described
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Figure 5.2: Graphical form of the commutation relations of a set of twelve Schwinger boson angular
momentum components by each other member of the set. For example, the green dashed line J1 — Iy
details the calculation [.fl, K 1} =1ih/2 I5. The black arrows in the middle of each line represents the sense
of positive commutation, and lines with additional arrows at either end detail non-cyclic commutation
relations. The areas shaded in yellow indicate twice the value of the other commutation relations, e.g.

[fg, fg] =inl 1, since these relations are calculated for operators within a single set I, J or K.
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in a simple form of a map, and must be written out in full. For example,

N - A 1 1 R
exp {;gbh} Ksexp {—;qu[l} = K3 — isin(ﬁfz - §(COS¢ —1)Is. (5.23)

These occur specifically when transforming “from” a zeroth or third component by any
first or second component operator of a different set. The complete set of transformations
resulting from these non-cyclic cases are given in Appendix B.

A final point worth noting is that a component describing a real angular momentum in
space can only be transformed to other canonical angular momentum components by real
space transformations (solid lines). This is significant because it means that our zeroth,

first, and third components can never be transformed to one pointing along a real axis.

5.6.1 Testing the formalism

In order to show how all of the I, J, and K operators can be used simultaneously in a
consistent way, an example calculation for a simple system is given in this section.

Beginning with the Hamiltonian of a 3D isotropic harmonic oscillator system:
- . 1 . 1 . 1
Hyy. = hw n$+§ + hw ny—i-i + hw nz+§ ) (5.24)
This is expanded in the following way:
. ho/.i. i B/ i ho/.s. it 3
Hyy. = w3 (alaw + agay) twg (alaz + alax) +twy (azjay + aiaz) + hw§, (5.25)
to allow rewriting in terms of I, J and K operators:
- A 4 - 3
Hyy, = w(ly + Jo + Ko) + hwi (5.26)
This is now rotated around the arbitrarily chosen z axis:
T, N i
€xp {h¢12} Hwyz €xp {—h¢12}
A | O DT | . 3
=w|lg+Jy— ismqﬁ[l + §(COS¢ —1)Is+ Koy + ismqﬁh — i(cosgb — DI | + hw§
A - - 3
= w(Io + Jo + Ko) + hw§ (5.27)

Thus, as it should, rotation around the z axis by any angle leaves this fully isotropic
oscillator system unchanged. The results obtained so far in this chapter have shed some
light upon the role of the components of a set of Schwinger boson angular momentum
vectors, and have highlighted the intricate connections between three sets of Schwinger

boson angular momentum vectors.



Chapter 5. The Schwinger Boson Operators 77

5.7 Canonical angular momentum for anisotropic systems

It has been discussed that the second component operators from each set as defined in
(5.2) and (5.10) refer to the operators %ﬁz, %ﬁy and %I:x This is true only when the
operators dl, dL, di, and their conjugate counterparts, are the creation and annihilation
operators of quantum oscillators of the same frequency.

For example, consider a 3D classical system of a particle of mass m harmonically

oscillating with a different frequency along each axis, with Hamiltonian

1 1 1 1
Hy =5~ (02 + )+ p2) + gmwia’ + omwjy® + omw?e?; (5.28)
Wy # Wy # Ws. (5.29)

This is written in quantum form

. 1 1 1
Hy = hw, (&L&z + 2) + Ty (a;ay + 2> + huw, <aiaz +3 ) (5.30)
where
. 1 Vo 1 At 1 i . 1
Ay = —F— MWy (3 a, = —F— MWy — 1
T \/ﬁ z mwmpx s T 5 x mwzpw s

Wy

1 /1 1 1
~ _ . AT _ .
a, = —— | Vmwzz +10 ) ——p, |, a,=—|/mw,z—1 . ] . 5.31
v/ 258 < mwzp ) \/2h < mwzp ) ( )

Now, the classical canonical momentum along each axis is given by [37],

1 1 1 1
~ _ . AT _ .
Gy = —— | /Mgy +iy | —— ,al = —— | ymwyy — iy [ —— ,
Y \oh < vy m py> ¥ 2h ( vy mwypy>

L=Fxp, (5.32)

resulting in the individual quantum components
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where the notation fg, jz, K5 has been adopted for these anisotropic components. It can
be shown that appropriate commutation relations between them are preserved.

The canonical angular momentum operators of each axis written in the position and
momentum representation in (5.33) are unchanged in this case of anisotropic oscillation.
However, anisotropic confinement results in a change of the second component operators
of the sets I, J and K to i’g, jg and I€2 defined above.

Another way of looking at this is that the operators fg, Jo and K5 no longer point
along the three real axes for the anisotropic system, but that the direction in which they
point had been displaced.

An intriguing question arises: how do the operators fg, Jo and Ko map to fg, J> and
K5 as the confinement of a trapped particle along each axis changes? In other words, how
does H,,. in (5.24) map to Ha in (5.30)?

It is important to recognise that all operators of the sets I, J and K defined in 5.5 still
“exist” for an anisotropic system such as Hy, but they no longer play the same role as for
the isotropic case f[zyz. For a completely anisotropic system, rotations around the real
x, y and z axes are effectively conducted by the operators 2Ks, 27> and 27, respectively.

Calculation of this is detailed in 5.9.

5.8 Squeezing the axes

5.8.1 Mapping of creation and annihilation operators

Squeezing operators are introduced for the x, y and z modes [41]':

$(¢x) = exp {—C;&IE + 2&} P G =roexp(iy),

S’(Cy) = exp {—Cy&;rf + ydz} ;o Gy =ryexp(igy),

2 2 Y
5(@)=exp{—%d?+f&§}; G = 72 exp(ips). (5.35)

It is straightforward to show that they act on their appropriate @ and a' as follows [41]:

S(Cx)dIS’T(Cx) = G, cosh(ry) + dl, sinh(r,) exp(i¢g,),

S'(Cgc)dlS’T(Cz) = dl cosh(ry) + a, sinh(ry) exp(—igy), (5.36)

!The notation here has been chosen in an effort to reduce clutter in calculations. The argument of each
operator, i.e. (;, (y and (. additionally indicates the Hilbert space in which it acts. In this sense, the

notation S(Cz), S(Cy), S(¢.) is shorthand for S, (C.), Sy(¢y) and S.(C.) respectively.
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S'(Cy)&yS"L (Cy) = aycosh(ry) + &L sinh(ry) exp(igy),

S'(Cy)&LS’T((y) = d; cosh(ry) + a, sinh(ry) exp(—igpy), (5.37)

SV(CZ)&ZS’T(CZ) = a, cosh(r,) + di sinh(r,) exp(i¢,),

S(¢)alS1(¢,) = al cosh(r,) + . sinh(r,) exp(—i¢.). (5.38)

Setting ¢, = ¢, = ¢, = 0 and taking, for example, the operators of the z mode for the

isotropic system (w, = w, = w, = w), the squeezing operators have the following effect:

$(cae )81 = o (Virwep(G)a + I oxn(-p ).
N 1 )

5(¢al(w)8T(¢) = = (Wexp(éx)fc -

[\~
>t

exp(—(x)ﬁx) ) (5.39)

Comparing this to (5.31), it is clear that the squeezing operator S () maps the isotropic

(w) to anisotropic (w;) forms of a, if the following is defined:

(z=In <\/%> : (5.40)

The analogous result must hold for the y and z mode operators:

cy=1n< ‘*;y) Cz:1n< Z) (5.41)

In mapping from the isotropic to anisotropic Hamiltonians (5.24)—(5.30), it is clear that
the squeezing parameters of the different axes are related to each other through the fre-

quency w.

5.8.2 Mapping of the second component operators

This section focuses how the mappings of the second components I, — 7:'2, Jo — T

and Ko — Ko are achieved as confinement along each axis changes.
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jg — :Z-Q:
Applying S(¢,) and S(Qy) to the operator Iy:
Iy — — 'L (Cy) 5(Ca) ( Tay - aya‘iﬂ> ST(C%)ST(Cy)
= —ig [(dw cosh((y) + ay sinh((x)) (&y cosh(¢y) + dL sinh(qy))
- (a; cosh(¢,) + iy sinh(Cy)) (am cosh(¢,) + al sinh(gx))]
= —ig (dldy [cosh((z) cosh((y) — sinh((;) sinh(¢y)]
—a} Gy [cosh(C,) cosh(¢,) — sinh(¢,) sinh(¢,)]

[sinh((;) cosh((y,) — sinh(¢,) cosh(¢)]
[sinh(C,) cosh(¢,) — sinh(¢,) cosh({x)]) . (5.42)

+aza

1.

.’E

‘«ﬁ—*—‘d

Making use of the identities

cosh(C, — ¢,) = cosh(C,) cosh(C,) — sinh(C,) sinh((y),
sinh(¢; — ¢y) = sinh({,) cosh((y) — sinh(¢y) cosh((z), (5.43)

reveals:

S(6)8(C) 12 S1(¢) 8T (¢y)
= it ((akay — aja) leosh(Ce — )
+ (&w&y - a;a;) [sinh(C — gy)]> . (5.44)

Comparing this to the definition of 7, which follows from (5.34):

. h "
12:_i4<<,/:i+,/:’y> (alay, — afa,) (JZZ ,/ >ax&y aa)), (5.45)

it is clear that the component I is mapped to Zy by the application of the squeezing
operators S((,) and S(¢,) if

cosh (¢, (\/? \/°Tw> sinh(¢; — ¢y) = % (\/? - \/?)
T T Y

= (Ca: - Cy) = tanh™! (5.46)

jQ — j2=

Following from the above analysis, the transformation from J, to Ja:
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is achieved by squeezing operators for the x and z modes if

cosh (¢, = <\/? \/?> sinh((, — () = % <\/?— \/?>
—> (¢z — () = tanh ™" [\/\/Zw] : (5.48)

f(g — 16:2:

Accordingly, the transformation from K to Ka:

. h [w [w i i [, [w . o
ICQ = —ZZ << ;y + u}Z) (CLLCLZ — alay) + ( Jy - oJZ) (ayaz — CLLCLL)) 5 (549)

is achieved by application of the squeezing operators S (¢y) and S (¢,) if

z 1 z
cosh((y = ( /w ‘/wy> sinh(¢ CZ):< w2 wy)
Wy W 2 Wy Wz
/-y
= (¢y — () = tanh™ : (5.50)
[wz /Yy
Wy + Wy
5.8.3 Conservation of commutation relations
As the confinement along each axis changes from w, the following can now be identified:
(Ga) Lz 81(¢2)ST(¢y),

+51(¢y)51(C),
1(¢)S1(G), (5.51)

CQ>

S(¢y)
(¢=)S(&)
(G)S(C) Ly

~
~
OQ>

U

1 ll

as ﬁxyz — Hy4. Conservation of commutation relations between ﬁw, ﬁy and L, is straight-
forward to check:
(Lo L] — [8(6)5(6) L $16)8T(), $(6)8(¢) Ly 57(6) 5]
= 5(¢-)8(¢y) L ST(¢)ST(C) - S(6)S(C2) Ly ST(6)ST(Ca)
— 5(C)S(¢) Ly 81(6:)S (&) - 8(6:)S(Gy) L ST(G) ST (C). (5.52)

Making use of the unitary property of squeezing operators S.8t=1 [41]:

Ly, L) — $(6)8(6)5() La - L, 8 <<y>é*<<z>3*<nz>
= 5(¢)8(6)5 () [L } (6)81(G)S1(C:) (5.53)

—
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Now, since [ﬁz, f/y] — ihL, and S(Cz)f/zg (¢,) = (L contains no a, or al operat-

ors):
[ﬁgg, ﬁy] s ihL,. (5.54)

In conclusion, the squeezing operators 5((,), S (¢y), and S(¢.), map the isotropic to aniso-
tropic forms of f/m, ﬁy, L, as confinement along an axis changes, i.e. they map components

KQ/Q, j2/2, j2/2 to 162/2, j2/2, i—2/2.

5.8.4 Zeroth, first and third anisotropic components

Since the second component operators of the anisotropic sets Z, J and K are produced
from the isotropic ones by squeezing operators, it follows that other components of the
sets, e.g. 11, I3, To, K1, Ko ete. are mapped analogously.

Beginning, for example, with the set I:

(a;a; n axax) sinh(2¢,) + sinh?(¢,)

+ (ﬁy cosh(2¢,) + % (aha + ayay ) sinh(2¢,) + sinhQ(g“y))) ,
I = $(6)S(CIRS16)81(G) = & ((alay + alae) cosh(Co +G) + (auity +afa) sinh(G 1)
I = 3(6)8(GBS16)81(G) = 0 ((alay — e ) cosh(Ce — ) + (auity —afa ) sinh( — )
I3 = 5(Cy)S(¢) 1357 (6)ST(¢y) = Z <n cosh(2¢,) + % (alal + axaﬁ) sinh(2¢,) + sinh?(C,)
- <Ay cosh(2¢,) + % (afa + ayay ) sinh(2¢,) + sinhQ(Cy)>) .
(5.55)
Conservation of commutation relations follows naturally:
1. Za) = [S(6)8(6) 1SS (G), $(6)S(6) 181681
= 5(¢)S(C) 15%(¢2)5T(Gy) - 5(64) S (6a) 1257 (6)5T(¢y)
= 8()S () 25T () ST(Gy) - $(6y) 5 (Ga)115T(¢e) ST ()
= 5(G)8(G) | I, B $(6)5(6)
= ih S(6)S(G) 135(6)5 ()
= ih Is. (5.56)

Following this example, it is clear that the anisotropic components of the other sets are
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given by:

(€)9 () JoST(¢:)ST(¢w)

1= 8(6)S(6:)NST(¢) ST (G,

To = 8(¢2)9(¢2) 1251 (6:) S (),

T = 8(¢2)9(¢2) 35T (¢:) 5" (Ga)- (5.57)
Ko = 5(¢.)8(¢,) KoST(¢,)ST(¢.),
K1 = 5(¢:)8(ny) K157(6,)ST(¢),
Kz = 5(¢.)8(¢,) K251(¢,)ST(¢.),
K3 = S(¢.)5(¢) K351(¢,)5T(¢). (5.58)

It is straightforward to check that the conditions imposed upon (;, ¢, and ¢, in (5.46),
(5.48) and (5.50) ensure that the commutation relations between all operators of the sets
Z, J and J are identical to those for the components of I, J and K. It follows that the

commutation map in Figure (5.2) remains unchanged for the anisotropic sets.

5.9 The role of the anisotropic Schwinger boson operators

The aim of this section is to clarify how the anisotropic components act upon real space
and momentum coordinates. Calculations are performed using the set Z, from which
analogous results follow for the other sets J and K.

It is known that the component 275 is identically the canonical angular momentum of
the z axis (indeed this motivated the present discussion), but it is not easy to see from

(5.55) how this component acts upon a spatial coordinate. This is calculated explicitly

here:
X fj T ex —if—x L h(AT—i—A) X —fI
exXp h’72 T €Xp h72—ep h'}’2 memax Ay exXp h'}’2
h Y
— ~T ~ AP i’
T ( al + ag) cos (@), + ay)sin = exp(¢ (m)>

= & cos % — 4, /% sin % exp(Cy — Ca). (5.59)

Now, since exp(A) = cosh(A) — sinh(A), from (5.46):
Wy Wy 1 Wy Wy
exp(ly = (,/wz \ /wy> 5 <1/wx \ /wy) ‘/ " (5.60)

= exp {;72'2} T exp {—;vi'g} = :f:cos% — g sin % (5.61)
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Thus, the anisotropic component T, rotates the radial coordinates around the z axis,
identically to the transformation of the isotropic system by I in (5.5).

The zeroth, first and third components of the anisotropic sets have been found to
perform similar transformations to those of the isotropic system, with the results modified

by the degree of freedom introduced by the squeezing parameters. For example:

exp {;_LQSZ} T exp {—;Qﬁl} = exp {;Qbil} < 27;1 (&L + dz)) exp {_;ijl}

= ((d; + ag) cos % —i(ay — &L) sin % exp(—(¢y + Cx))>

X 1. . ¢
=2C0s - + —pPysin ~
m

1
2 | fwgy

For a given angle ¢, the resulting contribution of the p, coordinate differs from transform-

exp(—=(Cy + C2))- (5.62)

ation of & by I; for the isotropic system, (5.4).

5.10 Summary and application in the Penning trap

This chapter has investigated in detail the role of a set of Schwinger boson operators
in 3D space. The above calculations demonstrate how many such sets may be formed
simultaneously to completely characterise all rotations in phase space or real space upon
position and momentum coordinates. In a system where the confinement along each spatial
trapping axis is different, it was shown how there exists analogous operators mapped
from the standard ones by squeezing operators. These “anisotropic components” play the
same role as their isotropic counterparts for the isotropic system. Both the isotropic and
anisotropic sets can be applied simultaneously to a set of system coordinates when the
squeezing parameters mapping from one set to the other are strictly defined. The role
played by each operator will depend upon the relative confinement of a trapped particle
along the three real axes.
This builds up a rather large glossary of possible unitary transformations, the results
of which are straightforward to read off or derive from the commutation map in Figure
5.2. In pursuit of interpreting the individual x and y potentials on a quantum level,
the investigation sheds light upon the connection between quantum unitary operations
and physical transformations in space. This is of significance for the investigation of the
potential landscape of an electron in the Penning trap, and the question of whether or not
this can be modified by a mode coupling electric potential as suggested in Chapter 2.
The results from this chapter necessarily motivate further questions on the subject. It

is interesting to examine the limits of the squeezing transformations; can they effectively
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map between confinement in 2D and 3D systems? This question is addressed in 8.6,

where such a limit result is shown to be analogous to driving the Penning trap to the

ultra-elliptical regime [29].
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Chapter 6

Quantum Mechanics of the

Penning Trap

Following the analysis of the previous chapters, the quantum theory of the Penning trap in
the basis {z,y, 2z} can now be fully addressed. The relationship to the more conventional
{+, —, z} basis is discussed towards the end of this chapter. This is in an effort to examine
the manipulation of the potential energy of the electron in the trap, following the discussion

in Chapter 2.

6.1 The Schrodinger Equation

6.1.1 Transformation of coordinates

From Hamiltonian (1.16), the time independent Schrodinger equation of the circular Pen-

ning trap is

. h? [ 6? 0* 0
Hy=Ey= [_Qm (aﬁ T T az?)
1 w12 ~2 ) 1 2.2
+2m (—2 ) (a: +y ) + Qmwzz

Lwe (.0 0
—ith—= = — == ) 6.1
! 2 <x8g y@i)]w (6.1)
The appropriate transformation to render this separable is the following rotation of posi-

tion and and momentum operators:



Chapter 6. Quantum Mechanics of the Penning Trap 87

This follows from the result in (5.4) detailing the transformation of coordinates by the I
operator through ¢ = —7/2. It is analogous to defining the canonically conjugate variables
n (1.34) [15].

The transformation produces a new Hamiltonian, # — H’' which results in the Schrodinger

equation:
. oo* 1
T = B — _ . 2
"y 4 [( OImy 032 tom Wi )
R0 1, 2>
— + m wiy
< 2m,, 992 Y
R 9% 1 252
# (g + gt | v (64

where effective masses for the z and y motions are defined:

1w 1wy

Mg = 5——m, my=5——m. (6.5)

200+

In this way, the transformed Schrédinger equation is written in the correct canonical
form of three independent harmonic oscillators. The transformed Hamiltonian details a
harmonic oscillator of frequency w, along the x axis where the electron has effective mass
mg, and a negative one with frequency w_ along y with effective mass m,. The axial

motion remains unchanged.

6.1.2 Solutions of the Schrodinger equation

The total wavefunction of H' is written:
Y = (@), (Y= (2), (6.6)

where [59]
- iow;(:c, g, 03),
= f:owiz(y, My, W),
_ iwm; (67)

MWy ) i1

o me oo = (25) 77
X eXp{—W} H, [:L‘ thWJF}) , (6.8)

2h
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Myw_ ) % 1

%(yv My, w—) = <( h 2%\/77!

2
X exp {_my(;h_y} H, [y mth_}) , (6.9)
mwy\ i 1 mw, 2> mw,
Yn(2) = ( — ) MGXP{_ 5T, } H, [z . } . (6.10)

Following from the definitions of m, and m,, these wavefunctions further simplify by
noting
w1

Mo = Myt— = M—-. (6.11)

In this way, the radial wavefunctions in this rotated frame are solutions of the isotropic
harmonic oscillator of frequency wy /2. It is quite remarkable that although the solution of
the Schrodinger equation in this frame have such simple form, the Hamiltonian H' itself

must involve the separate effective masses and frequencies for each direction.

6.2 The quantum operator transformation

As introduced in 4.5.1, the creation and annihilation operator analogue of the transform-

ation defined by (6.2) and (6.3) is unitary rotation by the operator

s

U, = exp{ 1 (ala, + d;dx)} = exp {_;;le} , (6.12)

where [y = & (ala, +ala, ).

