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Abstract

This thesisdetails work performedon trapping and lasercooling calcium
ions in a Penning trap. Only two speciesof ion (beryllium and magnesium)
have previously beenlasercooled in a Penning trap. Singly chargedcalcium
ions have a signi�cantly di�eren t level structure to thesetwo ions, but are
similar to the heavier alkaline earth elements often usedfor frequencystan-
dards applications and quantum information processingin an rf trap. Laser
cooling of calciumin the Penningtrap requiresthe useof a novel laserscheme
involving two cooling lasers.

Long term motivation of the work is discussed,with referenceto quantum
information processing. A brief literature review is also presented with an
introduction to ion traps and their place within quantum information pro-
cessing.Resultsare presented from the computer simulation of lasercooling
in the four and two level atomic systems.This work usesthe rate equation
approach, iterating over discretetime stepsto model the lasercooling. The
novel aspectsof lasercooling calcium (a four level system)arediscussedwith
referenceto the useof two cooling lasers.

Experimental work on setting up a Paul trap to laser cool calcium is
discussed.New work on lasercooling calcium in a combined rf/P enningtrap
is presented. This is studied as a novel system in itself and as a stepping-
stoneto the full Penningtrap. Trapping andcooling in the Penningtrap itself
is demonstrated. Finally, work on stabilising a Ti:sapphire laser using the
Pound Drever Hall method is presented. Future work is discussed,including
the use of this laser for sidebandcooling and addressingthe narrow qubit
transition.
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Chapter 1

In tro duction

Ion trapping has a history of forty years. Fundamentally, there are two
typesof trap which are in commonuse. Theseare the Penning trap which
usesstatic magneticand electric �elds to trap ionsand the rf trap which uses
time varying electric �elds to trap ions. In both traps, ionscanbe trapped in
a very cleanenvironment with a pressureof lessthan 10� 9mbar; this allows
the ions to be relatively free of interactions with other matter. Cooling of
the ions can be achieved by applying laserswith frequenciescloseto those
of transitions within the ions. In this way it is possibleto localisea single
ion of an element in relative isolation. This hasbeenof interest for studying
fundamental physicsas well as producing frequencyand time standardsby
performing accuratespectroscopy.

Quantum information processinghasprovided a newway to look at com-
putation. Instead of coding information as classicalbits (i.e. either `on' or
`o� ' states), it is possibleto code information in terms of qubits. A qubit
may be in a superposition of an `o� ' and `on' state rather than purely in one
state or the other, allowing for quantum parallelism in computation. Ad-
ditionally, quantum systemshave the abilit y to entangle qubits, a resource
which is not available to classicalsystems. Certain tasks may therefore be
completedin a fundamentally quicker way using quantum information pro-
cessingthan classicalinformation processingwill allow. Thesetasks appear
to be rare but include important problemssuch as factorising large numbers
and searching disorderedlists.

Recently, there has beenincreasedinterest in using trapped ions as one
possiblesystemfor performing quantum information processing.This is be-
ing attempted by several groupsin rf traps, but there has so far beenmuch
lessinterest in attempting similar work in Penningtraps. Penningtraps have
been lessfavoured becausethe magnetic �eld causescomplications in both
the ion motion and the atomic level structure of ions. However, it is possi-
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ble that the Penningtrap will have an intrinsically lower level of decoherence
than rf traps, which could provevitally important for realisationsof quantum
computers.

1.1 Description of thesis

This thesis describes the work done over the �rst three years of a new
long-term project within the ion trapping group at Imperial College. Our
group is part of a pan-European consortium to investigate the practicality
of quantum information processing(QIP). The ultimate goal of the project,
is to measurethe coherenceof motional quantum states in a Penning trap.
This may turn out to be fundamentally di�eren t from that in an rf trap
and as such may provide an interesting new direction for ion trap quantum
computers.

The thesis is primarily designedto present the work done so far, but
carehasbeentaken to make this a usefuldocument for new students to our
group by introducing the subject matter and providing a blueprint for how
to operate the equipment in our lab. In light of this, the thesis starts with
two chapters describingthe background to this research. The �rst of these
shouldbe seenasa generaloverview of quantum information processingand
should help one to understandthe motivation behind studying this exciting
and relatively new discipline. The secondof these chapters considersion
trapping more explicitly. It explains the basicsof ion trapping in both the
Penning and rf traps and someof the ion dynamics associated with these
traps. Laser cooling schemesand implementations of quantum gates are
consideredexplicitly. Overall, thesechaptersshouldconstitute both a review
of the current literature in the �eld and a tutorial for anyone new to the
subject.

Following on from this is a chapter describing somecomputer simula-
tions which I have performed. Thesesimulations were carried out in Excel
using a rate equation approach and are concernedwith laser cooling a four
level systemusing two cooling lasers. They a�ord a view of a novel system
whereby two equivalent cooling lasersare usedand complement our experi-
mental studiesof Ca+ in a Penning trap.

The three subsequent chaptersdescribe the experimental research under-
taken to trap and laser cool Ca+ in a Penning trap. This work was done
jointly with K Koo, another PhD student in our group. The �rst of these
chaptersdescribesthe apparatusused. At the start of this project the optical
table was bare and all the apparatususedis either new to the group or has
beenmodi�ed in someway. The exceptionis the conventional electro-magnet
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usedto createthe magnetic �eld for the Penning trap.
The secondof thesechapters describes how to set up the apparatus to

trap and laser cool Ca+ ions in a Paul trap. This was a necessarystep on
the road to operating a Penning trap, allowing us to gain experiencewith
diode lasersand Ca+ ions in a lesscritical environment than the Penning
trap. Trapping single ions is described at the end of the chapter. The work
in the Paul trap in this chapter is not fundamentally di�eren t to that done
by several other groups.

The �nal of thesethree chaptersdescribesthe trapping and lasercooling
of Ca+ in the combined and Penningtraps. Only two speciesof ion (Be+ and
Mg+ ) had ever beentrapped and lasercooled in a Penning trap beforethis.
Thesetwo speciesof ionssharea level structure which allowsDoppler cooling
to be achieved using a single laser frequency. Ca+ , however, requires two
equivalent cooling lasersor optical pumping will occur into an unaddressed
state.

The �nal chapter of this thesisdescribesthe locking of a Ti:sapphire laser
to an ultra-stable cavit y using the Pound Drever Hall scheme. This laserwill
be usedfor sidebandcooling by addressingthe S1=2-D5=2 transition in Ca+

at 729nm. Locks to two separatesystemsare described, one implemented
during a stay at the National Physical Laboratory with S Webster,the other
at Imperial College.

Two articles have beenwritten and will be submitted soon. One paper
on the simulations described in Chapter 4 and oneon the experimental work
on trapping and lasercooling Ca+ in the Penning and combined traps.
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Chapter 2

An in tro duction to quan tum
information pro cessing

This chapter provides a broad overview of the �eld of quantum infor-
mation processing. It includes someof the history of the area as well as
discussingmotivation for the subject. It should be thought of as a brief
introduction to the subject matter for anyone who may be unfamiliar with
someof the background and in particular is written with students who are
just starting within our group at IC in mind. This chapter will dealprimarily
with the theoretical fundamentals, whilst the next will deal more concretely
with the background of ion trapping and its place in quantum information
processing. This chapter may be thought of as motivating the long term
study of quantum information processingand the reasonsfor wishing to re-
alisea quantum computer.

2.1 In tro duction

Currently, there is much interest in the subject of quantum information
processing,which hasgrown from almost nothing in the early ninetiesto the
point wherethere are many groupsin Europe and America who are working
on both the theory and realisations. Although the origins can be traced
back to Richard Feynman [1] [2] and even further to P Benio� [3] [4], who
consideredhow a Turing machine may be simulated in a quantum system,
J I Cirac and P Zoller [5] provided much of the current impetus. Their
seminalpaper linked ion trapping with a realisation of quantum computing
which is now almost universally seenas a starting paradigm from which
to build a quantum information processor. Signi�cant progresshas been
made in recent years,but the end goal of practical quantum computing to
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solve classically`hard' problems,would still appear to be many yearsaway.
However, the outlook appearsbrighter now than beforethe discovery [6] [7] of
error correctingcodesin 1996. Indeed,before1996many peoplethought that
building a useablerealisationwould beimpossible.Quantum algorithmshave
beenfound to utilise the power of a quantum computer (Shor's factorisation
algorithm and Grover's search algorithm). As such, two major theoretical
discoveries have changed the outlook for quantum computation: quantum
algorithms and error correction. They have respectively motivated the study
and provided hope that a useful systemcould oneday be built.

Experimentally, progresshasalsobeenmade,with D J Wineland's group
at NIST and R Blatt's group at Innsbruck leading the �eld in ion trapping.
C-NOT operations have beenimplemented which are discussedin the next
chapter. NMR studiesare able to perform very simple quantum algorithms
[25]. Unfortunately due to the collective nature of the quantum bit states it
is not seenasa realistic alternative for largescalecomputation sinceit is not
obviously scalable. There are many other approachesnow being considered
to implement quantum information processing. Theseinclude such diverse
ideasas superconducting junctions, trapping ions in fullerene structures on
chips, using cavit y QED and holding atoms in optical lattices.

2.2 Overview of information theory

Classicalinformation theory is concernedwith the nature of information
and how to describe the information content within a statement. Tradition-
ally it has been a branch of mathematics rather than physics and as such
operationsare carried out with little referenceto physical systems.The unit
of classicalinformation is the bit* 1. One bit* carries information equivalent
to the state of oneelement of a systemwhich canbeeither `on' or `o� '. These
`on' and `o� ' states are usually referred to as `0' and `1'. Now, the maxi-
mum information that N bistable elements could hold is N bits*. However,
as will be shown, this is only the caseif the states are completely uncorre-
lated. The string of N elements could hold much lessinformation if there is
correlation betweenthem. As an extremeexample,considerthe casewhere
either all N bits are 0 or all N bits are 1. Checking the state of the �rst bit
would then automatically tell you the state of all N elements so you would
gain no more information by looking at the other (N � 1) elements. The
system would contain one bit* of information. Since the addition of more
bistable elements doesnot necessarilymeana corresponding linear increase

1Throughout this chapter, `bit*' will be used in the strict senseto denote a unit of
information, whilst `bit' will be usedin a loosersense.
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in the amount of information stored, it would thereforemake senseto de�ne
a mutual information betweentwo bistable elements (bits).

First, considera reasonablede�nition of the information content of N
bits. Note that if the probability p� of a bit being 1 is unity then there is no
information gainedfrom readingthe bit. Converselyif 0 < p� < 1 then there
is information gainedby reading the bit. So the amount of information (I )
contained in the bit would be a function of p� .

i.e. I � = f (p� )
Similarly for an independent secondbit

I � = f (p� )

Now considerthe bits together. If their valuesare independent then p�� =
p� p� wherep�� is the probability of both � and � being in state 1. The total
information would be

I �� = I � + I �

So

f (p� :p� ) = f (p� ) + f (p� )

This implies that f must be someform of logarithmic function. Therefore
de�ne the information as

I = � log2(p)

Extrapolating to a systemwhich outputs words of N bits each (i.e. 2N = M
possibleoutputs), then the information gainedby reading a singleword is

I i = � log2(pi ) i = 1; 2; : : : :M

wherepi is now the probability of the N bit word i . We could alsocalculate
an averageinformation per word for this system

H (X ) =
MX

i =1

pi log2(1=pi )

which we will call the sourceentropy.
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2.2.1 Entrop y and classical information

It hasalreadybeenremarked that classicalinformation theory pays little
attention to physical realisations. However, there is one very closelink to
classicalphysics in the entropy. The entropy of a systemin statistical me-
chanics provides a measureof the disorder or uncertainty in a system [9].
The uncertainty is alsoa measureof the information (cf. I i = log2(1=pi ) the
higher the uncertainty, the lower pi so the higher I i ). Thus we have a link
with which to usethe idea of information to solve somephysical problems.
One such problem which wasunsolved beforethe application of information
theory was that of Maxwell's demon.

Maxw ell's demon

Maxwell's demonwasa `paradox' which seemedto contradict the laws of
thermodynamics. Consider a box partitioned into two compartments with
a door in the partition. Both compartments are initially �lled with gas.
Obviously there is a distribution of speedin the gasmolecules.Now, suppose
that every time a fast moleculeapproachesthe door from the left, Maxwell's
demon opens the door to let it through the partition. This would cool the
�rst compartment and heat the second. Sinceno work is done, this would
directly contravenethe secondlaw of thermodynamics. The resolution had
to wait over a hundred years,although Szilard [10] madeconsiderablesteps
toward the answer.

The reasonthe secondlaw isn't violated dependsfundamentally on our
earlier de�nitions of information. For Maxwell's demon to be able to open
the door at the correct moment, he must have someinformation about the
speedof the molecules.This would be stored in its memory, so each time a
moleculeis let through, the memory has to store more information and its
entropy increases. If the demon should eraseits memory, then this would
cost energyand sothe `paradox' is resolved. This approach wasproposedby
Bennett [11]. It relied on Landauer's [12] principle which essentially states
that there is an energycost to erasinginformation.

2.2.2 Classical computing

Now we have discusseda generalformulation for information it is sensible
to put computing on a similar footing. Computing involvesthe manipulation
of information. Again, the challengeis to de�ne the subject in a mathemat-
ical way so as to generalisethe notion of computability. Turing and Church
[13] [14] proposedthat any devicewhich could realistically be called a (clas-
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sical) computer could be simulated perfectly2 by a simple deviceperforming
operations on an in�nite data tape. This devicebecameknown as a Turing
machine.

A Turing machine can be visualisedas in Figure 2.1. Through the box

Figure 2.1: Diagram showing a possibledesignof a Turing machine, from [29]

runs a tapewhich is divided into a seriesof boxes. Each box is either blank or
contains an `X' which the machine can read. The machine can alsowrite an
`X' or erasean `X' from a box. The machine hasa �nite number of internal
states,which are represented by a rod which passesthrough the machine. At
any given time the machine is in oneof its internal states.

To operate the machine, it is fed a program and someinitial data (which
takesthe form of marks on the tape). The program is a list of four-character
codes (e.g. 2XR1, 1BX2) which tell the machine what to do in any given
situation. The �rst two of the four symbols refer to the present internal state
of the machine (a number) and the state of the current box on the tape (B-
blank, X- marked) respectively. The program then implies a mapping from
the given internal state (ie. the �rst two symbols) to the action to be taken.
The action to be taken is encoded in the third and fourth symbols: B is erase
mark in box; X is mark box; R is move tape onebox to the right; L is move

2This is achievedwithout exponential slow down asthe sizeof a problem to becomputed
is increased.
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tape onebox to the left and the numbersrepresent the new internal state of
the machine. The machine operatesas follows:

(i) read internal state and state of the current data box on the tape
(ii) look up the correct action for thesestates in the program
(iii) perform the required actions
(iv) go to (i)

The internal state 0 is reserved for `o� ' and is usedwhen the machine has
�nished a computation.