It is interesting to note that (6.12) is noneother than a two-mode symmetric beamsplit-
ter operator [79]. The operator I, itself shall be accordingly referred to as the beamsplitter
operator, or simply I 1, and the frame obtained through this transformation as the I frame.

As a reminder, applying this transformation to the quantum Hamiltonian (4.24) yields:

W = hoy (ala + o) — o (abay + = ) + hws (s + - 6.13

= hwy aa:am—i—2 — hw_ ayay+2 + hw, azaz—i—2 . (6.13)

When expanded out, this is exactly the same as the position and momentum representation
of the Hamiltonian (6.4) in this frame.

6.2.1 Solutions of the Penning trap in the {z,y} basis

Defining |¢)) as a general solution of # in the lab frame, solutions in the I; frame are

accordingly given by
|¢) = Ur]9h). (6.14)
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Fock states
The transformed Hamiltonian H admits Fock state solutions of the form
|¢/> = |nma Ny, nz)- (6.15)

It is straightforward to perform the inverse transformation of this solution to find |¢), the

corresponding solution in the lab frame.

[v) = Af‘nx,ny,nz>
N 1 ) ) )
— 11‘ W(a;)”x(a;)ny(al)n,z] ’0x0y0Z>
xX- Y- 2.
A 1 . X A ) A
~ 0] | g b @l | G000 (016)
xX- Y- 2.

Now,
7 L (it atan)
Up102040z) = Zﬁ Z(%ay + ayaz) | |02040:)
=0 "
= |0I0y0z>7 (6.17)

since only the [ = 0 term of this expansion survives. The calculation then follows in a

straightforward way:

Ofins,my. s} = —=mmei U (@] 010 [} 02 0 [y 01 10,040,
x: Ty 2z
]. Ao 4A Nz AdoLoA n ~ . Nz A
= g O1ak0] [Olajn] ™ o1 al] ™ 01 00,0
x: Ty 2z
1 ab +4a} | [ial +al]™

— U{[]nx,ny,nz) =

[&L] "10,0,0.).  (6.18)

The last line of the calculation follows from 5.5.2, the reverse I transformation of al and

&L through an angle ¢ = —m/2 [74]:
i /TN - al i /TN & 1 1 i

exp{h (5) Il} &L exp{—h (§> Il} = 7 - N (6.19)

7

(=}
8

Q>
<

A few specific examples of |¢), the Fock state solution in the lab frame:

Uir|0:toy02> = 1020,0z)
L
V2
- 1

Uir|2:c2y02> = 4 (\/§(|Ox4yOZ> + [420,0:)) — \@’2x2yOZ>) )

Uir|1:coy02> = (1120402) +i[021,02))

(6.20)
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It is clear that the Fock state solutions in the I; frame are none other than superpositions
of states of the same total quantum number in the laboratory frame.

The relationship between the above lab frame states |¢)) of the {x,y} basis, and the
solutions in terms of the more conventional Penning trap basis {+, —} in 1.3.2, is straight-
forward. The expectation values of Hamiltonian #’ in the above states (6.20) are found

to be:
~ ~ A w ~
(0,0,0.10, H Uf10,0,0.) = h% = (040_0,]7£]040_0,),
(120,001 H UJ[1,0,0.) = & (% + w+)
= (1,0_0,H|1,0_0.),

~ ~ A w ~
(2,2,0.100 H Uf]2,2,2.) = 5h71 = (2,2_0,|H[242_0.). (6.21)

That is, the expectation value of the state U{r [Nz, Ny, n2) in the lab frame matches exactly

the energy of the state [n4,n_,n;) in the same frame, where ny = n,, n_ = ny:
(s s 12| U1 H Uﬂnx,ny,nZ) = (ny,n_,n.|H|ny,n_,n.). (6.22)

Following this, it seems plausible that the general relationship between the eigenstates

of the Penning trap Hamiltonian in terms of the {z,y} (4.24) and {4, —} (1.38) bases is

given by:
FETE s KN U T K
7 1 Qg + iy 14z + Qg L +]"
Ing, e, n) = — |3 — [a] 0,0,0),  (6.23)
where ny = ng, n_ = n,. This is discussed further in 6.4.

Coherent states

Hamiltonian (6.13) is used to determine the time dependence of the operators in the I

frame:

ihdwal = [al, H') = —hw,al, = al (t) = e™+tal,
ihoal, = [af, H') = hw_a}, = af(t) = e™"a],
ihdyal = [al, H'| = —hw.al = al(t) = e™=tal, (6.24)

where @}, = al,(0) , d;ﬂ = &L(O), al = al(0). ' therefore admits time dependent coherent

state solutions [41]

o, (t)oz;(t)az (t)) = |a;e_iw“a;ei“’*tozze_mt}; (6.25)
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vy (D), (t)es (1)) = Dl (1)) D, (£)) D (@ (1)]020,02), (6.26)

where D(a(t)) is the general time dependent displacement defined in (1.43). The form of
these solutions in the lab frame is straightforward to determine following the Fock state

treatment above:

~
S~—
Nyt

U o (), (#) s
= O] [Dlay (£) Dla, (1)) D(e=(1))] 0,0,0-)

= O] [D(ay (#) Dla, (1) De= (1)) | 010710,0,0.)

|

=

o
—~~

Q
8
—~

~
~—
~—
—~

Dy, (6)) Dla=(1))| U1 10,0,0.)

= 0} [exp {0l — o (B, + oy (B)a] - oy (D, + . (t)al — aZ(D)a: || 0110,0,0.)
— exp { 7] [a;(t)a; — A ()i + aly (£)a], — ol (£)ay + as(t)al — af;(t)az} 171} 1020,0-)
= exp {axdl —aidy + ay&z — aZdy + azdl + odez} 10,0,0.)
= aa(t) oy (t)as(t)), (6.27)
where /
oy (t) + i (t o (1) + o, (t
ap(t) = OO gy W) (6.28)
V2 V2
and
a,(t) = exp(—iwt) a;/(t) = exp(iw_t) a,(t) = exp(—iw,t). (6.29)

Thus, the Hamiltonian in the lab frame (4.24) admits coherent state solutions with complex
amplitudes modified from those in the I; frame.

The expectation values of the radial coordinates for these coherent states are calculated:

2h

(@(1)) = (I cos(wst = )
mwi

—Ja | sin(w_t + gpy,)) , (6.30)

(g(t)) = \/721 (|oz;| cos(w—t + @)

ol sin(wyt — W)) . (6.31)

These are found to be identical to the classical results in (1.24) if

/ mwi
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’ mwi T
=/ lA )= — + =). .
|ov, | oh |Ay], s (2 2) (6.33)

In 4.4.2, it was shown that the x and y coherent state solutions resulting from the rotating

frame transformation required strict conditions upon the relative phase of the z and y
motions (4.47) in order to agree with the classical solutions. The above solution following

the beamsplitter transformation is more general.

6.3 The {z,y} to the {+, —} basis (revisited)

This chapter has abandoned the conventional cyclotron and magnetron mode description
of the Penning trap (1.37, 1.38), in order to examine the individual z and y motions.

Formally discussed in Chapter 1, the construction of the operators a4 and a_ in (1.37)
via the formation of canonically conjugate pairs ¢, py+ and g_, p— decouples the radial
motion in the Penning trap. This method of decoupling is referred to as the replacement
of operators {az, ay}.

Likewise, transformation to the I; frame as proposed in this chapter decouples the
Hamiltonian written in the {x,y} basis. This method is the rotation to the I, frame.

The aim of this section is to highlight the differences and similarities between these
two formulations.

In Chapter 3, it was discussed how the change of basis from linear {z,y} to circular
{+, —} mode operators, or coordinates, involves the unitary rotation (3.20). It was also
revealed how the SO(3) representation of this transformation affects the Schwinger boson
angular momentum vectors of the set L of the {4+, —} basis. This rotation is responsible
for the seemingly inconsistent expectation value results for transformation to the rotating
frame in Chapter 4 in the two bases: the change of coordinates {z,y} — {+, —} involves
the coupling term in the Hamiltonian (4.24) changing from a second to a third component

of angular momentum.

6.3.1 An alternative definition of a, and a_

It is clear that transformation of H to a diagonal basis is not unique. In fact, choosing

the following definition of a4 and a_ :

i V2 - y

(6.34)
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achieves such a diagonal form of the Penning trap Hamiltonian; the resulting Hamiltonian
is in fact identical to (1.38). Comparison to (5.11) reveals this is exactly the I} rotation
of G, and a, through /2. If this formulation of the cyclotron and magnetron mode
operators is used rather than than those conventionally used for the Penning trap and
Landau systems as shown in (3.20) [15], the only difference is the resulting rotation of the
set I Schwinger boson components. The SO(3) representation of the (2 x 2) matrix in

(6.34) is given by [74]:

10 0
00 -1 |- (6.35)
01 0

Comparing to (4.49), this is exactly the rotation matrix of a general set of Schwinger boson
angular momentum components by the first component of the set, through an angle 7/2.
Collecting all this together, the Hamiltonian (4.24) can be diagonalised by forming the

following operators:

? = exp {; (g) fl} O ) oxp {—; (g) fl}, (6.36)

+

i R H D G BT T R

which rotates the set of Schwinger boson vectors I in the following way to form new ones

L:
Ly L 10 0 i
N T /TN - A T /TN - A
Lo = exp 5 <§> I I exp 7 (§> I p = 0 0 -1 Iy
Ls I 01 0 I

(6.38)
Examining again the Fock state solutions of the Penning trap in (6.18), and substituting

in the definitions of &1 and &' from (6.37):

o 1 . Na T Ny [, +]MN=
Ul g, ng,nz) = ———oee [aﬂ [aT_} ! [al} 1020,0.). (6.39)

ng!lng!n,!

This makes clear the connection between the two methods of solving the problem, i.e. by
replacement or rotation of coordinates.
6.3.2 The circular mode operators vs. the beamsplitter mode operators

The mapping of a, and a, to cyclotron and magnetron mode operators in (3.20) simul-

taneously rotates all three operators of a Schwinger boson set I as shown in (3.23), since
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this mapping is formed of a superposition of SU(2) matrices. In contrast, since a4 and a_
formed from the I; rotation relies upon the Pauli matrix o alone, as shown in (6.36), only
the operators I, and I5 are rotated by this transformation. For the purposes of studying
the quantum theory of the Penning trap, both rotations achieve the desired goal of turning
a second into a third component angular momentum operator; both choices enable H to
be rewritten in diagonal form. In examining the method of solving H by rotation to the
I frame, however, the basis of {a4,a_} constructed via rotation by the I operator offers

a more direct correspondence.

In summary, the operators of the cyclotron and magnetron modes can be formed by
at least two different combinations of a, and a,. The conventional method [14] discussed
in Chapter 1 decouples the x and y coordinates before forming quantum mode operators,
whereas the formation of a4 and a_ introduced in 6.3.1 decouples after forming creation
and annihilation operators. In both cases, the “beamsplitter” transformation is involved.
Upon examination, it is now also transparent that this same rotation is responsible for
decoupling the classical equations of motion in 1.2.1. It is now clear that decoupling should
take place after quantization of the modes by the methods discussed in this present chapter,
so to keep track of the individual x and y degrees of freedom more consistently. In addition,
performing this beamsplitter operation within the formalism of angular momentum algebra

in the quantum regime provides an elegant method for this.

For the remainder of this thesis, the connection between the {4, —} and {z,y} basis
is given by the definition in (6.37) and accordingly, (6.38). All of the results can be found

completely analogously for the more conventional mapping [15] established in 3.4.2.

6.4 The two basis sets

The overlap of Uf]nx, ny,nz) with Fock states [n4,n_,n;) follows from (6.39):

<n+7 n—, nZ’UI|n$7 nya nz>
1

\/n+!n_!n2!nx!ny!n2!

mw_r ()™ (@)™ ()" (

(0,00 @)™ (@)™ (@)™ (a})" ()™ (al)" 10.0,0.)

at)" [0,0,).

(6.40)
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Now, if ny = n, and n_ = ny:
AT 1 A n+ A n_
(ngs ne, nz|Uf[ng, ny, nz) = ﬁ<0+0—| (fy +1)™ (A +1)" 050)
nyn_.
1

Since (040-|0,0,) # n4!n_! for general values of n4 and n_,
<n+,n_,nz\Uﬂnx,ny,nz) # 1. (6.42)

Although the expectation value of the Hamiltonian #H with respect to both the states
|n4,mn_,n,) and Uf|n$,ny,nz> is the same (6.22), it is not true that the states are the

same, but only that they are degenerate with each other, for ny = n, and n_ = n,,.

6.5 Thermal states and the total energy

Now that the connection between the two bases {z,y} and {4, —} has been well estab-
lished, it is appropriate to revisit the discussion of the thermal energy in the Penning
trap.

From 1.4.1, the density matrix of the Penning trap p+ . in (1.67) is necessarily a
function of the ny, n_ and n, operators. In this way, the total energy of the Penning trap
is completely governed by its thermal environment, the real energy of the Penning trap.
The question of how this translates to the liner modes in the rotating and I, frames can

now be addressed.

6.5.1 The thermal energy in the rotating frame

The total thermal density matrix is transformed to the rotating frame of the Penning trap

in the following way:

U (6)ps,207(1) = exp {h (wet) Lg} pe xp {ﬁ (~wet) Lg}

= fa, (6.43)
since [ﬁg, ﬁ+] = [.Z/g, ﬁ_} = 0. Using (6.34):

By = 1o + I,

hiv_ = Iy — I, (6.44)
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so that the individual density matrices of the cyclotron and magnetron modes are written

in the {x,y} basis:

exp(—fwy (fo + I+ %))
7 Trfexp(=Bhwy (s + 1))
A exp(—Bw, (fo — I+ %))
- Trlexp(—Bhw. (- + 3))]

P

(6.45)

These are the {z,y} basis representations of the thermal density matrices of the system
in both the laboratory and I, frames. The presence of the I operator shows how the
thermal energy, the real total energy of the system, cannot be described via the harmonic

motion in the x and y directions in either the lab or rotating frames of the Penning trap.

6.5.2 The thermal energy in the I, frame

Making use of the fact that L, = I (6.38), the density matrix of the Penning trap is

transformed to the I; frame in the following way:

Gups O] =exo {5 (-5) B} o e {5 (=5 ) 1}
B exp(—Bw4 <I:0 — Lo+ %)) exp(—fw, (I:O + Lo+ %)) ® A (6.46)
~ Trlexp(—Bhw, (g +3))] Trlexp(—Bhw, (A— + 3))] Pz '

Identifying the following from (6.38):

Lo — Lo = Iy + I3 = hiy,

i/o + fzz = fo — fg = hﬁy, (647)

the density matrix of the Penning trap in the I, frame is given by

5 exp(—phuws (Ar + 3)) exp(—Bhw: (fy + 3)) exp(—Bhw, (7 + 1))
IR IR

75 ™ Trlexp(—Bhay (g + 1) Tr[exp(—Bhw: (i + 3) Trlexp(=phw: (7 + 3)))
(6.48)

where in the partition functions of the x and y modes, 74 and n_ can be used interchange-

ably with f, and 7, respectively.

In conclusion to the study of the individual quantum energy of the x and y motions
in the Penning trap: it is only in the I; frame, and not, as seems intuitive from the
straightforward classical transformations, in the rotating frame, that individual behaviour
of the x and y motions can be identified. In this former frame, the effects of the magnetic

vector potential A upon the energy is manifest as effective masses in the harmonic oscillator
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potentials of the x and y modes. Within these oscillator potentials, the wavefunction of
the electron in both directions behaves identically to one of an electron of original mass
m in a harmonic oscillator of frequency wq/2. In terms of “where” these potentials exist,
this follows from the analysis of Chapter 5: the I, frame has is removed from the lab by

a phase space and real space transformation. It is straightforward to verify [61]

exp {;Gfl} = exp {; (g) fg} exp {;Hfg} exp {; (—g) fg} , (6.49)
so that the I; transformation through an angle —7/2 can be interpreted as a —m /4 rotation

around the z axis which has itself been rotated by /4 in phase space.
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Chapter 7

Sideband Coupling in the {x,y}

Basis

This chapter revisits the calculation from Chapter 2 of coupling the axial and cyclotron
modes of the Penning trap. It demonstrates the robustness of the dressed-atom formal-
ism [57] in the {z, y} basis, and shows how use of the I; frame enables experimental access

to the individual z and y motions in the trap.

7.1 The coupling potential in the I, frame

As deduced from Chapters 4 and 6, the appropriate frame of reference in which the Penning
trap Hamiltonian is diagonal in the {x,y} basis, is the I frame. It is therefore necessary
to transform the coupling potential in (2.2) to this frame before analysing its effects upon
the individual  and y degrees of freedom.

From the operators a,, Gy, G, of the Penning trap (4.22, 4.23, 1.37), the &, and 2

coordinates are given by:

3= 7(a;+ax), PRy (aimz), (7.1)

2mw,
so that, from (2.2), the quantized coupling potential is written:

. ho1 St At | oata | oata
Vp(t) = —¢p cos(wpt)%m [alal +aba, + ala, + axaz} . (7.2)

Transformation of V,(t) by U in (6.12) produces:

N A N h 1 al —ial al —ia)
V/ +) = (7 V ¢ (71 _ + x Y ~F x Yy AZ
p( ) ! p( ) ! K COS(wp )m Va2wiw, ( ﬁ ) “ \/5 “

+al (W) + <a””+\/§z%> &Z] : (7.3)
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The total Hamiltonian in the I; frame is given straightforwardly by
H,=H +qV,(t). (7.4)
Following from 2.2, the frame of reference in which the explicit time dependence of the

potential f/p,(t) in (7.4) can be eliminated is defined by the unitary operator

U(t) = exp {—z% (s — i) t} = exp {—;(wpt)jg} . (7.5)

This is itself obtained straightforwardly by rotation of (2.6) by U;. Explicitly, Hamiltonian

(7.4) in this rotating frame becomes
Hoy =U,()H, U, (t) + ihU (1)U (t)

| 1 1
— i <n$ v 2) + fw, <n n 2) — huw_ <ﬁy + 2) + h%(ﬁz )

o1 ; ;
A A At A Gt At A Gt At oA
+ Q%WGP COS(wpt) {axaz + CLLCLZQ PY 4+ aiame PY 4+ alal
z
B -0 Y O L STY DU N S P L
tiGya.e' 2" —iaa.e’ 2" +ialaye” 2" —dagale” "2 o (7.6)

The cosine function is again expanded and w, from (2.9) inserted, in parallel with
the calculation of 2.2. At this point the secular approximation [58] is made so that the

coupling potential in this frame reduces to

- h 1
/

t)y = ——

Vp() dm \/wiw,

The total Hamiltonian (7.6) accordingly becomes

eplala, +ala.}. (7.7)

) R A A hw 1
Hoy = wodo + 6J3 + 267 + 70 — hw_ <ﬁy + 2) . (7.8)

where ¢ and wq are defined in (2.12) and (2.13) respectively, and the operators of the set

J are given in (5.10).

7.2 Dressing the energy levels

7.2.1 Interpretation I: the dressed frame

As in the {+, —} basis, writing Hamiltonian (7.8) in diagonal form has two interpretations.

The first of these is transformation to the dressed frame, by application of operator:

Us = exp {(agax — a;az)} = exp {;Lejg} : (7.9)
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where 6 is again given in (2.15). This produces

H/ - UQ/}:[;)tUQT

(232) 0 0 iz
(w1 +w;)
:h< al al aj ) 0 (=72) 0 i, | +h ey (710)
0 0 —w_ ay
where A is defined in (2.17).
7.2.2 Interpretation II: dressed states
The Hamiltonian 7:[;,t rewritten in terms of the dressed basis is given by
N 1 L1 o1
Hye = hea na+§ + heg nﬂ+§ — hw_ ayay+§ , (7.11)
where
S 0. . 0.5 0. . 0.
a, = Cos §az + sin 5%’ a, = Cos iaz + sin iax,
/ 0 0 / 0 0
d% = CoS 5&}; — sin 5&1, ag = cos idm — sin 5&2, (7.12)

and €4, €5 are given in (2.25).

7.2.3 The avoided crossing

Referring to the coupled Hamiltonian (7.8) before dressing, the magnetron motion is again

dropped to form:

1A A~

- A A hw
= woJo + dJ3 + 26J; —1—70. (7.13)

The quantum numbers N’ = n, + n, and I’ = n, — n, are defined so that:

. h
JO’n:v? nz> = §N/’na:7 nz)a

N h
J3ng, ny) = 5['\nz,nz>, (7.14)

where N/ =0,1,2,3,...,and ' = —N',—N’' +2,.... N' — 2, N'. The expectation value of

7—12[ in the Fock state |n;,n.) is given by:

. hw ho
(H) = =2(N"+1) +

5 5 l. (7.15)
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Similarly rewriting Hamiltonian (7.11) in terms of the dressed modes:

~ €atE8) /. . €a —E8) /. ) hew o 1
ot = (2B) (7, +7j5) + <2ﬁ) (7, — 1) + 70 — hw_(ala, + 5)
an 3! crv3! huw 1
= wo g% + AJSP +7" — hw_ (a;ay+2), (7.16)

and defining 7—1& by removing the magnetron Hamiltonian:

fwo

']:[Zl = wOjgﬂl + Aj?ﬁl + 5

(7.17)

jg‘ " and jg 5" are the zeroth and third components of the set of Schwinger boson algebra
of the dressed modes of the coupled x and z motions, in the I, frame.