The conceptof the Turing machine allowed concentration to switch away
from particular systemsand onto more generalproperties of computational
problems. Two of the most fundamental issuesare whether a problem is
computationally `hard' and whether a problem is solvable.

Problemscanbedivided into classesdependingon whetherthey are`hard'
or not. This is a preciselyde�ned term in information theory. It depends
critically on the dependenceof the time taken to solve a problem with the
information content of the input. For instancea typical problem may be

`Given x, �nd its prime factors'
wherex is the input and contains information I = log2 x (i.e. the number of
bits neededto specify x). The time taken to solve the problem is a function
of the sizeof the input. If the time takencanbewritten asa polynomial with
�nite number of terms then the problem is not considered̀ hard'. However, if
the time taken dependson an exponential function of I , then it is considered
`hard'. `Hard' problemssu�er from a dramatic increasein the time typically
taken to solve the problem as I increases.

Take T(I ) to be the time typically required to completea problem. Con-
sider two cases

T1(I ) = I 2 + I 3 Polynomial dependence

T2(I ) = eI � 10� 21 Exponential dependence

So,for instance,if x hastwenty digits then x � 1020 and I � 20log2(10) � 60
SoT1(I ) � 2:2 � 105 and T2(I ) � 1:1 � 105

But for a forty digit x then x � 1040 so I � 40log2 10 � 120which gives
T1(I ) � 1:7 � 106 and T2(I ) � 1:3 � 1031

This dramatic di�erence betweenhard and easyproblemscompletelyal-
ters the feasibility of the solution. It is this which explainswhy the concept
of the Turing machine is a useful one. Any classicalcomputer can be sim-
ulated by a Turing machine in such a way that hard problemsare mapped

14



to hard problemsand easyproblemsare mapped to easyones. This is the
Church-Turing hypothesis[13] [14].

However `hard' a problem may be, knowing that there is a computable
algorithm to solve the problem can still be of bene�t. There is another class
of problems which are uncomputable. The question of whether a problem
is computable can be re-framed in terms of a Turing machine. The Turing
machine is given a program such that it will only halt in a �nite time if
it solves a given problem. If the Turing machine will ever halt, then the
problem is computable. Unfortunately in generalthere is no possibleway to
check if an algorithm will halt which is shorter than running the algorithm
and waiting. This has deep links to the foundations of mathematics and
G•odel's and Chaitin's theorems3.

2.2.3 Enco ding and error correction

As was discussedearlier, the number of bits* of information is not the
sameas the number of bits in the string. This naturally givesrise to consid-
erations of encoding information, redundancyand error correction.

If a messageis to be transmitted then the information must be encoded
(e.g. as a seriesof bits). There is a maximum amount of information that
can be encoded in a string of this length and the information content of
the messagewill be lessthan this. Sendingmore bits than there are bits*
allows there to be information encoded about the string of bits itself. This
redundancy facilitates error correction schemessuch as the Hamming code
(seetable).

The Hamming code is a commonway of encoding four-bit words. Each
of the sixteenfour-bit wordscorrespondsto a seven-bit Hamming code label.
The sixteenseven-bit labelsare constructedsuch that 
ipping any singlebit
will result in a seven-bit word which is not a Hamming label. The erroneous
bit can then be resetsinceonly by 
ipping the erroneousbit can a Hamming
label be reached.

The number of bit 
ips before one code word becomesanother is the
Hamming distance between the words. This system can be thought of as
points in a seven-dimensionalspace,wherethere are 27 points corresponding
to the vertices of a seven-dimensionalcube. However, only sixteen points
are allowed as codewords so traversing to any adjacent vertex goes to an
unallowed state.

3G•odel's (second incompleteness) theorem asserts that any formal system complex
enoughto include number theory can expressvalid theoremswhich it cannot prove. It is
encapsulatedasa result of Chaitin's theorem which placeslimits on the complexity of any
string which can be proved within a �nitely stateable system [29].
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Theseerror correction schemeswill take on greater signi�cance for the
quantum theory of information, since this is more directly concernedwith
the physical world than classicalinformation theory. Error correction may
prove vital in countering the unavoidable errors causedby the decoherence
of quantum states.

four bit word seven bit Hamming code
0000 0000000
0001 1010101
0010 0110011
0011 1100110
0100 0001111
0101 1011010
0110 0111100
0111 1101001
1000 1111111
1001 0101010
1010 1001100
1011 0011001
1100 1110000
1101 0100100
1110 1000011
1111 0010110

2.3 Quan tum information

Classicalinformation theory is concernedwith bits*, which are either in
a `1' or `0' state. Now, considerphysically representing a bit soasto be able
to perform computations. One might considerusing a high or low voltage
at an electrode; a bistable switch; or perhaps a smaller system would be
adequate,such as the ground and an excited state in an atom. This raises
another point. The atom neednot be completely in the ground state (j0i ) or
the excited state (j1i ) but could be in an arbitrary superposition j i of the
two states

j i = aj0i + bj1i

By consideringfundamental physical principles we have cometo new ideas
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which may broadenthe scope of information theory.
De�ne a newunit of quantum information, the qubit*. This is a quantum

analogto the bit* and is the amount of information that can be encoded in
onetwo statesystem(wherequantum mechanical lawshold). The orthogonal
states j0i and j1i are vectors in Hilbert spaceand so the state j i is also a
vector in Hilbert space.The j0i and j1i statesform a basis,soonequbit exists
in a two dimensionalHilbert space.It is natural to think of N independent
qubits with statesj i i ; i = 0; 1; : : : ; N � 1 asspanninga Hilbert spaceof 2N

dimensionssincethe state of the wholesystemcorrespondsto a superposition
of 2N orthogonalstates. The basisstatescan be labelledasa binary number
representing de�nite j0i and j1i statesfor each qubit (i.e. j10011i represents
j1i 
 j0i 
 j0i 
 j1i 
 j1i where
 is the tensor product).

Soa generalstate of a two qubit systemcould be written

j i = aj00i + bj01i + cj10i + dj11i

It follows that the generalstate for N qubits is

j i =
2N � 1X

i =0

� i ji i

This is fundamentally di�eren t from a classicalregister of N bits, which
can only be in oneof 2N statesat any given time. A quantum register of N
qubits can store 2N valuessimultaneously. Conceptually, it is plausible that
this could greatly changethe nature of computation.

A classicalalgorithm can be viewed asa many to onefunction. For some
input x, the output is f (x)

x � ! f (x)

Now for a quantum system,in a superposition

j i = � 0j0i + � 1j1i + : : : � N � 1jN � 1i

� 0j0i � 0f (j0i )

� 1j1i � ! � 1f (j1i )

� 2j2i � 2f (j2i )
...

...

So the properties of the function for any state ji i , f (ji i ) are present in the
output. However, sincemeasurement of the output would necessarilycollapse
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the state into only one of the output basisstates, it may take considerable
ingenuity to accessthis untapped information. This illustrates the parallel
nature of quantum computing.

Whilst this is a departurefrom the classicaldigital computing, it doesnot
tell the full story of quantum computing. A superposition may be created
classically(for instance,the polarisation of light) and quantum systemshave
another resourceimportant for the new ideas in computing. This resource
is entanglement betweensystems,whereby the wavefunction of the system
as a whole cannot be written as a product state betweenthe separatesub-
systems. Experimental progressin creating entangled states on demand is
important for quantum information processingand will be consideredin the
next chapter.

2.3.1 Quan tum computing

The Church-Turing hypothesisestablishedthe ideaof universality in clas-
sical computing. We madereferenceto the Turing machine asan exampleof
a universal computer. Another representation of a universal classicalcom-
puter is as a network of gates. Thesegates typically take one or two bits
of input and produceone bit of output. Typical gatesare AND, NOT, OR
(represented by functions a:b, a+ 1, a+ b� a:b(all mod 2) for inputs a and b
in binary notation). It is easyto show that any of thesegatescould itself be
madefrom a network containing only NAND gates(mod2[a:b+ 1]). Thus a
NAND gate can be considereda universalgate. This is much closerto how
a PC actually works. A universalquantum computer can be represented by
a similar network of quantum gates[15] [16].

Thesequantum gatesshould be represented by unitary operators since
unitary operatorsdescribe the time evolution of an isolatedquantum system.
Several simple gatesare

I = j0ih0j + j1ih1j identit y

X = j0ih1j + j1ih0j NOT

Z = j0ih0j � j1ih1j
phasechangeof any part of super-
position corresponding to state j1i

Y = j1ih0j � j0ih1j
NOT with phasechangefor any
part corresponding to state j1i

However these do not include important gates with more than one input
qubit. An exampleof a universal quantum gate (when combined with the
arbitrary rotation of a singlequbit) is the controlled-NOT gate(C-NOT)[17].
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This has two inputs and hasa truth table similar to that of a classicalXOR
gate. This can be written as

(j0ih0j) 
 (j0ih0j + j1ih1j) + (j1ih1j) 
 (j0ih1j + j1ih0j)

operating on the arbitrary state

aj0i 
 j0i + bj0i 
 j1i + cj1i 
 j0i + dj1i 
 j1i

(where the tensor product for two qubits is now written explicitly) which
gives

aj0i 
 j0i + bj0i 
 j1i + cj1i 
 j1i + dj1i 
 j0i

By inspection this has the truth table

j00i � ! j00i

j01i � ! j01i

j10i � ! j11i

j11i � ! j10i

The C-NOT gate 
ips the second(target) qubit if the �rst (control) qubit is
j1i otherwiseit acts like the identit y.

2.3.2 Quan tum algorithms

Given that a quantum processorcan behave in ways fundamentally dif-
ferent from a classicalone,we must now askwhetherwe canharnessthat dif-
ference.However, we must alsorealisethat a classicalcomputercansimulate
any quantum systemto arbitrary precision. This meansthat it is possible
for a classicalcomputer to calculate anything which a quantum computer
can and so the set of computable problems remains the same. This is not
to say that someproblems may not move complexity class. An example
would be the factorisation of large numbers, which appears to be in the
classNP for classicalcomputation but in classP for quantum computation4.
Such algorithms where quantum information processingis manifestly more
e�cien t than classicalinformation processingare rare, although signi�cant
e�orts havebeenexpendedtrying to �nd more. I will brie
y describe three of
the major applications of quantum information processingwhich have been
discoveredso far.

4For classNP, the time neededto verify the answer increasespolynomially with infor-
mation content of the input. For classP, the time neededto compute the answer increases
polynomially with information content of the input
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Simulation of quan tum systems [18] [19] [20]

Simulation of a quantum systemby a classicalcomputer is in generala hard
problem. It would require 2N complex numbers to specify the state vector
in a 2N dimensionalHilbert space.To manipulate such a state vector would
require using matrices of dimension2N � 2N , and so the time taken would
rise as 22N . A quantum computer could perform the samecalculation with
N qubits [17], but it would still take 22N operations to form an arbitrary
unitary transformation. However for certain problems involving only short
rangeinteractions the unitary transformationsare far from arbitrary and the
time required to evolve the systembecomespolynomial in N . Examplesof
such problems include the Ising and Heisenberg models for spin lattices as
well asthe hard sphereandVan der Waalsgases.This is similar to Feynman's
original conceptionof a quantum computer [1] [2] and could be considered
as the greatest advantage of a quantum computer over a classicalone. It
is possiblethat with as little as 20 qubits, it would be possibleto perform
simulations of quantum systemsthat would be intractable at present.

Gro ver's search algorithm [21]

This algorithm is for searching through an unorderedlist. Considera list of
N items � i where i = 1� � � N which includes one and only one item which
satis�es

A(� j ) = 1 for somej < N but A(� i ) = 0 for i 6= j

where performing A(� i ) is a computationally easytask. The problem is to
�nd j . Classicallythere is no moreoptimal solution than trying each member
� i individually. This must takeon averageN=2 evaluationsof A(� i ) sincethis
is an unorderedlist (ie. the time taken is O(N )). However, the Grover search
algorithm can �nd the answer in O(

p
N ) tries. This doesnot exponentially

increasethe e�ciency , but does speed up the processquadratically. The
importance of this method can be seenfor all problemsin complexity class
NP, where if nothing elsean exhaustive search of all the solutions could be
completed.

Shor's factorization algorithm

Shor's factorization algorithm [22] is the most well known application for
a quantum computer. It displays an exponential speed up from the best
classicalalgorithm (the number �eld sieve) for a problem believed to be in
classNP classically. If it becameroutine to factorize large numbers, this
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would have profound consequencesfor the widely usedRSA (Rivest, Shamir,
Ableman) public key encryption system. It would then be a simple matter
to decode the vast majorit y of `secret'transmissionsproducedtoday. Shor's
algorithm can solve the problem in time O[(ln n)3] whereasthe number �eld
sieve takestime exp[c(ln n)1=3(ln ln n)2=3].

This algorithm usesboth the parallelism inherent in a quantum superpo-
sition and entanglement of the qubits to producethe requiredresult. The full
extent of the di�erence between quantum and classicalinformation theory
can thus be seenin this algorithm.

2.3.3 Error correction

For quantum algorithms to attain signi�cant advantageover classicalones
would require very large problems using perhaps1010 gates. For this huge
number of gates,error correction is essential sinceeven a small probability
of error on each operation would causea considerablenumber of errors by
the end of the calculation. It is possibleto prove [23] that someerrors are
unavoidable due to decoherencein the systemi.e. if two or more qubits are
coupledtogether then they must alsobe coupledto their environment. The
evolution of the systemis then not unitary and the correlationsbetweenthe
qubits can be distributed through the environment and lost altogether.

Classicalschemesfor error correction include dissipation and ampli�ca-
tion of the states. Ampli�cation of an unknown state is not allowed in quan-
tum mechanicsdue to the no-cloningtheorem. This statesthat an unknown
quantum state cannot be cloned. To prove that cloning would lead to con-
tradiction, considertwo qubits, one in state jxi which we wish to copy onto
a secondin state j0i . Soacting with a cloning operator C

C(jxij 0i ) = jxij xi

Also for a cloning operator

C(jyij 0i ) = jyij yi

But considerthe state jzi = jxi + jyi , then

C(jzij 0i ) = C
�

(jxi + jyi )j0i
�

= jxij xi + jyij yi

6= jzij zi

so the operator fails. This shows that it is impossibleto create an exact
duplicate of an unknown quantum state.
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Now considerthe possibleerrors which may occur during a computation
[24]

I Bit 
ip errors causea bit to rotate from a j1i state to a j0i or vice
versa

j0i � ! j1i

j1i � ! j0i

I Phaseerrors changethe phaseof onecomponent of a superposition

j0i � ! j0i

j1i � ! �j 1i

I Small errors can occur in the coe�cien ts of a superposition

aj0i + bj1i � ! � j0i + � j1i wherea � � ; b � �

I Any measurement to �nd errors will irrevocably disturb the system.

Example of a quan tum error correcting code

Considerencoding each qubit as three qubits

j0i � ! j000i

j1i � ! j111i

So the superposition aj0i + bj1i becomesaj000i + bj111i . However if we
measurethe output of XOR (� ) on two of the qubits, then for state jxyzi
if there is one error then (x � y; y � z) will not only indicate the error, but
indicate which of the qubits has been 
ipp ed. This does not disturb the
superposition.