Again, the effects of dressing are seen in Figure 2.2, where, for calculation in this
basis, the quantum numbers N, [ should be replaced by N’,I’. The only difference in this
calculation from that in Chapter 2 has been the transformation to the I; frame in 7.1.
Accordingly, all results throughout the remainder of this chapter are directly applicable

to the calculation in the {4, —} basis.

7.3 Solutions of the coupled Penning trap

7.3.1 The wavefunction

The expansion of the coupled Hamiltonian (7.10) in the dressed frame is:

- 1 1 1 1
= 2m w2 22 ~2 1 2 42 A2
<2m Wi, L +2m Pz |+ o MW, # +2m+Pz

1 2 ~2 1 ~2

This results in the Schrodinger equation:

oo* 1
! 2 2
Py = K‘zm(w Y )
9 1 =
_2m+ 8A2 + 2m+UJHZZ
oor 1 .
y
where
WH, €a,
WH, = €3, (7.20)
1 1
m_ = , My = e , My = 1 (7.21)
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In a similar way to the wavefunctions of the uncoupled trap in the I frame (6.11), following
from the definitions of mpy,, mp,, m,, the mass and frequency terms combine in the

following way:

w w1

myw_ = mil, M_WH, =M,  MiWH, = M. (7.22)

The n components of the wavefunctions are therefore given by:

mwl)i 1

X exp (—mZ;f2> H, [m@]) , (7.23)

mwz>i 1

¢I/HIn(Zv my, WH,) = (( A 2%7\/5'

mw,x? mw,
X exp <— o7 > H, [m - ]) , (7.24)

mw1>i 1

Un (Y, My, w_) = ((277?1 m

X exp (—m‘Z;fQ) H, P@D : (7.25)

where the total solution is given by a product of the sum of these functions, as in 6.1.2.

In fact, the solution reduces exactly to that of the uncoupled Hamiltonian in the I frame.
This is rather striking: the wavefunctions of the coupled system in the dressed frame are
identical to those admitted by a 3D harmonic oscillator with frequencies w, and two of

frequency wi/2. In this way, no effects of the coupling can be seen in these solutions.

7.3.2 Fock states

The eigenstates in the lab frame must be calculated via the three inverse unitary operators,
U, ﬁg(t)_l, and U;'. Hamiltonian (7.10) immediately admits both Fock state and
coherent state solutions in the dressed frame.

Denoting solutions in the dressed frame
[u >= UsU,,(t)U1 |4 >, (7.26)
those in the lab frame are given by

Wy >= U7OT ()0 b > . (7.27)
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Fock state solutions in the lab frame are straightforward to calculate:

1

wp) = UTUS (4)U]

Vng!lng!n,! v

1 PTIPNIVISEDA
:'7HU1TU; OLA
v/ Nzl nging!
1 NSV
:'7HU1TU; OLA
A/ Nzl nging! L
1 PTIPNTVISEDA
= ————=UlU} ()0}
v/ Nzl nging!

(af) = @f)™ @h" ] 1020,0-)

00" 0108 004 [a] a050)0] ™ <

x 010} o] [al] 0205001] ™ 10,0,0.)

Adopting the notation

‘wp>n7nynz = AIZ?T, (t)ﬁ;‘nlW ny7 n2>7
p

cos— —ale\ 2

2

V2

0 L(M

(al, +ia)) .

sin —

iwpt

2

the first few quantum states in the lab frame are given by:

Vp)0,0,0. =

’wp>la:0y0z = ﬁ 2
1

[Vp)0,1,0. = 7( i[120,40) + [0,140.)),
"l/}p>0x0y1z = \}i =

’¢p>2x0yoz =e€

; 0
+ e™r gin? 5]0I0y22),

with 6 given in (2.15).

4 . iwpt
5 (120,02) +[051,0)) — €72

sin

e~ F sin 2 (11 0,0.) +1[051,0.)) + e 7 cos

:

o)™
)sin2] 0,0,0,).  (7.28)

V2

0
5]0z0ylz),

6
fIOIOylz),

, 0 6
_prtCOSQ§ (2(2$0y0 ) —1022,02)) + \[]1 21,0 )) cosism

Accordingly, the general solutions in lab frame in the {4, —} basis is

iwpt 9 iwpt 6 n+ n—
~(%7) cos 3~ &ie(Tp) sin 2] [dT ] X

A+e_( d

iwpt

07"
) sin 2] |0,0_0.),

(af, + ial,

(@)™ (@) @M OaU (00 - U10 (1)07310,0,0:)

Ny

ny

X

(7.29)

(]1 0y1;) +1|0,1,1,))

(7.30)

(7.31)
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so that these first few Fock states are given by
‘04—0—02)7
iw 0 iw 0
e "% cos 5]1+0_OZ> — e sin §|O+O_1Z>,
041.0.),
—iw 0 w 9
e=5" sin §|1+O,OZ> + e % cos §|0+O,1Z>,
—iwpt 29 6 .0 iwt-?e
e """ cos §|2+O,OZ) —V2cos 5 sin §|1+O,1Z> + €"“P" sin §]O+0,2Z>. (7.32)

In this way, entangled states of the axial and cyclotron modes are straightforward to

compute, where the angle 6 depends directly on the strength of the coupling field in (2.1).

7.3.3 Coherent states

From the above calculation in (7.28), the time dependent coherent states in the lab frame

follow naturally.

Denoting time dependent coherent states of the dressed frame:

|/3x(t)’ 6y(t), 6z(t)> _ mxefiwmzt’ 6y€iw_t7 Bzeiin‘zt),

application of the inverse unitary transformations results in:

OFUT (603184 (£) 8y (1) B:(1)) = 1By (1) By () By (1)),

where

Bre(t) = = (= F A008:(0) + 18,0

e VI AR

B®) = = (7 F 4008:(0) + B,

rem YT AWRIA()

Bet) = (=% VI= A08.(0)
+em2ptA(X)ﬁz(t)> ;

A()_COSQ— 71+ X2+l —%

Analogous results again hold for the {4, —} basis.

(7.33)

(7.34)

(7.35)

(7.36)

(7.37)

(7.38)
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The straightforward production of solutions illustrates the successful formulation of
the mode coupling calculation in quantum form. Additionally, the careful considerations
of the linear and circular bases of mode operators in previous chapters enables a logical

mapping between calculations involving them.
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Chapter 8

Quantum Theory of the Elliptical

Penning Trap

This chapter presents a detailed quantum solution of the ideal elliptical Penning trap,
and the straightforward extenstion to the ultra-elliptical regime of the Geonium Chip [29].
It demonstrates how the carefully constructed formalism of the previous chapters can be

combined in a useful and consistent way.

8.1 Quantum Hamiltonian of the ideal elliptical trap

As a reminder, from 1.5 the classical Hamiltonian of the ideal elliptical Penning trap is

given by

1 w
He = 5 — (0% + 9y + D)+ (3py — yp2)
1 1 1
+ émw%(xQ +9%) + Zmewg (z® — %) + 5mw§z2, (8.1)

where the ellipticity parameter € arises from the asymmetry between the electric field
curvature in the x and y directions (1.78). In terms of the creation and annihilation op-

erators of the {z,y} basis (4.22, 4.23), this additional asymmetric contribution is written:

i - % = —— (alal + a,a, - (a}al + ayay) + 200, — y)) (8.2)
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The whole quantum Hamiltonian of the ideal elliptical Penning trap is therefore given by

adding this to the Hamiltonian in the {z,y} basis (4.24).

w, 1
_ m;@ay — dfag) + hw. (&Zaz + 2)
_‘_1 2 h A]LAJr_i_AA _(ATAT+AA)+2(A _A) (83)
4m6wz 7mw1 ApQy + Qg Gy Qg gy = Ay Ly Ng — Ny . .

In terms of Schwinger boson operators of the set I (5.2), H, is written

N . A 1
He = wilo + wels + hw, (aiaz + 2)

1 of h (.. . it . s . . w1
+ 7 mews <mw1 (a};a}; + ag0, — (aLa; + ayay) + 2(ng — ny))> + h?. (8.4)

The elliptical term is of a similar form to the anisotropic angular momentum component I3
encountered in Chapter 5. In fact, it is exactly this operator (5.55) in the limit of infinite
squeezing of both modes (, — oo, (, — oo. It is clear that this component reduces to
I upon application of reverse squeezing operators, and so the method of solving #, must

involve transformations of this kind.

8.2 Solving the Elliptical Hamiltonian

8.2.1 Transformation to the f1¢ frame

It has been found that the angular momentum term I should be removed from the
elliptical Hamiltonian before application of squeezing operators. Since this follows from
transformation by the I operator as discussed in Chapter 6, the calculation proceeds as
follows:

Defining rotation by I through an arbitrary angle ¢ as
Ul¢ :exp{;_lgbfl} , (8.5)
this is applied to H, and the terms collected:
0, A,

. 1 . 2
=wily + h% + hw, (&i&z + 2) + I [wc cos ¢ + E:Ju—z sin (;5]
1

R 2 h 2
A [6:’1 COS ¢ — we sin <z>] +3 6;"1 (a;a; il — alal — ay&y) . (86)

Elimination of I follows from setting

2
%z Sing =0 (8.7)
w1

W Ccos ¢ +
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— ¢ = arctan [— wlc;,;] (8.8)
ew?
Labelling
w1ilWe
= - 8.9
X ew?’ (8.9)
and noting
¢ ! in ¢ X (8.10)
COSQP = —/——, SN = —F—, .
1+ x? V1+x?
results in
~ AP I i .
H, =exp ﬁ@f)—fl ¢ €Xp —ﬁqf)h
. . 1
= wily + hw, a,a, + 5
€w? hew? 1 4. N At A
+ 13 [ wlz 1+ 2} +t7 1Z (alal + Ggly — G al — ayay>
Fuww R N 1 h . R 1
= 21( £ y) + hw, (aiaz + 2) + 5(”90 — fiy) <Wl 2wl + W%“?)
hew PR oA A w

1 12 (a];al, + Ay — a;aL - ayay) + h;. (8.11)

8.2.2 Applying squeezing operators

A diagonal form of H, can now be achieved by application of squeezing operators for each

mode to H. The squeezing operators $(¢;) and S(¢,) in (5.35) are applied to (8.11) to
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produce:
He = 5(6)S(G)HST(6)51(Gy)

= hig [cosh(er) (wl + i\/t—t%fl + w2w2> + lﬂ sinh(2r,) cos(¢ )]
2 2w 2T ) T 2w ! !
h |:Sinh2(?”w) (wl + i\/e2w4 - w2w2> + Lew? sinh(2r,) cos(¢ )]
2 2w =) T 4w ! !
+ hn [Cosh(2r ) <w1 - L\/6%14 + w2w2> _led sinh(2r,) cos(¢ )]
Y ) 2 2w1 z 1*¥c 2 w1 ) Yy
+h [sinhQ(ry) <wl - Ly/62w4 + w2w2> - 1@ sinh(2r,) cos(¢ )]
2 2w1 z 1%¢c 4 wl Yy Y
+ halal [1 sinh(2r,) exp(id;) <w1 + i\/ezwfz1 + w%w%)
2 2 2w1

1 6&)3 2 : 2 1
+Zw— (cosh (ry) 4 sinh*(r,) GXP(%%))
1

1 1
+ hagay, [2 sinh(2r,) exp(—igy) (o;l + o7 /2wl + w%w%)

2
et

i (cosh?(rg) + sinh?(ry) exp(—2i¢$))]

U . w 1
+ haLaL [2 sinh(2ry) exp(igy) <21 - 2—%\/62w§ + w%wg)

- €w1 (COShQ(Ty) + smh2(7“y) exp(21¢y))]

Lo 11 . w 1
+ hayay, [2 sinh(2r,) exp(—igy) (21 - 2701’/62“;1 + w%w?)

1ew

1o —= (cosh®(ry) + sinh?(ry) exp(—2i¢y))}

1
+ hw, <aiaz + 2) + h%. (8.12)

Achieving a diagonal form of 7:[4 requires setting:

1 1 1 ew?
(1) 5 sinh(2r,) exp(i¢y;) <C;1 + QM\/W> = _Z% (coshQ(rx) + sinh?(r,) exp(2i¢x)) ,

1 1 1
(i) = sinh(2r,) exp(—i¢z) g4 - wt + wiw? | = ews (cosh2 (re) + sinh? (ry) exp(— 21'(]53;)) ,
2 2wy w1
(8.13)
N ) w1 1 7 )
(#i1) 5 sinh(2ry) exp(igy) 3 2w 2wl + wiw? (cosh®(ry) + sinh?(ry) exp(2igy)) ,

1
(1v) 3 sinh(2ry) exp(—igy) (u; 2—\/ 2wl + w1w2> coshz(ry) + sinh®(ry) exp(—2igy)) .
(8.14)
In this way, all a'a! and aa terms are removed from (8.12). For the pairs of conditions (i)

and (%), (4i7) and (iv) to hold simultaneously:

br = Py =0, (8.15)
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so that (i) becomes identical to (ii), (iii) to (iv), and the notation r, — (3, 7y — (y is

adopted. At this point the constants [15]

= = 1
2, (8.16)
and
We 4K2
K(k)=— 1+ — -1 1
(x) %! + 5 ] (817)
are introduced, so that (i) is rewritten:
(1) sinh(2(;) (wy + kK (k)) = —k cosh(2(;). (8.18)
Thus the conditions (i) and (i7) reduce to
K
tanh(2¢,) = ———
anh(26;) wy + kK (K)
2(, = tanh ™1 (7,); x:—L. 1
= 2(, anh™ (vz); 7~ o T RE() (8.19)
Now,
cosh(26,) = ———— . sinh(20,) = —2 (8.20)
) — bl mn z) = Y °
V1792 V1-72
so that the first line of (8.12) becomes:
hin L (s K () + i—
X —F W T
Vi—2 V1-72
1
= hiy———=[wy + KK(K) + K7Yz)
1—12
= hig (wy + kK (K)) /1 — 2
— Bt (Wi + KK (8) = 22 (i + KK (K))?
= fmm\/(w+ + kK (k) — k2. (8.21)
Identifying [15]
K(r)?=1-22K(x), (8.22)

K

(8.21) is written

hﬁx\/w?i_ + K2 (1 — &K(H)) + 2w kK (k) — K2
K

= fmw\/wi + kK (k) (2wt — we)

= 7”11%6\/(;.)3r + kK (k) (we + w1 — we)

= higy/w? + wikK(K). (8.23)
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In a similar way, condition (#7i) simplifies to:

(13i) sinh(2¢y) (w— + kK (k)) = —r cosh(2¢y),

(8.24)
so that diagonal form in the y degree of freedom is achieved by setting
K
tanh(2(,) = ————
anh(26,) w_ + kK (k)
2¢, = h™! ; = —L. 2
- Cy tan (73/)7 7y w_ + I‘@K(K]) (8 5)
The third line of (8.12) therefore becomes:
I Ty
Ty - (w- +kK(R))+ K -
1= 1=y
hi, (- + RE (k) + )
1—~2
y
— ity (- + K () 1 72
= i\ (- + K (R))? — 42 (o + KK (x))?
= —hny\/(w_ + kK (K))? — K2
= —me\/w% + kK (k) (2w- — we)
= —hﬁy\/w% + kK (K)(we — w1 — we)
= —hhy\/w? — w1 kK (k). (8.26)
The total ground state energy of (8.12) is collected to produce:
1 L. w1
h I:(2(COSh(27'w> — 1)) (wy + kK(K)) + oh smh(?m)} + h?
1 1 . !
+h [— <2(COSh(27“y) - 1)) (w— +kK(K)) — ok Slnh(2ry)] + h?
h 1
= 3 [1_7% ((wy + KK (K)) 4+ £7vz)
- ((wo + KE(5)) + Kyy) + (wo + KK () = wy — KK ()| + s
1 —n~2 2
= h [\/wi +wkK (k) — \/w% - me(/ﬁ)] (8.27)
Identifying the frequencies [15]
- 1 1
Oy = \/w_%_ + kwi - K(k) = \/2(w2 —w?)+ 5 w2w? + 2w?2,
1 1
w_ = \/wg — kwy - K(k) = \/Q(wg —w?) — 3 w2w? + e2w?, (8.28)
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Figure 8.1: Plot of the variation of the generalised cyclotron (red) and magnetron (blue) mode frequencies

as a function of ellipticity as given in (8.28) [15].

reduces (8.12) to:

N 1 1 1
He = hisy <nx + 2) — ha_ <'fzy + 2) + huw, (n + 2) . (8.29)

This is an analogous quantum treatment of Kretzschmar’s canonical transformations in
[15], producing identical mode frequencies. As identified in his paper, the frequency of
the cyclotron is little affected by a changing ellipticity parameter, whereas that of the
magnetron decreases rapidly as |e| — 1. This can be seen explicitly in Figure 8.1, where

@4 (e) and W_(¢€) are plotted.

8.2.3 Solutions of the elliptical Penning trap

The solutions of 7-24 appear trivial, but it is worthwhile to discuss how they appear in the

laboratory frame.

Fock states

Consider first the simplest solution, the Fock states |n.,ny,n.). This is interpreted in the
following way: in a frame of reference transformed from the lab by the operator U; »» duly

called the I, , frame, the elliptical Hamiltonian admits squeezed number state solutions
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S1(¢2)S1(¢y) e, ny, m2) [80]. As discussed in 6.2.1, Fock state and coherent state solutions

in the lab frame of the circular Penning trap in the {x,y} basis can be found.

Seeking an analogous result for the elliptical trap, solutions in the lab are given by:

ﬁL}S’T(CJ:)ST(Cy)’nJHny,”z)
1 e
W(al) = (af)™ (al) ] 10,,0,0..)
e Ty Nz

1

Vng!ng!n,!

:%w@w@[

(k)" (af)"(al)"

=ﬂﬂ@ﬁ@4 S(6)3(C)B, - B3G5 (6)10,0,0.)

(8.30)

After some calculation, this produces

. |:<COS ?&L — ¢sin ¢&L> cosh((,) — <cos %dx + isin 2%) sinh((w)] " X

Ng! Ny 2 2

X [(cos %dz — isin gdl) cosh((y) — <cos %&y + isin g&x> Sinh(Cy)] ny ULJ — Cay —Cyy Mz).

(8.31)

The states do not simplify further, as the U; , operator acting on S () and S (¢y) does
not produce squeeze operators. In this way, solutions of the elliptical trap in the lab frame
in this basis are not as straightforward to interpret as those for the radially symmetric
trap. The conclusion is that the L , frame is the appropriate frame of reference in which
to study the elliptical trap. An analogous treatment in the {+, —} basis is examined in

8.3.2.

Coherent states

7:l< also admits coherent state solutions of the form |oy, oy, ;). Again, this can be inter-
preted in the following way: the elliptical Hamiltonian in the I , frame admits coherent

squeezed states of the form [41]:

S1(¢)ST(¢y)low, ay, ) = D(ay cosh(ry) — o sinh(ry)) D(ay cosh(ry) — a sinh(ry))|Ca, Gyevs).
(8.32)

Again, since the U, , operator does not transform the squeezing operators to a simple
form, the conclusion from above holds: the I; , frame is the most suitable for studying the

quantum elliptical trap.
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8.3 The elliptical Penning trap in the {+, —} basis

The above calculation can of course be performed in the {4, —} basis. In term of creation
and annihilation operators of the cyclotron and magnetron modes (6.36, 6.37), the ideal

elliptical Penning trap Hamiltonian is written':

~ 1 1 1
He = m—i— <&1d+ + 2> — hw_ (&T_d_ + 2) + hwz ((ALZCALZ =+ 2>

1 h
1

Only the elliptical term in this Hamiltonian is non-diagonal. However, similarly to Hamilto-
nian (8.3), . in this {+, —} basis must first be transformed by its appropriate beamsplitter
operator, L1 (3.21).