This schemewill alsodetect small errors. Considerthe error

j000i � !
p

1 � � 2 j000i + � j100i where� small

then a measurement will either project the systemback onto j000i or onto
j100i (with probability � 2). In the �rst instance the error is gone, in the
secondinstanceit canbe correctedusingthe bit 
ip schemaabove. A similar
redundancycan be usedto encode the phaseinformation using nine qubits
[22] [6].
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2.3.4 Realisations of a quan tum computer

A classicalcomputer has certain parts which would need to have some
form of analoguein a realisation of a quantum computer. Thesewould in-
clude:

I a memory to store data whilst it is being usedin the computation
I data transfer to take the information from memory to processor
I gatesto actually processthe information
I a way to initialise the registersto put them into a known state
I a readout to measurethe output of a calculation
The systemof realisation will alsohave to exhibit a degreeof robustness

and isolation from the environment outsidethe systemyet strong interactions
couplingthe qubits and precisionin manipulating quantum states. Otherwise
the computer will be plaguedby errors soas to be unusable. Theseare very
stringent requirements and could only ever be met in a few special systems.
Sofar, a few candidateshave beenconsidered,which include: quantum dots;
superconducting rings; NMR; cavit y QED; atoms in optical lattices; and
trapped ions. NMR will brie
y be consideredhere as the only system to
achieve any kind of computation so far. Ion trapping will be discussedin
the next chapter and is arguably the best candidate for the medium term,
having advantagesof scalability over NMR.

Nuclear magnetic resonance [25]

Here the states of the qubits are represented by the spin of nuclei in
a molecule. This is an ensemble method since individual nuclei are never
measured. The system is a macroscopicsample of moleculesin a liquid.
The energysplitting betweenthe j "i and j #i states of the nuclear spin is
small in comparisonto the thermal energyof the sample(T � 300K ) so the
states are equally populated. A magnetic �eld can be applied to order the
spinsand then subsequent magneticpulsescan rotate the spinspredictably.
Thesepulsesmust be preciselytimed sincethey areexciting Rabi oscillations
between the states. Special e�orts must be taken to ensurethat all of the
moleculesevolve identically, which limits the scalability of the realisation.
With increasingnumbers of qubits the signal drops o� as 2� N (where N is
the number of qubits), which limits the technique to around 10 qubits. The
signaldropso� in this mannersincethe sampleis initially distributed equally
over 2N levels and so the number in the required initial state drops as 2� N

as N is increased.
NMR is currently the most advanced realisation and has been used to

demonstrateentanglement and in `toy' problems. Notably, the generalised
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Grover's algorithm hasbeendemonstrated[27] and the number 15 hasbeen
factorisedusing seven qubits [30]. There are doubts as to whether it really
is genuine quantum computation since the manipulation and measurement
is done on a macroscopiclevel rather than on an individual clean quantum
system. The techniquesusedfor QIP in NMR are well establishedand have
beenin usefor many years. It is the application and development of these
techniqueswhich hasallowed the progressto be made.
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Chapter 3

In tro duction to ion trapping
and the ion trap quan tum
computer

This chapter servesas an introduction to realisationsof quantum infor-
mation processingin an ion trap. It is roughly split in to three sections.The
�rst discussestrapping in generaland the commonlyusedtraps. The second
discussesvarious typesof lasercooling, including schemesto cool ions to the
motional groundstate of the trap. The third section discussesthe present
state of quantum information processingin ion traps.

Having discussedthe motivation for research into quantum information
processingin the last chapter, the third sectionshows how ion traps can be
used in a realisation of a quantum computer with speci�c referenceto the
CNOT gate. This has already been implemented in a linear Paul trap. A
brief discussionon decoherenceand the problems it causesis given, along
with the considerationof Penning traps asquantum information processors.
Finally, a synopsisof the long term goalsof this project is presented.

3.1 Ion traps

An ion trap is a device for con�ning charged particles within a region
of space. To achieve this, someform of potential well must be created in
that region. This is achieved by applying electromagnetic�elds. Ion traps
are now used extensively in many areasof physics, having been developed
over the last forty years. One of the prime reasonsfor their popularity
is the clean environment which they a�ord. Electromagnetic �elds can be
generatedin ultra-high vacuum conditions which allow trapped particles to
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be freefrom interaction with other matter. This greatly facilitates the study
of the fundamentals of quantum mechanics. Another byproduct is that the
particles can be con�ned for long times (� hours), which is highly desirable
for precision measurements such as those required to implement frequency
standards.

3.1.1 The Penning trap

The Penning trap usesstatic electric and magnetic �elds to trap charged
particles. It grewout of the work of Penning [31] who wasstudying electrical
dischargesin magnetic �elds. He noted that the path length of the electrons
in the dischargewas very long. This was due to the cyclotron motion of the
electronsaround the magnetic �eld direction.

The potential neededto trap an ion in three dimensionscannot be made
solely from electrostatic (or magnetostatic) �elds. This is Earnshaw's theo-
rem and follows directly from Maxwell's equationsin free space(r :E = 0,
r :B = 0). Instead of a three dimensional potential well, an electrostatic
saddlepoint is usedwith an axis of cylindrical symmetry parallel to the z-
axis. The particle is then con�ned in the axial direction but not in the radial
direction. To createsuch a potential, conductingelectrodesshouldfollow the
lines of constant potential. A suitable equation for the electrode surfacesis
therefore

r 2

r 2
0

�
z2

z2
0

= � 1 (3.1)

wherer is the radial distancefrom the symmetry axis and z the displacement
along the axis. This corresponds to the geometry in Figure 3.1. This has
three distinct electrodeswhich are usually called the `ring electrode' and the
`endcapelectrodes',the endcapsbeingkept at potential + U0 comparedto the
ring electrode. r 0 is the smallest radius of the ring electrode and 2z0 is the
distancebetweenthe endcaps.To con�ne a particle in all three dimensions,
a magnetic �eld is addedin the axial direction. The presenceof a magnetic
�eld alone, would causethe charged particles to exhibit circular cyclotron
motion in the radial plane at frequency! = eB=m and free motion in the
z direction. The combination of the two �elds allows the particles to be
trapped. The full motion of the ions under application of both �elds is seen
to be epicyclic [32].

It can be shown [33] that the equationsof motion for the trapped ion
are
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Figure 3.1: Electrode structure of a standard trap, from [34]

•x = ! c _y + 1=2 ! 2
zx (3.2)

•y = � ! c _x + 1=2 ! 2
zy (3.3)

•z = � ! 2
zz (3.4)

where! c = eB=m is the (angular) cyclotron frequencyand ! z =
q

4eU0
m(2z2

0 + r 2
0 )

is the axial frequency. Obviously the motion in the axial direction is uncou-
pled from that in the x and y directions and represents a simple harmonic
oscillation betweenthe endcaps.

To �nd the motion in the radial planeit is easiest�rst to transform into a
frame rotating at ! c=2 [34]. This e�ectiv ely nulls the magnetic�eld, leaving
the x and y motions uncoupled.

•x0 =
� ! 2

z

2
�

! 2
c

4

�
x (3.5)

•y0 =
� ! 2

z

2
�

! 2
c

4

�
y (3.6)

The particle thereforemovesin a two dimensionalsimpleharmonicoscillator
potential in the rotating frame. Obviously the potential in the axial direction
is unchangedby the change of referenceframe so the overall e�ect of the
magnetic �eld is to create a potential minimum at the trap centre in this
frame.
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The frequencyof the solutions in the radial plane in the rotating frame
is

! 02 =
! 2

c

4
�

! 2
z

2
(3.7)

Thesesolutions imply a rotation in either a clockwise or an anti-clockwise
sensein the rotating frame and so transforming back to the lab frame gives
two frequencies

! 0
c =

! c

2
+ ! 0 (3.8)

! m =
! c

2
� ! 0 (3.9)

dependingon whether the senseof the rotating frameis in the sameor oppos-
ing senseas the solution. Thesetwo frequenciesare the modi�ed cyclotron
frequency(! 0

c) and the magnetronfrequency(! m )
The explicit solutions to the equationsof motion in the radial plane are

x = r c cos(� ! 0
ct � � c) + rm cos(� ! m t � � m ) (3.10)

y = r c sin(� ! 0
ct � � c) + rm sin(� ! m t � � m ) (3.11)

wherer c and rm are the magnitudesof the cyclotron and magnetronmotions
respectively and � c and � m are the phasesof the motions. The tra jectory
of a trapped particle will then be composedof two circular motions added
together. This producesthe epicyclic motion, an exampleof which is shown
in Figure 3.2. For our typical trap parametersof B = 1T U0 = 6V M = 40u

Figure 3.2: Epicyclic motion of an ion in a Penning trap, from [87]

r0 = 5mm this gives frequenciesof ! m=2� = 27kHz, ! z=2� = 140kHz and
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! 0
c=2� = 356kHz. Note that the magnetronfrequencyis very much lessthan

the modi�ed cyclotron frequencyand that if r c < rm then this givesthe case
in Figure 3.2.

Note that two frequencyrelations hold

! c = ! 0
c + ! m (3.12)

and ! 2
c = ! 02

c + ! 2
z + ! 2

m (3.13)

It hasbeenshown [35] that the latter holds even for a trap in which the
�elds may be misalignedwith respect to the ideal trap.

3.1.2 The Paul trap

Apart from the Penningtrap the other commoncon�guration for trapping
charged particles is the Paul trap. This utilises time varying electric �elds
to circumvent Earnshaw's theorem.

Take the quadrupole �eld with potential

� = � 0
x2 + y2 � 2z2

4z2
0

(3.14)

which utilises the sameelectrodestructure asFigure 3.1. Now apply the time
varying voltage � (U0 � V cos
 t)=2 to each endcapand +( U0 � V cos
 t)=2
to the ring. This causesthe potential to `
ap' at 
. Just as the particle
beginsto be acceleratedin the unstable direction, the potential changesso
as to be unstable in a di�eren t direction. The particle must then begin to
acceleratein this newdirection, only to be thwarted asthe potential changes
again. The overall e�ect is to keepthe particle con�ned so long as the trap
parametersare chosencarefully.

This leadsto the following equationsof motion:

d2x i

dt2
+

� e
mr 2

0

�
(U0 � V cos
 t)x i = 0 (3.15)

and
d2z
dt2

�
� 2e

mr 2
0

�
(U0 � V cos
 t)z = 0 (3.16)

wherex i are the x and y directions. It is usual to parameterisethesein terms
of a and q, where
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az = � 2ai = �
8eU0

mr 2
0
 2

(3.17)

qz = � 2qi = �
4eV

mr 2
0
 2

(3.18)

� =

 t
2

(3.19)

This givesthe Mathieu equations

d2x i

d� 2
+ (ai � 2qi cos2� )x i = 0 (3.20)

d2z
d� 2

+ (az � 2qz cos2� )z = 0 (3.21)

which have an analytical solution [36].
The solutions of the Mathieu equations show stabilit y only for certain

regionsof the (q; a) plane. The �rst stabilit y region is usedexclusively by

Figure 3.3: First stabilit y region of a Paul trap for az and qz , from [87]

groupsusingPaul traps (seeFigure 3.3), but other, smallerregionsof stabilit y
exist for higher valuesof a and q.

The motion of the ions in the trap can be described in terms of two
components: the secular motion and the micromotion. If the ion motion
is averagedover the time period of the potential and only the components
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varying slowly compared to the applied frequency 
 are taken, then the
particle appearsto move in a harmonicpotential. This is the pseudopotential
[37] which gives rise to the secularmotion. The micromotion is due to the
fast oscillation frequency
. The frequencyof the secularmotion for a = 0
is

! =
2
p

2eV
m
( r 2

0 + 2z2
0)

(3.22)

An ion sat at the centre of the trap will be free of micromotion.
It should be noted that the sametrap electrodescan be usedto createa

Penning or a Paul trap. This feature is usedin our work on Ca+ , in which
we trap ions in both Penningand Paul traps using the sameapparatus. Ap-
plication of a magnetic�eld to a Paul trap createsa combined Paul/P enning
trap. This hybrid trap is also usedby us to facilitate the move from a Paul
to a Penning trap.

3.1.3 The linear Paul trap

The linear Paul trap [41] is a variation in the geometryof the standard
Paul trap. It is constructed from four rods to which the time-varying po-
tential is applied acrossopposite pairs. Two endcapsare usedto con�ne the
ions axially using a static potential.

Figure 3.4: Electrode structure of a linear Paul trap, from [78]

The advantage of the linear Paul trap is that the rf component of the
electric �eld is zero along the axis. This allows any ion sat on this axis
to be free of micromotion (and thus rf heating1). This is in contrast to a

1/The radio frequency drive which is applied to the trap can transfer energy to the
trapped ions. This is known as rf heating.
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conventional Paul trap in which there is only oneposition of zero�eld and so
only one ion can be free of micromotion. For this reasonwork on quantum
computing hasbeencarried out primarily in linear traps [38] [39] [40].

3.2 Laser cooling

When the ions in a trap are createdfrom the ionisation of neutral atoms
they are typically very hot. A rough estimateof their temperature could be
given by kB T � E, whereE is their kinetic energy, and sincetrap depthsare
of the order of electronvolts this gives temperaturesof thousandsof kelvin.
For most usesof traps it is desirableto cool the ions, usually to reducethe
Doppler width (e.g. in spectroscopicapplications)or to characterizethe state
of ions (e.g. in quantum information applications). Someof the most widely
usedcooling methods are: resistive cooling; bu�er gascooling; sympathetic
cooling; and lasercooling.

Resistive cooling usesthe ion motion in the trap combined with the elec-
trode structure of the trap itself to form an LRC circuit which damps the
`current' which is the movement of the ions. This dissipation of energycools
the ions [50] [51]. Bu�er gas cooling is achieved by introducing a gas at
room temperature into the trap region and letting the trapped ions ther-
maliseby collisions. This is most e�ectiv e for light bu�er gases,whenenergy
transfer is greatest [52]. Laser cooling is a very e�ectiv e method of cool-
ing, but is only feasiblefor certain speciesdue to the requirements on the
electronic level structure of the ionic speciesand the availabilit y of suitable
lasers.Sympathetic cooling is achieved by lasercooling an auxiliary trapped
species,whilst alsotrapping the primary species.Collisionsbetweenthe two
causethe primary speciesto be cooled [53].

3.2.1 Laser cooling free particles to the Doppler limit

Free particles can be cooled by radiation pressure. Each photon carries
momentum ~k, so when a particle absorbsa photon it receivesa kick in the
direction of the photon velocity. If a beamof atoms and a beamof photons
resonant with an atomic transition werecounter-propagating then the atoms
would slow down asthe photonsareabsorbed. This decelerationof the atoms
can be consideredto be cooling. However, in a typical gassamplethe atoms
are moving in random directions. In general then, the photons could be
either co-propagatingor counter-propagating and the resonant light would
not cool the sample.

To cool the gas, the radiation must be absorbed only by those atoms
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moving in a direction opposite to that of the laserbeam. This is achieved by
detuning the frequencyto the red side of the transition. The Doppler shift
then causesthe counter-propagating atoms to absorbmore strongly. In this
way all three degreesof freedomcan be cooled by six lasers [54]. The same
can be donefor trapped particles [55].