Transformation to the I:le frame
The calculation proceeds as follows:

exp {;qu} He exp {—;9£1}
1

= w1 Lo + we |:COS 0Ls + sin 9£3:| + ﬁwz(&idz + 5)

1 ew? . -
+ 1 (alal +asay —alal —a_a_ +4|Losing — Locos])
w1
A A 1 A ewg .
=wi Lo + hw,(ala, + 5) 4+ L3 |we.cos@ + —Zsin
w1
~ 60.)3 . fiewg At AT PR At oAt PR w1
— Lo cosf — wesinf| + ——= <a+a+ +arar —alal — a_a_> +h—. (8.34)
w1 4 wy 2
Lo is eliminated by setting
2
% 080 — wesing = 0 (8.35)
w1
ew?
— 0 = arctan | —=| . (8.36)
W1lWe
Denoting
2
= & (8.37)
W1We

IThe calculation has also proven consistent in the {+, —} basis defined by the more conventional oper-

ators in (3.20).
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exp {;Gﬁl} He exp {—;de}

A i 1
=wiLo+ hwz(aiaz + 5)

leads to

. ——1  hew?
+ L3 |:wc 1 _|_ 72i| + Zewz (?LJ_[,'_CALT_’_ + &+&+ — CALT_CALT_ - &_&_)
w1
hwy | . R i 1 h, . . 1
= Tl(n_l,_ + 7o) + hw,(ala, + 5) + §(n+ —n_) <w1 2wl + w%w?)
hewz At st A At At A w1
1o <a+a+ +arar —alal — a_a_) + ﬁ?. (8.38)

The calculation has so far been completely analogous to that in the {z,y} basis, with
the only difference being between the parameters v and y (8.37, 8.9), and the angles ¢
and 6 (8.10, 8.36). In fact,

8.3.1 Squeezing in the {+, —} basis

Squeezing operators of the cyclotron and magnetron modes are written:

S(<+>=exp{—g+a*2 C;di}; (4 = ry explidy),

9 +
S(C_) =exp {_Cz—a” + fa%} . =r_exp(ig_), (8.40)

which transform the operators a,, a_, dl, al completely analogously to (5.36). Since
(8.38) is identical to (8.11) upon replacement of operators a to a, and a— to a,, applying
S(¢4) and S(¢_) to (8.38) produces a diagonal Hamiltonian if the following parameters

are set:

br = =0, (8.41)
=G (8.42)
=6 (8.43)

The result in this basis is likewise [15]
~ - . 1 - . 1 . 1
HC = hLU+ <n+ + 2) — ho_ (TL_ + 2) + hwz (nz + 2) s (844)

where @, and @_ are defined in (8.28).
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8.3.2 Solutions of the elliptical Penning trap in the {4, —} basis

As in the case of the {z,y} basis, the operator Uy, = exp{i/hfL;} acting on the squeezed
number states and coherent squeezed states of {4, —} does not produce further squeezed
states.

One interpretation is that the operators a4 and a_ are replaced by the combinations
ay = cos(0/2)a, +1i sin(0/2)a_ and a_ = cos(0/2)a_ +i sin(6/2)a before application of
squeezing operators. In this way, there are squeezed number states and coherent squeezed
states of some basis {+,—} in the lab frame. This interpretation is more similar to the
classical approach in [15].

Calculation of, for example, trajectories of the electron are straightforward to compute
from the quantum mechanical analysis. Consider a radial solution of the elliptical Penning

trap in the f/le frame

|t (), (1)),

ay(t) =exp(i(0y — @it)) a—(t) =exp(i(6- + w_t)). (8.45)

Making use of (1.39), the expectation value of the electron along the x axis in the lab is

given by
(6(0)) = [ g (a0 a- (138 ()T, (2 + s+l +a-) 00,818 (¢l (1) a- 1)
= a4 <exp (—i(w4t —04)) [cosh(@r) exp (f) + sinh((4) exp <_229>}

+exp (i(@+t — 0)) [cosh<<+> exp (_20> + sinh((e) exp (29>D

ta <exp (i@ t+0.)) [cosh({_) exp (229) + sinh(C_) exp <—229>}
exp (—i(@_t+60.)) [cosh(() exp <‘2’9> + sinh(C_) exp (f)]) . (8.46)

The variables (4, (— and 6 are given in (8.42, 8.43, 8.36), with arbitrary 6, and 6_. After
fairly lengthy calculation, this, and (§(¢)), can be found to agree with the position space
trajectory in the literature (1.85) [15].

8.4 Mode coupling in the elliptical Penning trap

In Chapters 2 and 7, coupling of the axial and cyclotron modes is achieved by the time
dependent potential of (2.2).
In order that the effects of Vp(t) upon the x and y modes in the elliptical trap can

be interpreted, the Hamiltonian needs to be written in diagonal form in this basis. As
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discussed above, this is achieved by transforming to the I , frame and after squeezing by
the operators S(¢;) and S((,). In the following calculation, the coupling potential must
be transformed by these operators in succession before the formation of dressed levels can

be discussed.

8.4.1 Applying (A]ld), S(Cx), S’(Cy) to the coupling potential

The only difference between the time dependent cyclotron-axial coupling field for the
radially symmetric trap (2.2) and one required for the elliptical trap, is the frequency of

the field: w, — @,. The resulting potential is defined
Vi (t) = —ep cos(@pt) (22). (8.47)

Quantized and re-expressed in terms of the creation and annihilation operators for the
three oscillator modes using the expansion of & and Z in (1.39), this is first transformed

by U1¢ to become:

0, Vo(t)U,
h 1
=—¢ cos(wpt)m T {(cos %d; + isin Z&L) di + <COS gal + i sin 2(12) Gy
—|—€zi <cos %dw — ¢sin ;b&y> + (cos %dz — ¢sin Q;%) dz] . (8.48)

Applying S(¢,) and S(¢,) to this:

Vep(t) = 8(6)S(6) T, V()T 57(¢,)5T ()
h

= —¢ cos(@pt)g oo
z

dl& azax)
tisin 2 (cosh( ,) — sinh(¢,)) (aia; +ala. —ala, — &Z&y)] . (8.49)

The total Hamiltonian in this frame is now given by

(8.50)
Transforming to a frame rotating at @, by use of
U(t) = exp {—;(a;pt)jg} , (8.51)
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and defining
Wp =Wy —w; + 9, (8.52)

a secular approximation [58] results in the rotated and squeezed coupling potential:

2, N 2, h 1 ¢
T4y = -2 = hd ata AT 4
U,(O)Vep (U, () om Vo cos exp((p)ep{ala, +ala.}. (8.53)

The coupled, elliptical Hamiltonian (8.50) in this squeezed and rotated frame is therefore

given by:
Hepn = Uy() (He + aVip (1)) U1 (1) + B0, (00, (1)
- N -~ hd 1
= woJo + 0J3 + 261 + 70 — ho_ (ﬁy + 2) , (8.54)
where ¢ is defined
3 e 1 coS ¢ exp((y) (8.55)
= — —exp((y) €, .
om o, 2 e P
Wy = Wy + w,, and the other constants are collected together for convenience:
K
tanh(2(;) = ——————
anh(2z) wi + kK(k)’
1 K
=5t ht z)) x = = )
¢ g vl (=) K wy + kK (k)
W1le
= arct — . .
¢ = arctan { w? ] (8.56)

8.4.2 Dressing in the elliptical trap
The dressed frame

Once again, an operator constructed from Jo serves to diagonalise the coupled Hamiltonian

(8.54):

. . 0
Us, = exp {;M} = exp {2(&1% - a;az)} . (8.57)
Analogously to the rotation angle for mode coupling in the symmetric trap, (8.36):
- 26
0 = arctan [;] . (8.58)
This produces
N N . 1 . . 1 - (. 1
Hg = UQEHCth2€ = thz Ny + 5 + thz Ny + 5 — how_ Ny + 5 . (8.59)
The eigenfrequencies are given by
J0 + A J0 — A
om, = w°2+ . o, = 2 T (8.60)

where
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Dressed states

The operators of the dressed states of the coupled elliptical trap are straightforwardly

given by
&' = cos—al + sin—a/ Qa¢ = €OS =@, + sin Q&
ol 97z ) al z 9 T
0 j ) 6
Q}J’C = cos 5&}; — sin al, Gpg¢ = cos 5% — sin idz’ (8.62)
so that (8.54) is rewritten
N - o 1 - PN 1 b 1
e = Za <a2ag + 2) + &5 <B§/>’< + 2) — - <aLay + 2) L (863)
where
Eoq = WH,, EB = WH.,- 8.64
2 B x

The effects of dressing can again be seen in Figure 2.2, where the quantum numbers N, [

should this time be replaced by quantum numbers of some squeezed modes, N/, I

8.5 The quantum ultra-elliptical trap

As discussed in 1.6.2, the Geonium Chip trap can be driven into the ultra-elliptical re-

gime [29] by careful modification of the tuning ratios of the chip electrodes (1.83).

8.5.1 Driving to the ultra-elliptical regime

Considering again the problem as presented in the {x,y} basis, suppose now that the

ellipticity parameter is a function of time, € — €(t), resulting in the Hamiltonian

~

1 R R w N R
(B3 + D5y + P2)+ = (2D — Upa)

<~ om 2
1 1 1
+ gmw%(ﬁ:Q +9%) + m e(t)w? (.%2 - g)2) + imwg,%Q. (8.65)

It was discussed in detail throughout 8.2 how the elliptical Hamiltonian in the quantum
form of (8.3) is solved by application of three operators, 01¢’ S(Ca), S(Cy), where, from
(8.19), (8.25) and (8.8), ¢, (s, and (, are functions of the ellipticity parameter. Explicitly:

—ew? /2w

wit % (1455 -1)

2
wiwe

C2(€) = tanh™!

—ew? /2w

ot % (1455 -1)

2
wiwg

¢(€) = arctan <—°"1°"C> . (8.66)

2
ew?

Cy(€) = tanh ™!
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Figure 8.2: The squeezing parameters (,(¢) (upper) and (y(e) (lower) as given in (8.66). The values are

plotted for a magnetic field B = 0.57 and ring voltage V. = —1V in the Geonium Chip trap. The values

¢z and (y correspond exactly to {4+ and (— (8.42, 8.43) when the calculation is performed in the {+,—}

basis.
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If € is now increased slowly enough in time, it follows that the solutions of the trap are
given by these same three operators acting on some eigenstate of a diagonal Hamiltonian
with continually increasing values of ¢, (;, and (,. The squeezing of the modes with
ellipticity allows for a rather attractive interpretation of the quantum elliptical Penning
trap; we can readily imagine the physical squeezing of the orbits with increasing €, the
reduction of the motion to a narrow ellipse along an axis. Plotting the squeezing paramet-
ers (z(e) and (y(e) from (8.66) nicely illustrates how the physical orbits of the cyclotron
and magnetron motions are so differently affected by increasing ellipticity. As shown in
Figure 8.2, (; (and therefore () varies little with €, whereas {, (and () tends to fo0
as € — £1. Thus the cyclotron orbit is largely unaffected by the ellipticity, whereas the
magnetron motion is squeezed to a line along the = (y) axis when € — 1 (¢ — —1), as

shown in Figure 1.9.

As discussed in 1.6.2, the ellipticity must be varied such that an optimal tuning ration,
T2 is maintained; time dependence of €(t) should therefore be chosen so that a curve in
Figure 1.10 is followed exactly. Since €(t) must be a function of the tuning ratios T, T,
and T, in (1.83), it follows that the solutions of the trap must be given by squeezed states,
where the degree of squeezing depends directly on these ratios. The careful preparation

of robust squeezed states by this mechanism is considered below.

8.5.2 Cooling the magnetron motion

Also discussed in 1.6.2, experimental adiabaticity demands that the magnetron motion is
continually cooled as the trap is driven towards the ultra-elliptical regime to limit the size
of the semi-major axis of its orbit [29].

Axial-magnetron coupling for the circular trap can be achieved by the field E,,(t) =
Re(eme™m?)(zé, + zé,), resulting in the same potential as in (2.2), but with the subscript

change p — m:
Vin(t) = —€m cos(wmt)(xz). (8.67)

It was shown in 8.4 that the cyclotron-axial coupling potentials for the radially symmetric
and elliptical traps differ only by the choice of frequency w, <+ @,, and the calculation for
coupling the axial and magnetron motions proves completely analogous. Moreover, since
at every stage of mode coupling, the required coupling frequency will be different from the

previous one as the ellipticity varies, the coupling potential and frequency are denoted as
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explicit functions of e:

Vin(t) — Vi (e, t),

Details are given for the elliptical axial-magnetron mode coupling calculation, bear-
ing in mind that setting ¢ = 0 will reduce it to the result for the radially symmetric
trap. Quantisation and transformation by the operators Ul¢(5>, S(¢a(€)) and S(¢y(e)) in

succession results in

Ve (e:1) =8(Co(€)S (G (), Vinle DT 5T(G(€))5T (G le))
h 1 [cos o(€)

= — » t)—
€m €OS(Wn, (€) )m o 5

(cosh(G(e)) + sinh(G,(€))) (ala] +ata,
+afa. + a.a,

tisin ‘b(;) ( cosh(¢y(€)) — sinh(Cy(€)) ) (aiag +ala. —ala, — azay>] :

The total Hamiltonian is now given by
Hem(e) = He + qVeml(e, t). (8.70)
The explicit time dependence of the additional potential ch can be removed by trans-

forming Hamiltonian (8.70) by unitary operator

O (£) = exp {—;_L(d)m(e)t)ffg} . (8.71)

Accordingly, (8.69) becomes in this rotating frame:

A~ A~

Upn(8) Ve (6, ) U (£)

= —€n cos(cbm(e)t)a TR
z

ATA ~ A _-@m(ﬁ)t
+ (axaz + azax> e 2 )

+isin qb(;) (cosh((y(€)) — sinh(¢y(€)) ) (&L&L + d;&ze_i‘:’m(ﬁ)t _ &L&yeiaﬁm(dt _ &Z&y)} ‘

hoa [ 0

Expansion of cos(@y,(€)t) into exponential form results in two stationary terms in (8.72),

so that a secular approximation [58], and the choice of coupling frequency

Om(e) =w_(€) +w,+ 9 (8.73)
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results in the total Hamiltonian:

Hemt(€) = Un(6)Hem (T, (1) + MU (0TS, (1)

= @0,m(€)Ko + 0K3 — 26m(€) Ky + W + i (dlaz + ;) . (87
where
Do,m(€) = w, —0_(€), (8.75)
n() = 5o~ sin 4 exp(=, () (5.76)
and (y(€), ¢(e) are given in (8.66).
Solving the axial-magnetron coupled Hamiltonian
Hamiltonian (8.74) is solved by application of Uy, 1 (¢), defined
Gna(©) = exp {10 (OFc | (8.77)
where
O,m(€) = arctan [25";(6)] . (8.78)

e ) - 7))

4 h% <@0,m(e) _ /482 (o) + 52> <n + ;) . (8.79)

The dressed states interpretation is detailed in Appendix C.

8.5.3 Preparation of squeezed states

The results from 8.5.1 and 8.5.2 are now combined to describe the necessary process of
increasing the ellipticity and coupling the magnetron motion in alternate stages [29].
Suppose that the radially symmetric Penning trap is prepared in some eigenstate [1)).
Following a curve in Figure 1.10 which maintains an optimal tuning ratio, the voltage
ratios are adjusted to produce an ellipticity value €;. From 8.2.3, the solution of the trap

is now given by

01,51 (Cl)ST (G () ) = [9), (8.80)

Lo(e
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where (;(€), (y(€) and ¢(e) are given in (8.66). The magnetron and axial modes are now

coupled by Vi, (€1, t) in (8.67), and the eigenstate of the Hamiltonian becomes

UL 00!, 1 (e1)]o) = |0). (8.81)

Again the voltage ratios are adjusted, producing a new ellipticity parameter €5 + €1, res-

ulting in the eigenstate

U1, 5 (Gale2)S7 (G (e2))10) = |T). (8.82)

Lo(eo

Assuming that the process ends with mode coupling, it continues k times until the desired

ellipticity value €g + €x_1 + ... + €1 is reached, resulting in the eigenstates

U0 1(e) - UL ST (Gale))ST(Gylen))  UR@TL,  (e2):

0}, 5" (Cale)ST(Gy(e)) - UL OTL 1 (1) - UF, ST (Gole))ST(Gle)l).  (8.83)

" (e Loger)
8.5.4 Achieveing quantum adiabaticity

Of course, for the final state of the electron to match that in (8.83) after the complex
sequence of elliptical driving and mode coupling, each stage of the experimental process
must satisfy the quantum adiabaticity theorem. First derived in 1928 by Born and Fock
[81], the theorem states that, during its evolution by a Hamiltonian H(t), a quantum
state prepared in an initial eigenstate |n(0)) remains close to the instantaneous eigenstate
|n(t)) as time evolves [82]. A detailed calculation of the criteria for ensuring quantum
adiabaticity are not included due to time constraints, but a general discussion is provided
below.

The theorem is more easily applied to the present case when formulated in the para-
meter domain [83, 84] rather than the time domian. In consequence of this, for the
squeezing parts of the evolution driven by 7:16(25) in (8.65), the parameter path between
between an initial value €; to a final value er must be followed infinitely slowly [82]; from
Figure 1.10, this path refers to each section of a segmented line along which the system is
being driven. This requires that the voltage ratios controlling progression along this path
are adjusted accordingly. For the mode coupling stages of the process, the problem can be
described by analogy with the Landau-Zener (LZ) model [85, 86]. The word “adiabatic” is
from the Greek a (not), deer (through), Sauwviy (to pass) [82]. In the present case it refers
to avoiding the gap in energy levels created by the coupling field strength ém(e) (8.76).
This is depicted in Figure 8.3 where only the lowest split energy levels of the combined

axial and magnetron modes are included. Although a very simplified representation of
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Figure 8.3: An avoided crossing between the n, = 1, n. = 0 and ny, = 0, n. = 1 levels can be used
to discuss quantum adiabaticity requirements for the axial-magnetron coupling stages of driving to the
ultra-elliptical regime [29]. A large enough gap between the dressed levels (or an instantaneous switching
on of the coupling field) means that the system either follows the blue or green paths as the gap at § =0
is created, so that the electron remains in an adiabatic state. Explicit calculation of the adiabatic modes

is given in Appendix C.

the system, it illustrates the adiabaticity condition as applied to this process. During
the coupling stages, the ellipticity is assumed to be held at a constant value. Referring
to Figure 8.2, the system will remain in an adiabatic state (red line) by following either
the path indicated by the blue or green arrows as the gap at 6 = 0 is created when the
coupling field in (8.67) is first switched on. Avoiding transition between the adiabatic
states requires that the time associated with such a transition — oo. This can be satisfied
by achieving a large enough gap gm(e), as provided by the field strength (8.67). The size
of this gap depends on €, and as can be seen in (8.83), is taken care of mathematically by
the changing values of € in the sequence of U:nl(e) operations. The experimental method
as discussed in [29] addresses this by observation of the dependence w_ = @_(€) which

must change for each stage of the process.

8.6 The infinitely squeezed harmonic oscillator

In Chapter 5, squeezing transformations were shown to map between 3D isotropic trap-
ping systems, and 3D anisotropic systems, with restrictions placed upon the squeezing
parameters (5.46, 5.48, 5.50) in order to preserve commutation relations. The connection

between this and the present analysis of the quantum elliptical Penning trap is if course



Chapter 8. Quantum Theory of the Elliptical Penning Trap 126

no coincidence; this section briefly highlights and explores this correspondence.

8.6.1 Squeezing in the infinite limit

In the limit € — 1 of the Penning trap, the squeezing parameter in the y direction, ¢, —
—00, as can be seen in Figure 8.2. In this limit, the trapping frequency along this direction,
@_, simultaneously — 0 [15] as plotted in Figure 8.1. The correspondence between the
relative size of the squeezing parameters (;(4), (y(—), and that between the generalised
frequency of the modes @, and w_ is in agreement with the analysis of Chapter 5; it was
predicted exactly by (5.46), and ensures that commutation relations are conserved. The
driving of the Penning trap to the ultra-elliptical regime supports the idea from Chapter
5 that the operator methods devised can be used to map between 2D and 3D trapping
systems, as the real valued plots of the magnetron orbit in Figure 1.9 show how the
system becomes quasi-2D? in the limit ¢ — 1 [29]. Such agreement between the two is
satisfying, given that the results of Chapter 5 are derived only from conservation of angular
momentum commutation relations as trapping frequencies are changed. The results of this
chapter in conjunction with those of Chapter 5 should greatly assist future theoretical and
experimental exploration of the ultra-elliptical trap, whether in the quantum regime or

otherwise.

8.6.2 The effective mass of the electron

In Chapter 6, effective masses were introduced along the x and y directions in the I frame
(6.5) to interpret the effects of the magnetic field upon the potential energy of the electron

in the trap. In the present case of the elliptical trap, these effective masses become

1w - 1wy
My = 25, m, iy =5 —=m, (8.84)
so that the elliptical Hamiltonian (8.29) can be expanded out as
. 1 5 1 1 1 1
He = p2 — 24— p2 4 —med? — iy + -mit 8.85
CT ol T g, Py T g P T gt T T gme (8.85)

Now, as € = 1 and w_ — 0, it is clear that the effective mass in the y direction, m,, will
become unbounded. An infinite effective mass in a harmonic oscillator potential indicates
zero motion along this axis, and so in this sense the system truly becomes 2D in the

ultra-elliptical limit.