Before 1988,the lowest temperature that a free particle was thought to
be able to reach by lasercooling wasthe Doppler limit. Considera two level
systemas shown in Figure 3.5. When the ion absorbsa photon, an electron

Figure 3.5: A two level atomic system

is promoted from level 1 to level 2. It can then absorbno morephotonsuntil
the electronis brought back to level 1. There are two processesby which this
could occur: spontaneousand stimulated emission.Stimulated emissionwill
always occur in the direction of the laserbeamand sothe combined e�ect of
the absorption and stimulated emissionwill be zero. However spontaneous
emissionwill occur in a random direction, giving the ion a kick in a random
direction, so the total e�ect of absorption and emissionwill be a momentum
changeof between2~k and 0.

Now considera systemwith natural linewidth 
 rads� 1, level separation
! rads� 1 and incident laser radiation at 
 rads� 1. De�ne a detuning � =
! � 
 and a transition dipole �E (where � is dipole moment and E is the
amplitude of the �eld), then the forceon the ion in the low intensity limit is
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Once the ion is cold and sincethe spontaneousemissionis in a random
direction, it executesa random walk in momentum spacewith a step length
~k. The volumeof momentum spaceinhabited by the ion is characterizedby
this step length and soits temperature is limited by a rate equationcompris-
ing the cooling from the laser beam and the heating from the spontaneous
decay. The Doppler cooling limit is

TD =
~

2kB

(3.24)

3.2.2 Sideband cooling

The above picture works well for trapped ions as well as free particles
[56]. However, there is another way to view laser cooling of trapped ions in
the resolved sidebandlimit. Like any quantum mechanically treated poten-
tial well, the trap will have discreteenergylevels. For a harmonic potential
these levels would be equally spacedby ~! t and they would be distinct if
! t � 
 . This is the resolved sideband limit and can be reached by tight
con�nement in the trap, which increasesthe motional frequency ! t . The
resulting energy level diagram for the electronic levels of the atom and vi-
brational levels of the trap looks like Figure 3.6. Each electronic level has a
ladder of vibrational states associated with it, where the vibrational states
are separatedby much lessthan the electronic states. A laser tuned to the
�rst red sideband(! � ! t ) would promote an electron from the ground elec-
tronic state to the excited electronic state and reducethe vibrational state
by onelevel. Spontaneousemissionthen causesthe electronto return to the
ground state having reducedthe averagevibrational energyin the system2.
This can be repeated in a form of optical pumping until all the population
is carried to the ground vibrational state. At this point, absorption on the
red sidebandwill ceaseand the atom has beencooled into the ground state
of the trap.

2The Franck-Condon principle will ensurethat the strongest transition in spontaneous
decay will not changethe vibrational quantum number. This is due to the overlap of the
wavefunctions.
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Figure 3.6: Diagram showing the trap and internal levels and radiation applied to the
blue sideband

This was �rst achieved for 198Hg+ in a Paul trap in 1989 [57] for one
degreeof freedom. A narrow, single-photonquadrupole transition S1=2 - D5=2

was usedas the carrier. This ultra-violet transition at 281.5nmwas driven
using a frequencydoubleddye laser. Initially the ion wasDoppler cooled on
the S1=2 - P1=2 dipole transition such that the mean number of vibrational
excitations present (hni ), washni � 12. After sidebandcooling wasapplied,
it wasmeasuredto be in the ground state 95%of the time (i.e. hni = 0:05).
In order to increasethe cooling e�ciency , the D5=2 state wasmixed with the
P3=2 state using a laser at 398nm. This decreasedthe decay time from the
excited state back to the ground state.

A similar single-photonmethod was usedto cool a 40Ca+ ion in a Paul
trap in 1999 [42] achieving occupation of the ground state with probability
99.9%. The schemeusedhereis similar to that usedin the Hg+ experiment.
The ion is initially Doppler cooledon a strongly allowedtransition (i.e. S1=2 �
P1=2) and then a forbidden (narrow) transition is usedfor sidebandcooling
(i.e. S1=2 � D5=2). The D5=2 level hasa lifetime of around 1s,which is so long
that it must be mixed with the P3=2 level with a laserat 854nmto provide a
route for spontaneousemissionback to the ground state for e�cien t cooling.
Doppler cooling takes the averagevibrational state to around n = 10 but
this dependson the sti�ness of the trap.
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3.2.3 Stim ulated Raman cooling

Sidebandcooling on a quadrupoletransition asaboverequiresvery narrow
band lasers so as to resolve the sidebands. Another technique is to use
stimulated Raman transitions on the sidebandsto cool the ions [44]. This
hasbeenusedto reach the ground state of a Paul trap [8].

This techniqueusestwo-photon transitions betweenmetastablehyper�ne
levels in the ground state of Be+ . This processis represented in Figure 3.7,
where the frequencydi�erence between the hyper�ne levels is equal to the
di�erence in frequencybetweenthe two beamsplus the frequencyassociated
with one motional quantum in the trap. Each transition therefore removes
onevibrational quantum from the ion and so the ion is cooled. To achieve a
narrow linewidth for the two photon transition, the lasersmust be detuned
(by �) from the frequencyof the S1=2 � P1=2 transition.

 
D 

R1 R2 

P1/2 

S1/2 

Figure 3.7: Diagram showing Raman cooling scheme

The two laser frequenciesrequired can be derived from the samelaser
using an acousto-optic modulator. It takes advantage of the form of line
broadening in dye lasers. Here the `instantaneous' linewidth is very low3,
but continually jumps randomly giving a largelinewidth (� MHz) over longer
times. Since the two beamsare derived from the samelaser, the random
jumps in frequency of the source laser are cancelledout in the combined
e�ect of the two beams. Also, sincethe processis non-resonant, changesin
� do not a�ect the absorption amplitude strongly.

Initial Doppler cooling on a strong dipole transition cooled the Be+ ion
to the Lamb-Dicke regime. The trap con�nement was strong enough(and
the transition quick enough)that ! � 
 and the Doppler precooling left the

3Linewidth is transform limited over a sampletime of the order of � 10� 3s which gives
a linewidth of the order of kilohertz.
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ion with an averagemotional excitation hni � 1. The Raman beamswere
then applied on the narrow Raman transition (to drive the red sideband),
which cooled the ion to the ground state about 92%of the time. It shouldbe
noted that, whilst the above work on Hg+ only cools in onedimension,this
experiment on Be+ wasperformedsuch asto cool all three degreesof motion.
This waspossibledue to the cooling lasersbeingat an angleto the trap axes
so has to have somecomponent of the laser beam parallel to each axis and
involved tuning the laser to the required frequenciesto hit red sidebandsfor
each of the motions along di�eren t axes.

Further work has improved the ground state cooling and two Be+ ions
have beencooled to the ground state [45] with probability 90%for the COM
mode and 99%for the stretch mode. The method for measuringthe ground
state occupation is to look for absorption on the red sideband. The asym-
metry between the absorption on the red and blue sidebandswill increase
as the ion approachesthe ground state. Sincethere are no levels below the
ground state, the laserwill decouplefrom the ion and absorption will cease.
Comparing the red and blue sidebandswill give an averageprobability that
the ion is in the ground state.