2The discussion of the behavoiur of the electron in the = and y motions here is in the I , frame.
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Chapter 9

Landau-Zener-Stickelberg
Interferometry in the Penning

Trap

This chapter returns again to the appearance of avoided crossings of the coupled Penning
trap, as shown in Figure 2.2. It is shown how a coupling potential with a sum of carefully
chosen frequency components leads to interference patterns of Penning trap observables.
Moreover, the calculation demonstrates how enhanced quantum control is achievable by
adopting the dressed-atom formalism [57] for the Penning trap. Calculations are per-
formed in the conventional {4, —} basis since the discussion does not require knowledge

of individual  and y dynamics.

9.1 Landau-Zener-Stiickelberg interferometry: an introduc-

tion

Let us refer to the calculation of cyclotron-axial mode coupling in Chapter 2. The coupled

Hamiltonian (2.11), before dressing, is written in the following form
. . . . i 1
Hpt =wolp+ 015 + 2817 — hw_ [ ala_ + 5 (9.1)

where wq is given in (2.13) and ¢ is the renormalized field strength of the coupling field
(2.1), with units Hz (2.12). Operators of the set T' are defined in (2.29). Consider the

structure of (9.1). The + and z contributions in 7:[pt reveal a form reminiscent of the
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Hamiltonian of a TLS [87]:

Hyps = o) A (9.2)
A e(t)

eo(t) and £1(t) are the energy levels of two diabatic states, and A is the coupling strength
between them. Such a Hamiltonian forms the basis of Landau-Zener-Stiickelberg (LZS)
interferometry [88, 89]. In this latter system, the phase accumulated between successive
driven transitions of a TLS at an avoided crossing, LZ transitions [85, 86], may lead to
constructive or destructive interference. As a result, physical observables have periodic
dependence on the parameters of the system, and an interference pattern can be built
up as these parameters are varied [90]. Fourier transforms of these patterns can extract
information on the energy level spectrum [87]. Additionally, they can provide a tool
with which to study the interaction of the system with the trapping fields and with the
environment, and offer possibility of “fast and reliable control of a quantum system” [90].

Such capabilities in the Penning trap have obvious appeal.

9.2 The coupling field

In order to induce transitions between the dressed levels of (9.1), it must be modified
to include periodic time dependence proportional to the Ty term. For this purpose, an

electric field comprised of three separate components is defined:
o A R R
Erzs(t) = 3 cos(wpt)(ze, + zé)

B
+ Bl cos(wpt)(xé, + 2é5)

B
+ 5 cos(wqt)(xé, + zé5). (9.3)
The associated potential of ELys (t) is
Wizs(t) = — (Acos(wpt) + B(cos(wnt) + cos(wqt)) ) (z2), (9.4)

which is identical to (2.2) but for the replacement of the time dependence with three
separate terms. Recall the definition of the quantum coordinates £ and Z in terms of
creation and annihilation operators of the cyclotron and axial modes (1.39), and the
definition w, = w4 —w, +J. As will be shown, the frequencies w;, and wy in (9.4) will act
to drive the sidebands of the coupling established by the w, contribution in this potential.

In a frame of reference rotating at w, defined by the unitary operator Up(t) in (2.6),
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the Hamiltonian of the electron in the presence of (9.3) becomes

eh
+ W (A cos(wpt) + B(cos(wnt) 4 cos(wgt)) ) x

X {amz +al a4 ala, et 4l al

PO §ud At oA g
+a_ae 2" +a_aze

(9.5)

The cosine function is expanded into exponential form, and in this frame, the potential

energy contributed by (9.3) becomes

Up(t) (qVLzs(t)> Ul(t) =

+didz eiwpt (A(eiwpt + e—iwpt) + B(eiwnt 4+ e twnt | giwgt 4 e—iwqt))

+(AIT,CAlZ eig—pt (A(eiwpt + e—iwpt) + B(eiwnt + e~ iwnt + giwat + e—iwqt))

+&Ld+ e—iwpt (A(eiwpt + e—iwpt) + B(eiwnt + e—iwnt + eiwqt + e—iwqt))

+

did_ i Tt (A(eiwpt + e—iwpt) + B(eiwnt 4 e~iwnt  oiwgt 4 e—iwqt))

+&+d2 (A(eiwpt + e—iwpt) + B(eiwnt + e—iwnt 4 eiwqt + e—iwqt))

+d_&z eig—pt (A(eiwpt + efiwpt) 4 B(eiwnt + efiwnt + eiwqt 4 efiwqt))] ,

Inserting the frequencies

Wp = wp + @, Wq = Wp — ©,

(9.6)

(9.7)
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T W PE I iwpt | —iwpt
»(t) dm fww [aJraz (A" + e )
FB(@r ot 4 emilwrtelt y pilwp—e)t | e—z’(wp—so)t)>
—i—dT_&l (A(eiwpt/Q i €—i3wpt/2)
+B(€i(wp/2+go)t 4 e~ iBup/2@)t 4 ilwp/2-¢)t +e—i(3wp/2—<p)t))

+ala, | A + )
RWA

+B(€i(2wp+<p)t+e—i<pt +ei(2wp—ap)t+ eiapt)
RWA RWA

tala, (A(e3iwpt/2 + e—iwpt/Q)
+B(ei(3wp/2+go)t 1 emilwp/2+9)t | i(Buwp/2—p)t _’_ef’i(wp/Qf(p)t))

+alay | A( €0 e 2iwrty
RWA

—l—B( et +e—i(2wp+ap)t +e—ig0t +e—i(2wp—gp)t)
RWA RWA

—l—did_ <A<eiwpt/2 i efSiwpt/2)

B(eiwr/2+0)t | omiBup/240)t | gilwp/2-0)t | e—i(3wp/2—s0)t))
+d+&z (A(eiwpt + e—iwpt>

LBt 4 emilwrtolt |y pilwp—e)t | eﬂ-(wpw)t))
ta_a. (A(e?;iwpt/2 + e—iwpt/Q)

+B(€i(3wp/2+go)t 4 e ilwp/2+ )t 4 i(3wp/2-p)t e—i(wp/2—<p)t)>:| .

(9.8)

Now, the frequency ¢ is chosen such that
p<wy and p <K w,. (9.9)

Once again, the only terms not oscillating at w, ~ GHz frequencues are those captioned

“RW A”. Making the now familiar secular approximation [58] reduces (9.8) to

Op(t) (aVhas(1)) T () = mezw s (A+ B (7 4 o)) +alay (A+ B (4 o))
ho (A B ot
_ (4 + 5 cos(got)) (ala+ + aiaz) . (9.10)

mMy/Wiwy
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From (9.5), the Hamiltonian of the Penning trap with the applied coupling field ELzs(t)

in (9.3) in a frame rotating at w, becomes

- . . huw 1
Hrzs = wolp + 013 + 70 — hw_ (&Td + 2)
e 1 A .
— —+ B t . 11
+ m /W1y (2 + B oos(e )> 1 (9-11)
This is rewritten
N . A R . o 1
Hrzs = wo | To + 5 +0T5 —e(t)Ty — hw_ [ a'a_ + 3 ) (9.12)
where
e(t) = — (xo + x cos(it)) , (9.13)
and
e 1 A e 1
X0 = X = B. (9.14)

m Jorw, 2 m /1w,

The offset o and amplitude y of the “driving field”! (¢) are therefore directly controlled
through A and B, the amplitudes of the applied field E1zg(t) in (9.3).

9.3 The Landau-Zener-Stiickelberg Hamiltonian

In order that it is written in a more conventional form [90], Hamiltonian (9.12) is rotated

through 7/2 by T to reveal:

s oo 1 (3) 1 s e {1 (-5) 7}

.~ h . . it 1
= Wy <T0 + 2> — 017 — €(t)T3 — hw_ <azay + 2) . (915)
A 2D Hamiltonian of the cyclotron and axial modes is then defined
H(t) = Hizs —H, (9.16)
N - h - A
- /H(t) =wq | To + 5 — 011 — 5(t)T3 . (917)

The quantum numbers N and [ and the action of the operators To and Tg on Fock states
|n4,n,) are detailed in (2.35) and (2.36) respectively.

The validity of dropping the magnetron contribution follows from the separable nature
of the Penning trap Hamiltonian in (1.38), since the coupled energy levels are unaffected
by this degree of freedom. In contrast to an analogous Hamiltonian constructed from

Pauli operators [60], as in (9.2), H(¢) contains both the potential and kinetic energy

contributions of the system.

!The units of € are Hz, but this is a convenient term to use.
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E/h

Jér2
ﬁa/z

/

b)

Figure 9.1: a) Energy levels of #(¢) in (9.17) vs. the bias e for N = 1. The red curves show the adiabatic
energy levels F+, with an avoided crossing of size §. The dashed blue lines represent the diabatic energy
levels | = 1,—1 which correspond to the Fock states |ny,n.) = |0,1) and |n4+,n.) = |1,0) respectively.
b) The bias signal e(¢) with amplitude x and offset xo. The diagram has been copied from a similar one

in [90].
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9.3.1 Cooling to the state N =1

For the states with total quantum number N = 1, there are two possible values of [:

|’I’L+,TLZ> = |170> : l= _17

Ing,m.) =10,1) = =1 (9.18)

Therefore the levels N =1, =1and N = 1, [ = —1 correspond to the first excited states
of the coupled modes, the dressed modes.

The instantaneous eigenvalues of H(t) in the state N = 1 are

By (t) = hwo + th) (9.19)

O(t) = /2 + £(t)2, (9.20)

Of course, there are an infinite number of ladder states for Hamiltonian (9.17); for each
level N there are N avoided crossings in the adiabatic levels of 7(t), resulting in a total
of >~ n_o N avoided crossings in the entire spectrum. This is discussed fully in 9.6.

The following two sections consider only the sub-levels of N = 1, an ideal TLS. For the
purpose of the current stage of the calculation, it is assumed that the electron is prepared

in the pure state N = 1, so that the rest of the spectrum can be effectively ignored.

9.4 Adiabatic-impulse model

There are many theoretical approaches to solving this problem [91, 92, 93, 94, 95], but the
most intuivive one is chosen [90], the adiabatic-impulse model [96, 97, 98]. As the name
suggests, the model is based upon treating two distinct types of evolution of the system:
adiabatic evolution far from the crossing points, and instantaneous transition between F
and F_ at the point of minimum separation. This transition occurs at times #; and to,

where [90]

ot = arccos <>;0> , pto = T — plq, (9.21)

as indicated in Figure 9.2. In terms of the amplitudes of the bare potential V1,75, xo/x =
A/2B. Tt should be noted that setting xyo = A = 0 results in other interesting population
dynamics and phase effects in the system, as has been studied for periodically driven two
state systems [99]. However, it does not produce the interference patterns of observables,
since these rely on being able to change both the offset x¢ and amplitude x of the driving
field.
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Figure 9.2: Evolution of the energy levels of adiabatic (red) and daibatic (blue) states in time during
one period of the driving ¢(t). The phases acquired, ¢1 and (2, are equal to the area under the curves
between crossing points. The matrices U and N (9.26, 9.39) can be used to determine the adiabatic and

non-adiabatic evolution of the system [90].

Of course, the reality is that the population mixing does not occur so suddenly, but the
model has been found to provide an accurate description of the evolution as long as the

system follows a linear transition as it passes through the avoided crossing points [85, 86].

9.4.1 Adiabatic evolution

Far from the points of minimum separation, the wavefunction ¢ (t) satisfying the Schrédinger

equation H1p = E1 is written in the adiabatic basis [90]

(1) = D be®ex(t) = X exWe e {F (¢+ )} (9.22)
+ +

¢ = ;/Q(t) dt. (9.23)

In the adiabatic approximation, c4 are time independent coefficients between crossing
points, so the adiabatic evolution from an initial time #; to a final time ¢ is simply given

by [90]

b(ty) = Uty ti)b(ti), (9.24)
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where [90]
b(t) = b+ (8) : (9.25)
b_(t)
Uty = [ CPUEEWE O —exp{—iC(ty, b)), (9:26)
0 exp {iC(ts, ti)}
1 [l
Cltrt) =5 [ Q) (9.27)

In Figure 9.2, during the adiabatic stages of evolution over one period of the driving

e(t), the phases acquired are

1 (" 1 [ts
QZQZSWML @:2[ Q(t) dt, (9.28)
1 2

which correspond to the areas between the energy levels during these adiabatic stages.
The matrices U; and U, in the same figure correspond to U(tg,t1) and U(t; + 27/, t2)

respectively.

9.4.2 Single passage: a Landau-Zener transition

In Figure 9.2, energy of the diabatic energy levels, shown in blue, are given by wo +¢(t)/2.

In the non-adiabatic regions near ¢; and ¢35 where the time obeys
t=tio+t, olt'| <1, (9.29)
the evolution of the driving frequency can be written [90]
e(tio+1t) ~ tot/, (9.30)
where

2
v =x|cos(ptig)] = xpy/1— (f:) : (9.31)

The Hamiltonian (9.17) in this region becomes linear:

H(t/) = wOTO — (5T1 + ’Ut/T?,. (932)

Apart from the Ty term which simply acts to shift the energy levels by a constant, this is
exactly the LZ Hamiltonian [85, 86].
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If the lower energy level E_ is initially occupied, the transition probability to the upper

level E, is calculated as [40]

Py = Pz = exp(—2mn), (9.33)
52

= —. .34

=, (9.34)

As the driving velocity v increases from 0: the adiabatic limit, to co: the sudden-change
limit [90], the probability of transition from the lower to upper adiabatic state varies from
0 to 1 [40].

The upper limit of of this transition time is given by [99]

trz = g\/ﬁmax(l,\fn), (935)

but it is generally shorter than this. The applicability of the adiabatic-impulse model in
the Penning trap depends upon the lengthscales [ over which the diabatic and adiabatic
evolution occur: lugigbatic => ldiabatic- This requirement is fulfiled by large §/¢ and/ or

large x /¢ [99], resulting in the combined condition:

P+ xE> 2| (9.36)

In [100], multiphoton fringes are produced by this approach when analogous parameters

of the Penning trap obey
xS <6 (9.37)

In order to keep track of the relative phase of the wavefunction between the lower and

upper adiabatic states, the LZ transition can be described by the non-adiabatic evolution

matrix [90]:
b(t1,2 4+ 0) = Nb(ti2 — 0), (9.38)
o [ VT Rzew-isst VP s
N Pz VI = Przexp{ips}
where
5 T
Ps = s~ 5 (9.40)
the Stokes phase [101] is given by
ps = % +n(lnn—1)+argl'(1 —in), (9.41)

and I" is the gamma function I'(z) = (z — 1)!.
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Figure 9.3: Transition from the lower to upper adiabatic energy level during the first (blue) and second
(green) passages of the avoided crossing [90]. The interference between the two possible transitions is

captured by the Stiickelberg phase [85, 89] in the total transition probability after time t; 4+ 27/ in (9.42).
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9.4.3 Double passage: The Stiickelberg phase

Figure 9.3 shows the different possible paths from the lower to upper adiabatic energy
level as electron is driven through the avoided crossing points. The total probability of
transition after ¢; + 27/, which corresponds to one period of the driving field, is given

by [85, 89, 102]:

Py = 4Ppz(1 — Pryz)sin®(és:) |, (9.42)

Pst = C2 + @s. (9.43)

The probability Py is therefore an oscillating function of the Stiickelberg phase, ¢g¢. The
two parts of the phase correspond to the component (5 (9.28) acquired during adiabatic
evolution, and @5 (9.40) contributing from adiabatic transition [90]. There are cases in
which the Stiickelberg oscillations are averaged out [103], and the average probability is

given by
Py =2Ppz(1— Pry). (9.44)

This averaged value is simply the sum of the probabilities of the first and second trans-

itions.
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For systems where LZS interferometry does occur (the conditions for this are discussed
in 9.5.1), from (9.42), interference between the transitions means that the total excitation
probability after double passage may vary from 0, corresponding to destructive interfer-

ence, to 4Prz, in the case of constructive interference [90].

9.5 Multiple passages

9.5.1 Conditions for Landau-Zener-Stiickelberg interference

The relevant time scales of the problem must first be considered when studying the system
as avoided crossings are passed periodically. The time between such events is of the order
of half the driving period [90], T/2 = w/¢. When successive transitions do not overlap
and the phase coherence is preserved, corresponding to a long dephasing time T5, LZS

interference can occur [90]. This condition is written:

T
trz < 5 < Ts. (9.45)

T/2 < Ty: zero decoherence

The effects of decoherence are discussed in 9.8.1, but for now, assuming zero decoherence

(setting T5 > T'/2), the condition for LZS interferometry from (9.45) becomes

)
max (1, /7)) < ——. (9.46)
VIS 2o i
There are two ways in which this inequality may be satisfied:
1> y/n| : This results in two conditions:
2 2 ¢’
X" —Xo > pg (9.47)
2 2 &
_ 9.48
X X0 > 16@27 ( )

Thus the driving frequency ¢ should be of the same order of the detuning ¢ and the
difference in the strengths of A and B in (9.4).
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1 <y/n| : Interms of Penning trap parameters, this requires
2
5> (9.50)
7r
2 2 5
— — . 9.51
X X0 < 16@2 ( )

These latter conditions agree with those aimed at in (9.37), so the regime 1 < /5 will be

adopted in what follows.

9.5.2 Evolution of the driven two-level system

It has been shown [90] that if the driving is applied for a time ¢, corresponding to n full
periods of £(t), the solution is given by combining the matrices U and N, corresponding
to the adiabatic and non-adiabatic parts of evolution, in the following way:

For t — 2”7” € (t1,t2), corresponding to the time falling in the first half of a period of
e(t):
U <t, b+ 27;”) (NU,NU,)". (9.52)
and for ¢t — 2”7” € (tg,t1 + %T), when the time falls in the second half,
U <t, b+ 27;”) NU, (NU,NU,)" . (9.53)

As a reminder,

U, = U(te, t1) = exp{—i((t2,t1)0.},
2 2
HQ = Q <t1 + £7t2> = €exp {_ZC <t1 + £7t2> Uz} ) (954)

as indicated in Figure 9.3.

The evolution matrices

Closely following [90], the evolution matrices and conditions for LZS interference are found
in terms of parameters of the Penning trap.

For a one period oscillation, the evolution matrix is clearly given by [90, 99]

HH2 HH1 = ) (9-55)
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where
v=(1-Prz)e ™ — Prze ",
7= VPiz(l = Piz)e?s (7 474 ),
G+ =G+ G2+ 2ps,

- =0C—C. (9.56)

Its n'" power is given by [104, 99]

ull —u
(NU,NU)"=| '+ ], (9.57)
ugr Uy
where the elements are
_ vy SIN(N)
u11 = cos(ng) + i (v) Sn(g)
S sin(ng)
7 sin(o)
cos ¢ = R(v). (9.58)

Since the probability of occupation of the upper level, Py, is given by |b(¢)|? at time ¢,
for ¢ — 2”7" € (t1,t2), (9.52) reveals [90]:

(I) _ 2Sin2(n¢)
PO () = St (9.59)
Similarly for ¢ — 2”7” € (to, t1 + %’T), (9.53) results in [90]:
an, \ sin?(ng) sin(2n¢)
P (n) =2 S2(9) + Q2 Sin (o) + Prz cos(2ng), (9.60)

where

Q1= Prz [Przsin®(¢-) + (1 = Prz)(1 + cos(Cy) cos(¢-)]

Q2 =2Prz(1 — Prz)cos(C1 + ¢s) cos(Ca + @s). (9.61)

Time averaging over n > 1 periods results in [90]:

SO P 1 P
T 2sin®(9) 2P+ (S(v)? (9.62)
oan @
P = oo (9.63)

From (9.62), Py is maximal when $(v) = 0, which leads to the general resonance condi-

tion [90]:

(1 - Pry)sin(¢y) — Prysin(C-) =0}, (9.64)
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X/

Figure 9.4: The time averaged occupation probability P; of the upper adiabatic energy level E as given in
(9.68) for the Penning trap for the pure state N = 1. A value of ¢ = 0.32 4 is chosen, and the range of both x
and xo are £76, corresponding to the regime x¢ < 82 (9.37). The arcs around x = xo = 0 are described by
the resonance condition in (9.65) for the slow passage limit. Experimentally, the peaks in probability should
correspond to the frequency measurement of the upper adiabatic state E4/h = wo + \/W /2
as the voltages A and B are varied in (9.4). The plot is replicated from [90] with parameters adapted to

the Penning trap.

In the slow limit, when 27n > 1, the resonance condition becomes [90]

G+ =G + Q@+ 2¢g = km, (9.65)

and for the fast limit, corresponding to 2mn < 1 [90]:

G —G=kr (9.66)

for any integer k, and ¢pg ~ —7/2.
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9.5.3 The slow-passage limit n > 1, Py < 1

In terms of Penning trap parameters, this regime is described by
5 > 160% (x* — x2). (9.67)

In this limit, the difference between PJ(rI) and PJ(FH), due to the application time of the

driving field falling in the first, or second half of a cycle, can be ignored [90]. The lowest

approximation in Pry of Pf’) gives [88, 89]

5 _ Prz (1 + cos(¢4) cos(¢-))
B = sin?((4) + 2Pz (1 + cos(¢4) cos(¢-)) | (9.68)

If the system is initially in the lower energy level, this gives the average occupation probab-
ility of the upper level [90]. The maximum value of P, is 1/2, and occurs when sin((y) = 0.
This is exactly the resonance condition in the slow limit given in (9.65), and as can be
seen in Figure (9.4), it describes arcs around the point x = xo = 0 [90]. The width of the

resonance lines is determined by the numerator in (9.68) [90]. When

cos((4)cos(C-) = —1, (9.69)

the width of the line is zero. The ratio x/¢ determines the position of the resonances, but
it does not depend on the gap ¢ [105]. Only the region x < |xo| is valid; if the offset xq is
grater than the driving amplitude x, then no avoided crossings are encountered, and the
theory inapplicable.

If xo = 0, corresponding to setting A = 0 in the applied field (9.3), the resonance

condition is simplified to [90]

2
Xk (9.70)

¥
9.5.4 Collective conditions and other regimes

The collected conditions necessary for producing Figure 9.4 for the N = 1 level of the

Penning trap are:

Adiabatic impulse condition : 62 + x? > ©?

2 2 & 2¢
LZS Interference : x* — xg < —— and § > —,
16¢2 T

Slow Driving regime : 6* > 16¢%(x* — x2),

Observation of fringes: x S ¢ < 6. (9.71)
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As discussed, there are other approaches to solving this problem, such as Floquet the-
ory [106, 95, 107], which more readily allows for the inclusion of dissipative processes in
the system [90]. There are also many regimes and conditions, such as the fast passage
limit [108], within the adiabatic-impulse approach which could be worth further investig-
ation for the Penning trap. This is beyond the scope of this thesis.

The analysis has so far ignored some rather significant features in the Penning trap.
The first of these is that the level occupation of the system is governed by the temperature
of the trap, as in (1.71). The spectrum of both the uncoupled and coupled systems must
therefore include a thermal distribution of energy levels, with the above calculation only
applying to the N = 1 level. This is discussed in the following two sections, and the

remaining “neglected features” are addressed in 9.8.

9.6 Generalisation to N levels: the coupled harmonic oscil-

lator spectrum

Unless cooling to the exact state N = 1 is achieved, the driving e(¢) must necessarily
involve avoided crossings between the [ levels of other values of N.

The expectation values of the 7(¢) with respect to the Fock states |n,n.) is given by

%<n+,nz\7:[(t)\n+,nz> - % [n g — ig?(nz —ny) + 1]
_wo [y c®)
= [N o l+1]. (9.72)

For a given instant in time, the diabatic energy of the system is defined

1 1 =
%Ediabatic = ﬁ(nJra nz|7-l(t)|n+, nz>
wo g
=N (Np1- S ‘
5 ( +1-— > : (9.73)

for N=0,1,2,...,l=—-N,—-N+2,..0..., N -2, N.

The ladder of states in Figure 9.5 shows a plot of (9.73) for N = 6. At ¢ = 0, there is no
splitting between the different [ levels, since there is no component Ty in the Hamiltonian
(9.17). As e increases, the T3 component contributes —/2 |e|(n. —n,) to the expectation

value, so that for a given N = n4 + n,, each level is split into N + 1 sub-levels.
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Figure 9.5: The first seven diabatic energy levels of 7:t(t) (9.17). There is no splitting at £ = 0, since the
Ts component in 7:[(15) vanishes. Away from the origin, the splitting between each adjacent level is given

by |e|. The figure is drawn to scale: the maximum strength of € in this plot is 4 wg/40.

9.6.1 The zoomed-out spectrum

Figure 9.6 shows the diabatic energy levels of the first seven quantum numbers N for a
driving field strength || = wp/4, which is x 10 the strength of ¢ in Figure 9.5%. At this
strength, various crossing points of [ sub-levels can be seen. The spectrum in Figure 9.7
now shows a zoomed-out plot of 9.6, where the relative strength ¢ has been increased to
+3wp/2. Comparison of the three Figures 9.5, 9.6 and 9.7 shows how the relative size of
the intrinsic frequency wgy and the strength of the field e, determines the overall spectrum
of the coupled levels. Increasing ¢ effectively zooms-out upon a the spectrum of a cranked

oscillator [72].

2Figure 9.6 is in fact identical to the spectrum of the cranked harmonic oscillator, as discussed in 3.3,
around the point v = —0.5. The difference between the cranked oscillator spectrum and the present case
is that this is a plot of the diabatic levels of the system; the 7} component in Hamiltonian (9.17) will lift

the degeneracy at every crossing point in the spectrum when the adiabatic levels are plotted.
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Figure 9.6: Increasing the relative strength of € to +wo/4 reveals how the splitting of the ! sub-levels from

the first seven N levels cross.
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Figure 9.7: The first seven diabatic energy levels for |e| = £3wo/2. The spectrum is revealed to be exactly
that of the cranked harmonic oscillator, as discussed in 3.3, where € = 0 corresponds exactly to the point

v = —0.5 about which the levels of a 2D harmonic oscillator are split.
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Labelling the Fock states of the adiabatic basis |n,,n,), the adiabatic energy is defined?

1

1 =
ﬁEadiabatz‘c = ﬁ(nm nu|/H(t)|nw nu>

(v J(2) 4 (2)0). o7

Figure 9.8 shows a plot of 2FE giabatic/hwo for a fixed field strength e, and snapshots of

the spectrum of NV = 6 as the avoided crossing of size ¢ is increased in steps from zero to

§ = 9uwp/10.

3The eigenvalues of |n,,n,) correspond to Ex in (9.19) when N = 1.
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It is clear from these “snapshots” that the avoided crossing between the [ sub-levels
only occur at the point € = 0. This result is helpful; it indicates that the crossing of [ from
different values of N is not relevant in the present system. In this way, each manifold of

N levels can be considered independent in the LZS driving calculation.

9.7 The thermal state of the system

As discussed in 1.4.1, the state of the Penning trap must be described by a statistical
weighting of states through the density operator p4 . (1.67). From this, the probability of
the electron being in a particular Fock state is calculated from the product of the diagonal
elements of the individual pi, p— and p, matrices [41]. In Chapter 2, the probabilities of
excitation of Fock states |ny,n.) after mode coupling was shown to follow directly from
the eigenvalues of the dressed modes in the lab frame.

Calculating the effects of the LZS coupling field in (9.3) is separated into two parts.
The first involves setting x = 0 (B = 01in (9.3)), so that the field couples the modes exactly
as in Chapter 2; the only difference in the statistical results from Hamiltonian 2.34 is then
the replacement 26 — —¢§ and 6 4+ ¢ — x¢ from the previous chapter to the present one.
Once the statistical properties of the system have been established, the driving between
the dressed levels is “switched on” with |x| > 0. The probability amplitudes resulting
from LZS interferometry for an multi-anticrossing system [87], for each separate manifold
of N levels, should then be considered.

In this way, the final results are a convolution of the probabilities of being in the
dressed levels with total quantum number n, + n,, with the probabilities resulting from

LZS driving around an (n, + n,)-level anticrossing system [87].

9.7.1 Statistical properties of the uncoupled system, yo = x =0

It is worthwhile to first discuss the statistical properties of each manifold of IV levels before
any coupling field is applied.
For the uncoupled system held at temperature 7" = 1/kp[3, the probability of the

electron occupying the state |n4,n;) is given by [41]

P(ny,n.) = P(ny)P(n.)

= exp(—Bhwiny)(1 — exp(—Bhw)) - exp(—Bhwn.)(1 — exp(—Bhw;)).
(9.75)



Chapter 9. Landau-Zener-Stiickelberg Interferometry in the Penning Trap 148

;: J - c‘%

ﬂ;’?;é o
R/ oy N, TN
AN
Vo7 SO
Ir;"a; e\

17754 N\ O
) <

\

o =3/10
1 I

! ; S\
: 7 [N
7 s, T
f':""f-‘: Ny

I F;/ <A

AT

Figure 9.8: Renormalised values of the adiabatic spectrum (9.74) are plotted for increasing values of §/wo
from a) to f), where the values wo = 10 and |e| = 20 have been arbitrarily chosen. The red dots enable
the splitting between two levels to be traced from a) to f). Of course, § will be fixed for given experiment,
but the purpose of the snapshots is to illustrate that the only avoided crossings between the [ sub-levels

occurs at € = 0. In this way, other “crossing points” of the spectrum can be effectively ignored.
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Figure 9.9: Zoomed in plot of the manifold of N = 6 diabatic energy levels of Hamiltonian (9.17), with

the axes drawn to scale.

This determines the probability of occupation of each [ level of the spectrum before coup-
ling is applied. The total probability of the collection of [ sub-levels belonging to a
particular N must now be found. As an example, the level N = 6 is considered. Re-
ferring to Figure 9.9, this is comprised of sub-levels (ny = 6,n, = 0), (n4 = 5,n, = 1),
(ny =4,n, = 2),...(ny = 0,n, = 6). The probability of the electron occupying any of

these levels is given by the sum of the individual probabilities P(ny,n,):
P(N =6)=P(6+,0;) + P(54+,1;) + P(4+,2;) + P(3+,3:) + P(2+,4;) + P(14+,5;.) + P(6+,0.),
(9.76)

which is straightforward to calculate from (9.75). The probability of occupation of a

general level N follows from this:

P(N) = (1= exp(—Bhw))(1 — exp(—Bhw.)) [exp (— B, N)
+exp (—BA((N — Nwy + w,)) + exp (= BA((N — 2)wy + 2w,)) + ...

. +exp (=BA((N — N)wy + Nw))]
N
= (1 — exp(—Bhw)) (1 — exp(—Bhw.)) Y exp [-BA((N — k)w + kw.)] .
k
(9.77)

Plots of this P(N) are shown in Figures 9.10 and 9.11 for 7" = 4.2K and 7' = 80mK
respectively. From comparison of the scale of the y axis, it is clear that just as a lower

temperature of the trap guarantees lower average quantum numbers 74 and 7., so too
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Figure 9.10: Plot of P(N) (9.77), the probability of each manifold of N levels, where T' = 4.2 K.
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Figure 9.11: Plot of P(N) (9.77), the probability of each manifold of N levels, where T' = 80 mK.
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must the probability of occupation P(N) increase for lower values of N as the temperature

is lowered.

9.7.2 Statistical properties of the coupled system, |xo| >0, x =0

Once coupled, the probability of occupying Fock states |ni,n.) are determined by the

following thermal probability distributions

P.(n.,ny) = P(n,,ny,)

= exp(—Bhesn ) (1 — exp(—Bhe.)) - exp(—Bhesn.)(1 — exp(—Bhes)), (9.78)

where the subscript ¢ has been used to denote that the modes have been coupled, and the

frequencies of the dressed modes are given by

1
e+ =5 <wo+\/52+xg>,
1
e =3 <w0 — \/52+X(2)> . (9.79)

In analogy to (9.77), the probability of occupation of levels N becomes after coupling:

N

P.(N) = (1— exp(—Bhey))(1 — exp(—Bhe=)) Y exp [-Bh((N — k)ey + kez)] . (9.80)
k

Now, the + signs implied by the square root in (9.79) result in negative statistics for the
system if either the positive square root is taken in €,, or the negative one in ;. Since
these statistics must describe real observables of the system, it follows that the negative
root must be taken in €, and the positive one in €, when calculating statistical values. In
this way, the average occupation numbers of the cyclotron and axial modes after coupling

are found to be the same:

= ! =N, (9.81)
exp [ﬁh% (wg + \/W)] -1

where the positive root is taken. Following this, P.(N) is plotted in Figures 9.12 and

9.13 for a value xo = 0.24. It is clear that the probability of occupation of a lower N

for the coupled system is greatly enhanced from the uncoupled case for both T' = 4.2K

and T' = 80mK. Moreover, the probability of occupation of each level [ for a given NV

becomes identical:
P.(ny,n;) = P(ny —1,n,+1)=..=P.(ny — N,n, + N), (9.82)

which is consistent with the fact that n. = 7, after coupling.
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Figure 9.12: Plot of P.(N) (9.80), the probability of each manifold of N levels after coupling, where
T =4.2K, and xo = 0.24.
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Figure 9.13: Plot of P.(N) (9.80), the probability of each manifold of N levels after coupling, where
T =80mK, and xo = 0.20.
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9.7.3 Landau-Zener-Stiickelberg interference for the coupled oscillator

spectrum, |xo| >0, x| >0

A careful analysis of LZS driving for multi-anticrossing systems is beyond the scope of
this thesis. In [87], an analytical method of studying the dynamics of such a system is
proposed, where driving by a single large-amplitude triangle pulse is considered. This is
a useful starting point for the Penning trap calculation, and their results for a three-level
system are in agreement with the interference patterns observed experimentally [109].

Following this, suppose that the occupation probability of a given [ level within a par-
ticular N manifold after a period of LZS driving is then given by some function Przg(N,1).
Then the total probability Pr(N, 1) of occupation of a level (N, ) (or equivalently (n4,n,))
after a period of LZS driving in the Penning trap is given by

PT(Nv l) :PC(N) PLZS(Na l) (9'83)

This is simply a product of the probability arising from mode coupling with y = 0 (9.80),
and that of LZS driving in an N-level system. In this way, each pair of (N,1) levels,
equivalent to pairs of (ny,n.) levels of the spectrum, generates a unique interference
pattern.

It is clear from Figure 9.13 that mK temperatures guarantee a lower occupation number
N after coupling. Thus only the lowest levels in the spectrum would be involved when
the driving field is switched on, |x| > 0. In the limit 7" — 0, the occupation probability of
the upper adiabatic level in (9.68) would be more readily applicable in the Penning trap.
However, the following subsection discusses how it may be possible to effectively ignore
all but the N = 1 level of the spectrum when measurements are made, despite the finite

temperature of the system.

9.7.4 Proposed detection of Landau-Zener-Stiickelberg interference in

the Penning trap

An LZS interference pattern for a TLS is generated by effective measurement of the popu-
lation of the upper adiabatic level as the offset xo and amplitude x of the driving field are
varied, as in Figure 9.4. In terms of the applied potential for the Penning trap, this involves
varying A (the offset) and B (the amplitude) in (9.3) respectively. Suppose again that the
electron is in the pure state NV = 1 before the coupling field is applied. A measurement of

the frequency corresponding to the upper adiabatic energy level, wo + /6% + (x + x0)2/2,

would indicate maximum probability of occupation of the dressed N = 1,1 = —1 level. If



Chapter 9. Landau-Zener-Stiickelberg Interferometry in the Penning Trap 154

the measurement of the axial frequency was repeated several times, a probability of meas-
uring this value for a given A and B field strength could be found. In this way, repeated
measurements of the axial frequency for each value of A and B would enable the build up
of an LZS interference pattern such as that shown in Figure 9.4.

As discussed, the Penning trap is not a TLS. However, measurement of the average
quantum number of the modes [46] after a period of driving could generate exact interfer-
ence patterns of such a system.

The procedure is as follows. The LZS driving field is applied for a given period of
time*, and the average quantum numbers of the two modes, 74 and 7., measured when
the field is switched off. The average quantum number 77 of a general mode is related to

the probability distribution P(n) in a thermal state by the following relation [41]:

P(n) = (nf;)nﬂ (9.84)

In this way, a measurement of 7, and 7, in the Penning trap produces a distribution
P(ny)P(n;). This is none other than an experimentally obtained distribution Pr(N,1)
(9.83). The process is repeated for new values of the field strength B and offset A in (9.4),
and a new distribution Pp(N,[) produced. A single value for a specific N and [, plotted
at each new value {A, B}, builds up a density plot Pr(N,1).

For example, P(ny = 1) and P(n, = 0) could be determined, through (9.84), from a
measurement of m4 and m,. As A and B change, these values are again measured, and
P(ny = 1) - P(n, = 0) recorded on a density plot of A vs. B, until a continuation of
the process builds up the graph. This is exactly a plot of Pr(N = 1,l = —1), and a
such can be compared directly to the theoretically obtained distribution Pr(N = 1,1 =
—1)=P.(N =1)Pzs(N = 1,1 = —1) (9.83). Now, the distribution P zs(N = 1,1 = —1)
is exactly Py in (9.68) from conventional LZS theory for a TLS. Meanwhile, P.(N = 1)
is a single value directly determined from (9.80), and as such can be factored out of the
plotted values. In this way, it is proposed that the interference pattern in Figure 9.4 could
be exactly generated by the axial and cyclotron levels in the Penning trap, coupled by the
potential in (9.4).

9.8 Further considerations

Some further deviations from the standard theory of LZS driving are now briefly discussed.

“The period of driving must be long enough such that the theory in 9.4 and 9.5 is applicable.
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9.8.1 Decoherence

In the above analysis, it was assumed that the transition time between two levels, given
by half the period of the driving cycle, is much less than the coherence time of the system,
(9.45). In the strong decoherence limit, there will be no resulting LZS interference [90, 110].
As the coherence time (or driving frequency ) increases, resultant interference patters
will then depend upon how many adiabatic transitions can take place within this time. For
example, if transitions resulting from different driving cycles are separated by more than
the coherence time, then they act as independent contributions to a given pattern [90].
In this way, the coherence of the system, an essential ingredient in quantum information

processing [111], can be probed [110].

9.8.2 The elliptical trap

In 8.4 it was shown how the mode coupling calculation of Chapter 2 is modified for the
elliptical Penning trap. It follows that the LZS driving field in (9.4) can also be suitably
adapted by the replacement wy; — @y in each frequency defined in 9.7. The resultant
LZS driving is then between energy levels of the squeezed Fock states which form the
adiabatic basis of the system. This would again allow for study of LZS interference beyond
conventional theory.

Further theory of detection of any LZS interference in the Penning trap must be an
ongoing topic of investigation. Quite apart from the resulting experimental possibilities of
the theory, the system itself presents quite a novel theoretical problem in quantum optics
which seems worthy of further study. In particular, it would be interesting to address
the coupled x and z levels discussed in Chapter 7 with a driving field, and to investigate

whether this enabled a type of spatial interference in the trap.
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Chapter 10

Manipulating the Potential

Landscape

This thesis has explored a dressed-atom approach [57] in the quantum theory of the Pen-
ning trap, motivated by the mode coupling calculation introduced in Chapter 2. In par-
ticular, a parallel between this calculation, and the ability to spatially vary the trapping
potential in an atom trap with RF-induced coupling [60], was drawn. This chapter re-

examines this apparent parallelism.

10.1 Comparison of RF dressing in atom traps and mode

coupling in Penning traps: continued

This section follows from 2.5, addressing some of the main challenges in pursuing modi-
fication of the potential landscape in a Penning trap through sideband coupling. Chapter
7 repeated the sideband coupling calculation in the {x,y} basis, and it is in this basis
that the present considerations are discussed. In this section, the effective field strength &

(2.12) used throughout both Chapter 2 and 7 becomes &(z, 2),

§— &2, %), (10.1)

to indicate a proposed variation in space. Appropriate forms of this field strength are

discussed in later sections.

10.1.1 Rotation around j2

A few things are noted from analysis of the creation of a double well in the dressed-atom

calculation in 2.4.1 [62]. Analogous attempts in the Penning trap through the effective
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Figure 10.1: The bare and dressed potentials of the coupled cyclotron and axial energy levels in a frame
rotated through an angle —m /2 around I, —wpt around Js and —m/2 around Ja. The size of the splitting
A is defined in (2.17).

field strength £(z, 2) require that this term is present in both the diabatic and adiabatic
energy levels of the coupled Hamiltonian (7.13): the amplitude of the Js eigenvalue must
be proportional to £(Z, 2) before dressing. One way to ensure a §(&, 2) - Js term in this
Hamiltonian requires that a contribution of (1, —n,) “survives” the secular approximation
of the coupling potential in (7.3). For a general harmonic oscillator with principle quantum
number n, the oppositely rotating time dependence of a! and & will always ensure that
7 has no time dependence in a Hamiltonian. In this way, a remaining (n, — n,;) term
in the coupling potential 7.3 would demand zero time dependence of the coupling field:
only a static electric field could produce £(z, é)jg in Hamiltonian 7.13. By this approach,
the only way of having spatial control of the potentials is the addition of more electrodes
contributing the desired static potential energy.

There is of course another approach. A —x/2 rotation of 7:121 around the local y axis

results in:
H = exp i (—E) Jo b (wodo + 0J5 + 2§j1 + fuo exp : (E) Jo
d A 2 h\2
- . ~ hw
= woJo + 0J1 — 2£J3 + 70 (10.2)

Figure 10.1 shows a plot of the bare and dressed potentials of this Hamiltonian. In
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comparison to the analogous plot of the levels before the —m /2 rotation around Jo (Figure
2.2), it is clear that the roles of ¢ and 2¢ have been swapped. In addition, the z mode now
corresponds to the lower diabatic and adiabatic states, due to the negative contribution

of Js in (10.2).

10.1.2 The unknown form of £(z, 2)

The form of £(Z,Z2) in the Geonium Chip would be controlled by the configuration of
the MW generators and transmission lines. This configuration must be set by what is
required to manipulate the potential energy of the electron in the trap in a desired way.
Furthermore, the frame transformations between the lab, in which the physical field is
produced, and the frame of the Hamiltonian 7/}, are numerous: it has been rotated

through —m /2 around I, —wpt around Js and —m /2 around Jo. Tt is necessary to analyse

how the generalised coordinates &, Z, p, and p, transform under these various operations.

Transformation of coordinates

Combined transformation of the quantum coordinates of the Penning trap by —m /2 around
I 1, —wpt around Js and a general angle 6 around Jo are detailed in Appendix D. At this
point, the careful distinction made between transformation to a new reference frame, and
dressing of energy levels within an original frame, becomes crucial. The first two rotations,
by I; and Js, are interpreted as transformations upon the canonical coordinates of the
system. In a frame further rotated through —m/2 by Jo, the dressed levels on the right
hand side of Figure 10.1 occur. In this way, the effective rotation through 6 by Jo should
not be incorporated into the total rotation of the coordinate system. As now shown, the
results of Chapter 5 enable an elegant interpretation of the effects of the —m/2 rotation
upon the system coordinates.

Since the harmonic oscillators of the z and z modes are not isotropic, transformation
around J, is not around the real y axis in the Penning trap. In 5.9, it was shown how
such a rotation in real space could only be achieved by jg, the anisotropic form of jg,

equivalent to fly /2. From (5.57), the inverse mapping J» — Js is given by
j2 = gT(Cm)ST(Cz)jQS(Cz)g(Qx) (10'3)

Using the operator theorem exp(xO) f[A] exp(—xO) = flexp(xO)A exp(—xO)] [41], trans-

formation of a general operator A through an angle ® by Jo can be rewritten in the
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following way:

exp {;@L} Aexp {—ZfI’jg}

—exp{ @ (5681 7 <<Z)S(<x>)}fiexp{—;<b (S*<<m>3*(<z>jzé<cz>é<<m>)}

St

i

g
= 51631 (G exp { 1002 b (31656 AS (€IS ) exp {1072} SIS

h
(10.4)
From (5.36) it is straightforward to calculate
S(6)S(¢:) 8 SM(G) ST (G) = exp() 2,
S(C)8(C:) £5M(¢)8T(G) = exp(e) 2. (10.5)
Now, following the results of 5.9
T ~ 7 T ~ 1 N N
eXP{h <—§) jz} exp {h (§> ..72} = 72 (—2),
i\ o5 . i /TN A I
exp{h (—§> jg}zexp{h<2> jg} —ﬁ(z—i—x), (10.6)
so that the total transformation of # and 2 around .J, through ® = —7/2 results in the
mapping
N 1 5
T — 7 (Z —exp(Cy — (2)2)
1
zZ— 7 (2 +exp(¢ — ()T), (10.7)

and § remains unchanged. Likewise, transformation of the respective momentum compon-

ents is calculated as

Dz — \2 (ﬁx - eXp(Cz - Cm)ﬁz) )

pe ;5 (b + oxp(Co — C:)pn) (10.8)

From (5.48), for the present case where w, = wj/2, the squeezing parameters are defined

by

@—@FﬂwFlvﬁ;Wﬁﬁ. (10.9)

w1 2wz
2w, +

For a Penning trap with V, = 1V, |B| = 0.57T, exp(C. — ) ~ 19. As w/2 — w, for
isotropic trapping in the xzz plane, exp(¢, — (;) — 1, and the transformations in (10.7)

and (10.8) reduce to a —m/4 rotation around the real y axis.
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Figure 10.2: A field strength &(z0) = £(—20) = 0 in the frame of 7 in (10.2) would result in a double well

structure of the adiabatic N’ =1 levels.

&(2,2) in the laboratory

Let’s denote the z coordinate in the “dressed frame” by 2”. Supposing the coupling
strength £ could be equal to zero at two points along the Z” axis within the trapping
region, at some coordinates zg and —zg, then the adiabatic levels of N = 1 in the frame
of H" (10.2) would assume the shape in Figure 10.2. Such a £(2”) in this frame could
result from a sinusoidal function. As an example, the bare and dressed levels for the field

strength £(2") = A/2 cos(kz") are shown in Figure 10.3.

Of course, £(2”) must be transformed back the laboratory frame in order to determine
the form of the electric field which would generate these adiabatic potentials. Using the
results of (10.7), the resulting potential as would be generated in the lab is non-physical;

it violates Maxwell’s equation V - E = 0 [38].
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Figure 10.3: The bare and dressed energy levels of the N’ = 1 cyclotron-axial coupled Hamiltonian in the
frame of reference of ’H;{ (10.2), where the spatial dependence of the coupling field strength in this frame
is given by an ansatz field strength £(2”) = A/2 cos(kz”’). The amplitude of the electron’s motion along
this axis is indicated by the yellow region, where A. is defined in (1.26). The depth of the well could be
controlled by A, and the separation of the central maxima by zo = w/k. The size of the avoided crossing
is given by §. The electron would encounter the double well of the upper adiabatic energy as shown in the
diagram only if the amplitude of motion was approximately the same size of half the wavelength of £(2”),

ie. if A, >

~

m/k. Increasing this amplitude, or increasing the wavenumber k, would expose the electron to

an increasing number of energy wells.
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10.1.3 The potential energy

A further complication is that both potential and kinetic energy terms are contained in
the Schwinger boson operator set J. In reference to the ansatz for £(2”) plotted in Figure
10.3, both the diabatic and adiabatic energy levels represent the total energy of [ = 1 and
I = —1 for this field strength. To modify the potential energy along the z and/ or x axis
alone, the resulting coupling term should be a function of 2 and/ or & operators only. For
a coupling potential of the form ZZ, this implies that all four of the following terms should

be present in the Hamiltonian:
ala, +ala, +alal + a.a,. (10.10)
From (2), when this term is rotated around the Jo axis, it produces the following:
23 o5 @ (aiaz v a;az) +sin® (aiaz - a;am)
+ <C082 i — sin? (1)) (didl + &Jm)
2 2
+ cos % sin% (&L&L +asa, — (&;&; + axax>) . (10.11)

In terms of the mode operators (1.37, 4.22, 4.23), 22 and 22 are written

N ho (v X 1
42 — o <aLaL + Ggliy + 2 <nx + 2)) : (10.12)
~9 h ”TAT A R 1
3% = S, alal +aza, +2 | ny, + B . (10.13)

It is clear from (10.11) that a 7/2 rotation around .J, transforms (10.10) to a sum of 22

o NJo =~
and —22, in the same way J; (WQ>2 Js.

The anisotropic Schwinger boson operators

The sum of operators in (10.10) is none other than operator J; (5.57) further squeezed in
the limit {, — oo, { — oo. Likewise, an infinitely squeezed J3 would reveal a sum of 72
and 22.

In the Penning trap, the set J is formed with the squeezing parameters strictly given by
(10.9). Denoting the set J in the infinitely squeezed limit as J _, the “correct” operator
to use for the transformation 72 — 32 — 32 is therefore jgpo. It is interesting to examine
this a little more closely. Similarly to the # coordinate in (10.12), the operator p2 can be

written in the following way in terms of the a, mode operators of the Penning trap (4.22):

R hAmw R o N
pe = 1 ! (2711 +1-— (alal + axax)> . (10.14)
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Direct squeezing transformations upon these potential and kinetic “coordinates” by the

operators defined in (5.35) are straightforward to calculate:

S(C:c>§72gT(Cz) = 3* €xp (2C:c) s
S(Ca)P3S"(Ca) = P exp (—26) (10.15)

so that in the infinitely squeezed limit:
#0020, (10.16)

where results for the Z and p, operators follow analogously. This is in general agreement
with the result of the quadrature squeezing achieved by these operators [112]. The relevant
consequence of (10.16) is as follows. The zeroth, first and third component operators of
any Schwinger boson set become, in the limit of (positively) infinite squeezing, operators
comprised entirely of potential energy coordinates. Furthermore, if the squeeze parameters
of the two modes are identical, then J> remains unchanged. In other words, a vector
pointing along an axis with its perpendicular plane squeezed by the same amount in
both directions will remain pointing along that axis. In contrast, the zeroth, first and
third components contain only separate position and momentum operators, so that their
coordinate representation changes dramatically upon squeezing of the axis, in accordance

with (10.16).

The sets J, QC and Js

J: From (5.10), the definition of the set J of Schwinger boson operators in the Penning
trap in terms of position and momentum operators is straightforward to determine. In
the Penning trap with circular symmetry, the  and y motions are bound in an isotropic

potential of frequency w; /2, so that I /2 is the real canonical momentum along the z axis:
S(6)S(G) {1} $7(¢)ST(¢Gy) = {1}

— =17 (10.17)

That is, the set of Schwinger boson operators corresponding to the motion in the xzy plane
of the Penning trap does not need to be squeezed to form an appropriately commuting set

around Lz/2. From (5.55), it therefore follows:

Cx = Cy = 07 (10.18)

and so only the z axis in the Penning trap must be squeezed in order that all three

components fg, Jy and Ko describe the three components of spatial angular momentum
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in the trap. From (5.48), it is clear that this squeezing parameter (, is given entirely by
the right hand side of (10.9). This enables straightforward calculation of the components

J in terms of quantum coordinates:

1 R h
Jo = gmwl(z + %) 9 (92 + p2) 5
A 1 . 1
T = melzlﬁ + DzPx,
.1 .
Jo = 5 (pr xpz),
N 1 R . 1 . .
Iy = gmen(2? = %) 4 5 (2 = p2)- (10.19)

J ¢ and J_: Rather than squeezing the x and 2z modes separately, the operator

Sr2(¢) = exp {—g (&I,? —a2 +af? - &2) } . (eR (10.20)

is defined, which has the effect of squeezing the modes by equal degrees:

Sp2(Qita(z) 812 (C) = (2 cosh(¢) + af  sinh(C),
Sax(Q)al ) S1(Q) = ) cosh(Q) + digz) sinh(Q). (10.21)

In terms of position and momentum operators, the set J are transformed upon its

application:
Toe = $u(O)F0SL(C) = Rmuon (22 4 2%) 4+ s—— (52 + 52) — =
0< 8 2mBRw, © ¢ T 2’
. . . 1 1
= t — R= 54 55
ng sz(c)jlsacz(g) R4mw1 (Zl') + melpsz»
N 1 . .
Jac = 822() 251, (¢) = 5 (8P — 2p2)
7 _ } 22 A2 1 A2 A2
Jsc = Sa=(0)T551.(¢) = Rgmuwy (22 —2%) + S R (p? — p2), (10.22)
where
R = exp(2(). (10.23)

Defining the squeezing operator in the limit of (countably!) infinite squeezing
5oel€) = € o0 [8,:(0)]. (10.24)
and the transformed components
Joso = 850(Q)T0SL(C): Troo = 8c(Q)T1SL(Q)s Troo = 5c()T8L (), (10.25)

it is clear that they become functions of position coordinates only, while J> remains

unchanged.

From (5.55), the limit is defined by tanh(¢) = 1. Since the tanh function tends to its limiting value of

one very rapidly, it follows that the infinite limit of ¢ is countable.



Chapter 10. Manipulating the Potential Landscape 165

The potential energy quantum number

The unitary nature of the squeezing operator reveals

SxZ(OjfiSJ:z(o : sz(g)|nxvn2> = SM(C)J3|nm,nz>

=y (sz(g)|nx,nz>) . (10.26)

Without loss of generality, the squeezed Fock states S’m(C )|nz,n,) are the eigenstates of
the squeezed angular momentum components with eigenvalues //21". Now, (10.25) shows
how jg becomes a function of position operators as ( — oco. The eigenstates in this limit
are given by

N

Seo(C)|na; m2), (10.27)
and it therefore follows
S 1 9 on
T3.00 Soc(Q)|Nz,nz) = Fgmwl (22 = 2%) Soc(Q)|na,nz), (10.28)
where
lim
I'=(— oo [exp(¢)]. (10.29)

Comparing this to (10.26), it appears that in the infinitely squeezed limit

F%mwl (22 = ) SuclOlnesnz) = o1 oa(Q)lnas ). (10.30)

This suggests that the squeezed Fock states in this limit, SOO(C )|nz, ny), become eigenstates
of the potential energy of the system only. It is evident, however, that these states are not

identically |z, z). This can be seen by considering the following:
(N, 2| oy ) =

= (N, 2| J1 |10, 1)

(np, 2] S5 (0)850(§) Tt SL(€)550(C) I, )

= (12| SL(C) 100 S0 ()l 1)

0
0
0
0

(10.31)

That is, just as Jy is non-diagonal in the number state basis, jl,oo is non-diagonal in the

infinitely squeezed Fock basis. From (10.25):
. 1
(x, 2| T1,00|2, 2) = I’mel(xz). (10.32)
Comparing this to (10.31), it therefore follows:

Seo(O)ng,ns) # |, 2). (10.33)
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10.1.4 The adiabatic basis

Consider again the creation of a double well through the RF-induced potentials in atom
traps [62], as discussed in 2.4. In the calculation, the kinetic energy contribution of the
dressed system is effectively thrown away [60], and in this way the remaining potential
(2.47) in the Hamiltonian becomes the adiabatic potential of the system.

The consequence of seeking a variation in the potential energy of the Penning trap
through some £(&, 2), is that the resulting potential term is no longer adiabatic in the
same sense. Thus the problem becomes one of finding a potential which can be approzim-
ated as adiabatic as closely as possible.

Plotting the resulting potential of some f(&, 2) in a coupled Hamiltonian effectively meas-

ures this term in the basis |z, 2):

<m,z\f(§7,2)|x,z> :f(:c,z); (10-34)

f is an arbitrary function of the x and z coordinates. Yet 10.1.3 suggests that goo|nx, n.),
and not |z, z), is the adiabatic basis of potential energy. A useful potential energy term
resulting from some (&, 2) must therefore behave appropriately along the z and z axis,
with a diagonal form in the potential energy basis.

10.2 Generating a sinusoidal potential (I)

10.2.1 The electric field and quantum potential

The following classical electric field component is defined:

Eq 4 = [e4cos(wqt) cos (k z) 2] €, (10.35)
so that the potential is given by

- / Eq.dx = —egcos(wqt)cos(k z) z x. (10.36)

In terms of quantum operators (1.37, 4.22, 4.23), this is written

+az)>
x <\/J( + a.)(a T+a2)>, (10.37)

Vg = —€gcos(wg t) cos(

(k2
= —€qcos(wq t) cos (
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which must first be transformed to the I; frame (6.12) :

Vi =0 V0]

= —€qcos(wqt) cos (k:

X — alal +ala, +ala, + a.a,

2m \V wiw,

h 1 [

i (&L&L —alay + aja, — azay)} . (10.38)

The operator U,(t) is defined

A 1 ; - ~ 1
Uz(t) = exp {iwdt (ﬁx + 2> } = exp {;wdt (Jo —J3+ 2> } , (10.39)

so that, expanding out the cos(wgt) term,

Vir = U () VUL (t)
€d h

=2\ 2o cos(k 2) 2x

% &j‘c ei(wd-i-wd)t + ei(wd—wd)t + a’:c ei(—wd-‘rwd)t +ei(—wd—wd)t

RWA RWA
—ial (et 4+ e 4 g, (eiwdt + e*i‘*’—dtﬂ . (10.40)
Making a secular approximation,
V), = ——< cos(k2) 22 (10.41)
dt 2\/5 : :

10.2.2 The Hamiltonian

The static potential energy resulting from the potential in (10.41) is added to the Hamilto-
nian in the same frame of reference. From the Hamiltonian in the I; frame (6.13), this
must be further transformed by U,(t). Since [Ua;(t),?:[’] = 0, the only contribution is
from the zh(}x(t)f];r(t) term:

U, (AU + ihUs ()0 (¢)
— Bws — wa) <nm + ;) — <ﬁy + ;) + hus <n + ;) . (10.42)

Adding this to the potential energy from the coupling field, qV(i’t:

Fleos = U (Y H'TL(t) + kU, ()T (t) + gV,

1 1 1
= h(ws — wyg) (ﬁw + 2) — hw_ (ﬁy + 2) + hw, (ﬁz + 2) + 26\6/% cos(k 2)zz

(W —wg +w,)

R A 1
= (wy —wg+w;)Jg — (W —wg —w,)J3 — hw_ <ﬁy + 2) +&icos(k2)2z+h

(10.43)

2

9
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Figure 10.4: General form of (z, z|Heos|z, z) (10.43). In this frame of reference, the potential energy along

the z axis is clearly modified by the cosine function of the coupling potential in (10.36).

where

_ €
§a = Wk (10.44)

The mixture of operator styles here looks a little cumbersome, but it is helpful in what

follows.

10.2.3 Projection onto the real axes

The expectation value of the Hamiltonian (10.43) in the state |z, z) is found, and the result
is a 3D plot of the potential energy along the x and z axes, as shown in Figure 10.4.

The potential energy terms in (10.43) are already diagonal |z, z). Seeking a solution to
this Hamiltonian, consider the following. At this point in the calculation, a further 7/2
rotation around the real y axis by J> would transform the #% in the coupling term into
a symmetric contribution of #2 and 2. Likewise, cos(k 2) — cos(k/v/2 (2 + #)) by such a
transformation. However, any rotation by J> in an effort to diagonalise the coupling term

will result in non-diagonal contributions in the J terms of (10.43).
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Removing the non-diagonal contributions

Two modifications must be made in order that Hamiltonian (10.43) remains “diagonal”
after transformation around the real y axis. Firstly, the system must be made isotropic:
w, = w1 /2 must be set.? Secondly, the Js term must be effectively removed from Hamilto-

nian (10.43). For this purpose,

Wi — Wy =W,

= Wy =W — Wy (10.45)

is set. The new isotropy of the two modes then implies Jo — Jo so that transformation

by this operator should not affect Jy in Hamiltonian (10.43). It is redefined

N N A 1
Heos = He = 2w, Jg — Fw_ (ﬁy + 2) + &qcos(k 2)z2z + hw.,. (10.46)

10.3 Generating a sinusoidal potential (II)

10.3.1 The redefined axial operators

The calculation will proceed in this section with the modifications described in 10.2.3.
Setting w, = wi1/2, means that the w, terms in the definition of the mode operators a,
and al (1.37) should be replaced by w;/2. The result of this is that the set of Schwinger
Boson operators J in (5.10) is now expanded out as the previous definition of the set J as
given in (10.19). However, no squeezing operators have been applied in the calculation; as
should be clear by now, the change of frequency is mathematically manifest as a squeezing
transformation. In the following calculation, the use of the symbol w, will be continued
only to distinguish contributions from the different modes, but the new definition of this

frequency and the equivalence of 2w, and wy should be borne in mind throughout.

10.3.2 Rotation around the y axis

As discussed, a —7/2 transformation of Hamiltonian (10.46) around J, now completely
equivalent to a —m/4 rotation around the y axis, has the following effect upon Hamiltonian

(10.46):
e e {5 (5) 2} (o) e {5 (5) 2}
= 2w, (jo + Z) + &, cos (\2(2; + a})) 5 (3% — 2%) — hw_ <ﬁy + ;) , - (10.47)

2This is within the allowed frequency range imposed by the condition in (1.32); it demands wy /w, =

1++/3/2.
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Figure 10.5: General form of (z, z|H”|z, z) (10.47). In this frame of reference, the potential energy along

the z axis clearly forms a double well structure around the point z = 0.

where additionally the magnetron Hamiltonian (1.63) has been removed. The expectation
value of this Hamiltonian in the |z, z) basis is plotted in Figure 10.5. Both plots 10.4 and
10.5 are drawn to the same scale, and it is clear that different frame transformations made
and the setting of w, = w1 /2 generates a hugely different static potential of ;ng in Figure
10.5. In particular, along the z axis there is a clear double well structure at z = 0. In the

following section, a solution to Hamiltonian (10.47) is sought.

10.4 Solutions of the sinusoidal potential

10.4.1 Approximate eigenstates of the coupled Hamiltonian

The above Hamiltonian (10.47) is expanded out into position and momentum coordinates

as

5™ (S (3% — 2%). (10.48)

| =

A 1 1 2
H = 5 (02 +p7) + 5m (ﬂ) (22 +2%) + &y cos <%(z + :E)) :
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Now, the cosine function is approximated as

cos <\/k§(z - @)) ~1- (2(2 —@))2,

so that the total coupling term around the origin in the zz plane becomes

1 k? .2 sa) (22 A2
fd[Q( )+§( + 2% +22%) (2 —a:)]

From (10.22):
A h A
Jog+ 5+ J¢

=R——

m“’l (22 + 8% + 228] + — o

Moreover, multiplying this by k2 jg}c reveals:
A h A
Joc —I— + 7 <) T3

<kme1> 24 4% 4 223) (52 — 32)]

<2me1> pz + px + 2pzp:r) (ﬁg - ﬁi)]

SB[ (2 ) + o+ 00 (22— )]

and it is straightforward to verify

. oo Rmw
k> (;70,( + By +J1¢c — 4]{21> j3,c

2

2
+(§Rmm> (52 + 55 + 20:52) (67 - 57)]
k? 2

16
The coupling term at (0,0) in (10.50) can therefore be written

2
& [; (2% — 2%) + % (22 + 2% +223) (22 — mQ)}

k28 &4 N h Rmwi\ -
- 7(me1)2 { <t707g + 5 +Jic — TER > J3.¢
1 ? 2 | 9 LA\ (22 A2
- <2me1> [(2 + P2 + 2p2ps) (52 — p2)]
1 2

16

Again using (10.22), the Jo term in Hamiltonian (10.47) is given by

A Ry 1 - h I o o
w1 <J0 + 2> = RUJI (j(),{ + 2) + om (pz +p$) (1 B R2

+W+W@%ﬁhmﬁme—w -3 (07— 2)

(P2 + P2 + 2p-ps) -

|

16 @R i (- 2) 4 (-]}

(10.49)

(10.50)

(10.51)

(10.52)

(10.53)

(10.54)

(10.55)
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Hamiltonian (10.47) is therefore approximated at the origin in terms of the set J ¢

) AL0.0) = 5 (7 +72)

I o+ % {wl (jo,g + Z) - Tifijg,g}

B[S (Gt g

(1V) —(nfjj)g ((fc FEP (2= B) + (s 5 (37— ) + o (9 - ﬁi)) - (24 £2)
V) - ]If; [(ﬂfi‘i)él (= + bs) (P2 — ﬁi)] . (10.56)

Since

. o . h
(s 12 |ST,(C) Jo.¢ Sz (Q) gy z) = (ng,mz|Jo|ng, n.) = QN/’
. o R h
(10 12181 (0) T ¢ Sen(Qle ) = (g el afmesns) = 50, (1057)

it follows that

_ 1 ! 2§d h/
== [ml(N +1) - mwﬂl}
K| 8 A%
i (mi)z <2> (N +1)0'|. (10.58)

From (10.23), R > 0, and so the above formulation reveals the hierarchy of diagonal
and non-diagonal contributions of Hamiltonian (10.56) in the state S, (¢)|ns,n.). The
size of R itself is determined by the approximate adiabatic states being considered.

10.4.2 Compensation fields and non-diagonal contributions

Of course, even retaining terms only up to O (%)2 in 7—12’ (0,0) means that significant
contributions (line (IV), (10.56)) are neglected by assuming these states. It is proposed
that additional electric fields can be added to act as compensation for the terms which are

non-diagonal in the squeezed Fock state basis. For example, consider the following field:
Eq . = [€q, cos(wqt) cos(ky) x] €., (10.59)
which contributes the quantum potential
Vd,z = —€q,, cos(wg t) cos(ky) T2. (10.60)

In the I; frame, the y coordinate becomes a combination of y and p, (5.4), and rotating

to a frame using U, (t) in (10.39) retains only the p, contribution. Once the potential has
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been transformed through —m/2 Ja, the result is of the form
vk o Lo Lo oy L[ K L e 22 42
cos(mwl(px—pz) f(x _Z)Ni(x —z)+<> (Pz + D2) (z —a:).

(10.61)

Comparing this to (10.56), it is clear that such additions to the coupling field in (10.35)
could begin to remove some of the non-diagonal contributions.

Taking the approximate adiabatic states as Szz(()\nx,nz> furthermore neglects the
jl,c term line (IIT) of (10.56). Since this term is attached to jg,g, it is not possible to
write these combined operators in a diagonal form of the states S, (¢). Compensating for
this would require a potential of the form ~ cos(z + 2)ZZ. This cannot be created by an
oscillating field in a way which allows the time dependence of the resulting potential to
be successfully removed. There are, however, many combinations of fields possible which

may yet provide a useful potential that be more readily approximated as adiabatic.

Adiabatic driving to an approximate double well potential

In this way, it is proposed that expansion of the cosine function in (10.49) at different
points along the axes of the trap could be used to generate an approximate solution of the
coupling potential in (10.36).

Of course, it would be more straightforward to approximate the solutions of the trap
directly as |z,z). In this way, only the p? + p2 term in Hamiltonian (10.48) need be
neglected. This approach, however, does not readily allow a connection to the bare basis,
|ng,n.) of the system. Since the aim is to create an adiabatic double well potential from
a trap with no initial coupling field, any approximate solutions must be mapped from
the original eigenstates |ng,n.) as the field coupling field is switched on. The solution
sz(C) |ng,n.) is thus proposed so that the potential energy along the z axis can be mapped

to an (approximate) adiabatic double well [26] .

Constructing an adiabatic double well

The above calculations illustrate how a desired adiabatic potential must be very carefully

constructed. From [113], the potential of a double well along a general z axis is given by

V() = V;” ((z - %)2 - b2>2 , (10.62)

where the height of the potential barrier is V42, and a/2 + b gives the position of the

two minima. When expanded out fully, V(z) contains 24 23, 22, z, as well as constant
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contributions. Following from the above treatment, such an exact adiabatic potential is not
possible in the Penning trap through mode coupling. In fact, only potentials of the form
V(z) = Y, _ Cn2®" are possible. Although restricted, this may yet allow manipulation

of the potential landscape in a useful way.

10.4.3 Further ideas and applications
A 2D lattice potential

Of course, a semi-classical calculation may reveal that the theory can be extended so that
any shape of potential can be produce from the mode coupling technique. For example, one
intriguing possibility is the production of a 2D lattice potential in the ultra-elliptical regime
of the trap. If all contributions from a coupling potential of the form xz(cos(kz)+cos(kz))
could be retained after removal of the time dependence, then such a configuration is
possible. In the case of the ultra-elliptical trap, this would produce an effective 2D Wigner
crystal [114], expanding the capabilities of the Penning trap to include study of solid state

systems.

Varying the magnetic field strength

Another possible means of manipulating the potential energy in the Penning trap is unique
to the Geonium Chip. It relies on the unique planar design and magnetic field production,
which enable the near field of B to be varied over small distances of microns [67], the
lengthscale of the axial motion in the trap, (1.33). The idea itself is based on a “magnetic
bottle”, which provides a local inhomogeneity of the magnetic field of the particular form
14],

r

AByostie = Bs [< 2 22> é,— 2 rér] : (10.63)
where By is the strength of the magnetic bottle. Such a configuration is illustrated in the
upper part of Figure 10.6, where the regions of different magnetic field strength along the
z axis are indicated above the field lines.

They are primarily used in Penning traps to determine the spin state of the particle
[115], since as the axial frequency becomes spin dependent in this “analysis trap”. If
w0 now represents the axial frequency outside the magnetic bottle (1.80), and p is the

component of the magnetic moment of the electron aligned along the z axis, the resulting

shift is of the form [14]

21, B B
w, = \/m cOOQ% e TR (10.64)

m mwz.0 '
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———
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—Zp 0

Figure 10.6: The upper plot illustrates a local magnetic bottle along the z axis (10.63).

Zg

v

At the centre

of this configuration, where the field lines are approximately flat, the strength is a constant value Ba.

Towards the edges of the bottle, B2 and therefore w, must vary in space (10.64). The lower plot indicates

how the I’ levels of the magnetic bottle Hamiltonian #p may vary along the z axis as a result. In this

way, resonant coupling of the modes could be configured at precise locations along the axis, +z0, and the

avoided crossings at these positions could lead to the creation of a double well structure.
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The axial frequency is thus a function of the field strength Bs. In the lower part of Figure
10.6, is sketched the variation of the expectation value of the I’ levels of the magnetic bottle
Hamiltonian <7:[ B). In Figure 2.2, the splitting between the bare and dressed levels varies
with the detuning 6 2. In this way, it is proposed that variation of By can be configured
so that the coupling of the modes is resonant (6 = 0) at two precise locations +zy along
the z axis. This would lead to a similar situation as facilitates the creation of a double
well in the atom chip [70] (Figure 2.3).

The quantum theory of this technique has not yet been well established. The Hamilto-
nian of the electron in a magnetic bottle in the presence of an xz coupling field is non-trivial
to solve, but some progress has so far been made using many of the techniques developed

throughout this thesis.

This chapter has extensively discussed the manipulation of potential energy in the
Penning trap through mode coupling. It has revealed that an analogy between RF-induced
double wells in atom traps and the dressed-atom approach with £(z, z) in the Penning trap
is rather beguiling. The comparison has nonetheless lead to an approximate solution of
the potential plotted in Figure 10.5 at the centre of the trap, a state which can be mapped
adiabatically from the eigenstates of the uncoupled trap. It is therefore proposed that a
tunable, approximately adiabatic double well potential is possible through the technique

of sideband coupling in the Penning trap. The problem is a topic of ongoing investigation.

3This is a plot of the dressed levels in the lab frame, and as such shows the coupled [ levels of the axial
and cyclotron modes, rather than the I’ levels of the axial and  modes. As discussed in 7.2.3, the two

pictures are completely equivalent.
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Chapter 11

Summary and Outlook

11.1 Summary

The main results of this thesis can be divided into four general categories.

The separate dynamics of the z and y motions

The quantum Hamiltonian of the Penning trap was reformed in the {z, y} basis, and com-
pared to the conventional formulation extensively. By this approach, the rotating frame
of the Penning trap was shown to be inconsistent in identifying the individual dynamics
of the x and y degrees of freedom. Through a fastidious discussion of interpretation of
the quantum solution of the trap by rotation of the Hamiltonian, vs. effective dressing of
modes, the root of this inconsistency was identified. This lead on to the analysis of the role
played by a set of Schwinger boson operators in the trap. Moreover, the carefully distinct
interpretations were shown later to be effective for different purposes in development of

the theory.

Schwinger boson operators in the Penning trap

It was shown how a Hamiltonian comprising three independent harmonic oscillators can
be separated into three, 2D systems in an effective way. Isolation of these subsystems
allows each to be treated consistently in a dressed-atom formalism for coupled terms in
the Hamiltonian. The development of the map of commutation relations serves several
purposes. It enables straightforward calculation of unitary transformations involving these
operators, and, once familiar with how to read it, serves to illustrate how each of these
transformations affects the spatial coordinates in the trap. Moreover, the scrupulous

calculation of each of the commutation relations between the three sets ensure that their
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simultaneous use in the Penning trap is absolutely robust. This enables confidence in the

use of these methods, and extension of the theory to the elliptical Penning trap.

The quantum elliptical trap

A quantum solution to the elliptical trap in both the {z,y} and {4, —} basis was found,
reproducing well known classical results from the literature. Straightforward development
of the theory to include the ultra-elliptical regime of the Geonium chip is discussed. Adia-
batic driving to this regime is proposed, leading to calculation of the exact eigenstates,
and a demonstration of the quantum control enabled by these methods. The formalism
developed throughout the previous chapters was shown to provide a natural framework for
these calculations. The unitary mapping between 2D and 3D systems by quantum trans-
formation was shown to agree intuitively with the discussion of the analogous classical

system.

The dressed-atom method in the Penning trap

The final two chapters of the thesis harness some of the ability lent by adopting the
dressed-atom formalism in the Penning trap. A simple extension of cyclotron-axial mode
coupling theory was shown to lead to a scheme for interferometry, through the well known
method of an applied LZS driving field. Analysis of the spectrum of the coupled modes
in this chapter provide an illuminating interpretation of how this driving field acts upon
the infinite number of energy levels in the trap. Development of the statistical formalism
throughout the thesis additionally leads to a proposed scheme for detection of results
from an effective TLS of the coupled modes. Furthermore, the scheme allows the resulting
interference between any of the coupled levels to be probed, enabling experimental study
of this novel system.

Manipulation of the potential energy through sideband coupling is addressed in the
final chapter. Although the formation of dressed levels in the trap is a very natural exten-
sion of the basic coupling calculation, the further development of dressed potentials is not
equally forthcoming. The difficulties of this proposed scheme, and subsequent departure
from established theory, are laid out at the beginning of the chapter. The formulation of
squeezed sets of Schwinger boson operators is shown to lead to an approximate quantum
solution of an applied sinusoidal coupling field at the centre of the trap. It is proposed
that the potential energy along the z axis could be adiabatically driven to a double well

by these methods. Furthermore, construction of other interesting potential landscapes in
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the trap seem possible for a semi-classical treatment of the calculation.

11.2 Outlook

Following this research, there are a number of topics which seem worthy of further invest-
igation.

In particular, the theory of the Chapters (9) and (10) must be further developed before
any experimental investigation of them can be attempted. For LZS interferometry, the
effects of decoherence and imperfections in the trap must be included to allow for a more
complete analysis. It is possible that other methods of solving the problem allow a more
natural inclusion of these effects. In addition, different regimes within the adiabatic-
impulse model may be worthwhile to investigate.

The creation of tunable adiabatic potentials in the trap is also a promising topic for
future study. The solution reached in this thesis is by no means complete, but serves as a
useful starting point for this. From a theoretical point of view, future study of squeezed
Fock states is intriguing, and how these solutions transform as the squeezing parameter is
driven to an infinite limit.

A thorough semi-classical calculation of this landscape manipulation is necessary to
expand the capabilities of the proposed technique. This must be additionally combined
with the developed elliptical trap theory to study the generation of lattice potentials in
the ultra-elliptical regime. The method of altering the potential energy with the use of
a magnetic bottle in the trap must be extensively developed before application in the
Geonium Chip.

The adopted formalism of dressed-atoms examined throughout this thesis extends the
capabilities of the Penning trap. There may be many more techniques adaptable from
atom traps which could lead to novel schemes in this trap.

The theory developed so far has promising potential for use in Penning trap experiments.
Extensive quantum control of the electron is achievable in the Geonium chip from the
analysis of the ultra-elliptical regime of the trap and the exact calculation of sideband
coupling. Additionally, the research reveals a number of interesting theoretical ideas, and

unique systems worthy of further study.
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Appendix

A Transformations of ¢ and a' continued

The Schwinger boson sets J and K (5.10) have the following effect upon their constituent

operator pairs:

J
e id)j
«p J =
p B 1
exp d Ly
Xp h’Y2
) al
exp{@Jg}
,
K

dl i . cos%
expls ——=oJi1 p =
dl h isin%
~T . ol
a . cos 3
© ] exp {—ZVJZ} = 2
al h sin 3
. -0
R exp (13
exp{—;&]g} = ( 2)
0
At . ¢
a . Cos 3
Y| exp {_Z¢Kl} = 2
&l h z’sin%
) { i } cos &
expq —=7K2 p =
di h sin%
. .0
. exp (13
exp{—;HKg} = p()( 2)

ZSln2

COS b

—qgin X
Sll’l2

ol
COS 5

exp (~ij)

[SI3S8

7 8in

ISIESS

COSs

—gin X
SlIl2

i
COS 5
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B Resulting transformations from the non-cyclic commut-

ation relations of the Schwinger boson operators

The non-cyclic commutation relations in the commutation map in Figure 5.2 result in the

following associated transformations.

Transformations by I

exp{ ¢11} { ;Qs}}: Jo + %mgbb—ki(cosgb—l)lg,
eXp{ } p{ ;qﬁ}: J5 — % sin¢ly — 5 (cos ¢ — 1)1,
exp{;(b 1}Koexp{ ;%} — Ky — %siruﬁfg - %(cos¢— 1)1s,
exp{;gb 1}ngxp{ ;Qs}}:f(g—;sin¢f2—;(cos¢—1)f3

Transformations by I

>
—

1
=1Ip— = 1H¢J2—§(COS¢—1)J37

1 - 1 R
= Ky+ 5 sin ¢Jo + 5(COS¢ — 1)J3,

1 A 1 A
= K3 — §sinqz5J2 — §(cos¢> —1)J3

(o)

Z<Z5A1}IA36XP{—;¢A1}= [5 — % sin ¢.J. —%(COS¢—1)j3,
i)
o)
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Transformations by jg

A 1 o
= Ko — —sin¢J; + 5(005@5 —1)Js,
o 1 A
= K3+ §sin¢J1 - §(cos¢> —1)Js. (10)
Transformations by K,
i) i . 1.1 .
exp {hqﬁKl} Iy exp{—ﬁqﬁfﬁ} =1Ip+ B sin 9K + §(C03¢ — 1)Ks,
i) s i a1 1 .
exp {h¢K1} I3 eXP{—ﬁ¢K1} = I3 — 5sin gk — 5(005¢ — 1)K,
i s i 11 )
exp {h¢K1} Jo eXP{—ﬁCbKl} = Jo — 5 singKy — S(cos¢ — 1)K,
A R A A 1 S 1 -
exp {;quKl} J3 exp{—%gbKl} =J;— 5 sin Ko — 5(005(;5 - 1)K3. (11)

Transformations by K,

o | s - | 1 .
exp 3¢K2 Ipexp _£¢K2 = Iy — =sin K| + =(cos ¢ — 1) K3,
h h 2 2
1¢f( I 1@}%’ =1 1 sin K7 — 1( ¢— 1)K
€xp 3 2 ¢ 13 €Xp 7 2 ¢ =13+ 5 1 5 COs 3,
N ~ N A 1 1
eXP{h¢K2}J0€Xp{—¢K2} =Jo+ 58 sin K4 —§(COS¢—1)K3,
L ~ i~ -1 . 1 .
exp {;¢K2} J3exp {—;(MQ} =Js+ 5 sin oK1 — §(cos¢ - 1)Ks. (12)

C The dressed states of the axial-magnetron coupled modes

The axial-magnetron mode coupled Hamiltonian can be interpreted in terms of dressed

modes. Hamiltonian (8.74) is rewritten in terms of dressed mode operators a,(e) and

&u(6)3

Hensl€) = 1ee(@) (7€) 4 3 ) + 7u(0) (30 + 5 ) ot (5 ) 0 13)

200 = 3 (un(0+ /180 + ).
;(Wn 482 (e +52> (14)
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0 0
al(€) = cos m2(€) dL —isin m2(6) al, ar(€) = cos m2(6) Gy + 1 sin m2(6) az,
) 0 ) 0
al,(€) = cos m2(6> at — isin 29 al,  aule) =cos m2(e) G, + isin m2(6) ay,  (15)

where @, (€) and 8, are given in (8.75) and (8.78) respectively.

D Collective transformation of coordinates by fl, J; and J,

From the lab frame to the dressed frame of Hamiltonian (10.2), there are three unitary

transformations, by Ul, (A]I/,(t) and UQ, which rotate the coordinates. As a reminder:

. i R A ) . A T 4
Uy = exp {h (—g) Il} , Ulg(t) = exp {h(—wpt)Jg} , Us = exp {BQJQ} . (16)

The coordinates &, , 2, s, Py and p. transform to this frame in the following way:

. §L 1 . 2 Js 1 wpt e . .
F—= —|z-— = — [ cos =% +sin — ——p, — ——
V2 mwy Py V2 2 2 mwi Px mwy Py

wpt 6A+, 0 [w, . i wpt 2 9A+, 0 [w . 2
COS — COS =& Sin — —2Zz SIn —— — | COS — Sin — _
2 2 2\ wr 2 mwi gPe o\ 20,77 ) T e DY

Ja

Sl

j t t 1
PR ziﬂzoswié—smwi PDs
2 mw,
j t 0 0 t 1 0 2 0
Py cos %} <cos 52 — sin 3 ;:jz ﬁ:) — sin %mwz <cos 5]33 - :lz sin 2]%) (19)
T 1 1 J 1 wpt . mwi wpt . 1 R
Dz 4 —2 ( z + 2mw1y> =3 E <<cos %px 5 5:5) + 2mw1y>
Ja 1 wpt 5+ w1 . 0 mwi wpt 0 . n 2w, 0 .
— | cos = | cos = sin — ——sin — | cos =& sin — 2
NG) 2 oPr T\ 9y, SMgP: 2 2 2 w9
1 .
+2mw1y> (20)
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. §Lh 1 . 1 1 . 1 pl 2 wpt,
Py — —2 (py + Qmw1x> — ﬁ (py + imwl (cos 7:1: + p— sin 2px>>
EEN L <13 + —muwy (cos wpl (cos Qa% + 2w sin Qé
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