3.2.4 Cooling using electromagnetically induced trans-
parency

Another schemefor cooling to the groundstateof the trap wasproposedin
[46]. It builds upon the sidebandcooling method but hasseveral advantages.
A three level systemis usedwith two laserbeamsasshown in Figure 3.8. A
strong laser is usedto drive the transition jr i - jei . This laser has intensity
I r and detuning � r to the blue side of the transition. A weak laser is used
to probe the transition jgi - jei , with intensity I g and detuning � g (where
I g � 0:01I r and the detuning is to the blue). The intense laser produces
an AC Stark shift (� ! ) on the transition which de�nes the spectrum which
the weaker laser sees.As shown in Figure 3.8, if the weak laser is scanned
over the transition, there is a broad absorption at � g = 0, no absorption at
� g = � r and strong absorption at � g = � r + � ! . The condition � g = � r

corresponds to a dark resonance.By choosing the parameterscarefully, the
bright resonancecan be aligned with the �rst red sideband of the trap's
motional frequenciesand the dark resonancealigned with the carrier � n =
0 transition. There is then strong cooling of the ion, without unwanted
excitation of the carrier. This is highly desirablefor cooling, sinceit removes
someof the major problemsassociated with sidebandcooling.

Excitations on the carrier can be a major source of heating. This is
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Figure 3.8: (a) shows the how the lasersare applied to the states of the ion. (b) shows
the absorption in relation to the motional states of the trap. From [46].

particularly true if the laserpower is increasedandsoattempts to increasethe
cooling rate by increasinglaserpower couldbecounter-productive. Removing
the carrier absorption removes the major sourceof o�-resonant excitation
which causesthis heating. Similarly, the laserdoesnot needto be as highly
stabilised for the EIT schemeas for sidebandcooling. Again this is due to
the fact that a wider laserlinewidth will not causetransitions on the carrier.
EIT cooling has several other advantage besidesthis. This schemedoesnot
rely on strong con�nement of the ions, and so strong dipole transitions can
be used(i.e. they do not have to satisfy 
 � ! t ), which will increasespeed.
This schemewill alsowork for several modesof vibration at the sametime.

The EIT cooling scheme was �rst demonstrated in Innsbruck [47]. A
singleCa+ ion wascooled to the ground state of a Paul trap with reasonable
probability. A magnetic �eld of 0.44mT is applied to the ion. The Zeeman
split ground state and the P3=2(mJ = 3=2) excited state serve as the three
levels (jgi ; jr i ; jei ) described above. Choosing the polarisation of the lasers
allows the transitions to be selectively excited.

Initial Doppler precooling leavesthe ion moderately closeto the ground
state (mean excitation numbers � 10). EIT cooling in one dimensionthen
cools the ion to meanvibrational quantum numbers � 0:1 (ie. 90% ground
state probability). Three-dimensionalcooling was also demonstrated, but
with slightly lesssuccess(ranging from 58 to 74%ground state probability).
The apparatuswas not designedfor this experiment and so the cooling e�-
ciency could be improved by altering the anglebetweenthe laserbeamand
the B-�eld [47].
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3.2.5 Sympathetic cooling

Sympathetic cooling is a method of cooling an ion (or ions) without di-
rectly illuminating them with laser light. If there are several ions in the
trap, then cooling oneof them may sympathetically cool the others. This is
achieved via the coulomb interactions between the charged ions. Sideband
cooling oneof a pair of calcium ions in a linear rf trap hascooled them both
to closeto the ground vibrational state [48]. Cooling only oneof the modes
(i.e. for useasthe bus qubit) givesa probability of being in the ground state
of 95%,whilst the other modes(spectator) haveaveragevibrational quantum
numbersbetweenoneand two.

Proposalsfor future experiments have included sympathetic cooling as a
favourable technique for cooling the motional modesof ion strings [49]. If
di�eren t speciesof ionsareusedfor the qubits and the cooling, then the laser
light usedfor cooling will not interferewith entangledqubit statesneededfor
quantum information processing.The Coulomb interactions which mediate
sympathetic cooling are of su�cien tly long rangethat the delicateentangled
statesshould not be disturbed.

3.3 Ion traps in quan tum computing

Any classicalcomputer can be modelled as a network of logic gates(for
instancethe NAND gate) which will fundamentally act the same(in certain
ways de�ned by information science)as any other classicalcomputer. Simi-
larly, any quantum computer can be modelled in terms of a universalsystem
of gateswhich in somesensereproducesthe propertiesof any quantum com-
puter. An exampleset of operations would be CNOT, SWAP and universal
rotation, which apply to states in a Hilbert space.

Ion traps were �rst put forward aspromising candidatesfor a realisation
of a quantum computer in 1995 [5]. The ion trap hasseveral featureswhich
may facilitate such a realisation:(i) it is scalablein such a way asto allow, in
principle, any number of qubits to be usedin a calculation (ii) decoherence
is naturally lower than in someother systemssuggested(iii) the �nal mea-
surement on the systemto retrieve the answer can be made with arbitrary
e�ciency . Ion traps must deal with two con
icting requirements of quan-
tum information processing. To minimise decoherence,the qubits must be
decoupledfrom the environment and in an ion trap, they are cooled soas to
be well localisedin ultra-high vacuum conditions. The qubits must also be
able to interact strongly with oneanother to allow exchangesof information
between them, which is achieved by the Coulomb interaction between the
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ions. Decoherenceis seento be oneof the major hurdles to be overcomeif a
large scalequantum computer is ever built.

3.3.1 The Cirac-Zoller scheme

All of the proposalsfor quantum information processingin ion traps have
in someway built upon the CZ (Cirac and Zoller) schemeproposedin [5].
That scheme is described here �rst and then some of the new proposals
are considered. In the CZ scheme, each ion in the trap acts as one qubit.
Considerthe energylevel diagram for calcium (Figure 3.9). The ground S1=2
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Figure 3.9: Energy level diagram of calcium

level and the metastable(lifetime � 1s) D5=2 level form the j0i and j1i states
of the qubit. The S1=2� P1=2 transition is used to detect the state of the
ion and also for Doppler cooling. So far only rf traps have been used for
experiments in the �eld of ion trap quantum information processing. In a
linear rf trap, the ions are cooled to lie in a linear crystal (string) along the
axis of the trap, whereheating from the micromotion is minimal. However,
dueto imperfections(e.g. patch potentials) in the trap, compensationelectric
�elds may be neededto ensurethat the ion crystal lies along the axis of the
trap where the micromotion is theoretically zero. The ions should be kept
far enoughapart by Coulomb repulsion that they can be consideredto be
well localised. It is then possible to addressthe ions independently with
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a suitably focussedlaser beam. So far this has only been achieved for a
maximum string of two ions by onegroup [58].

When the ions are su�cien tly cool, the normal modes of vibration will
becomeapparent. As long as the frequenciesof the normal modesare well
separated,they can be excited separately. The centre of massmotion can
then be usedasa meansof transferring information betweenthe ions, acting
as a bus qubit.

The CNOT operation is somewhatsimilar to the classicalXOR and can
berepresented asja;bi � ! ja;a� bi where� is XOR (addition modulo 2) and
a;b � f 0; 1g. Only two groups [59] [60] have so far demonstratedthe CNOT
operation in an ion trap. This was done in an rf trap using only a single
ion. The two qubits were the internal (electronic) state and the vibrational
state. The method is still applicable to greater numbers of qubits using the
SWAP operation. Here any two internal states of the ion can be processed
by CNOT by swapping the internal state of oneof the ions (a) with the bus
qubit. The CNOT operation can then be usedas described below with the
bus as the target qubit and ion (b) as the control. Finally, the statesof the
bus and ion (a) can be swapped, completing the operation. The CZ scheme
requiresindividual addressingof the two ions, but this requirement may be
relaxedunder certain circumstances.

We can write the state due to the excitation of the trap normal modesas
jn1 n2 n3 : : : i and the internal state as ji i ; i = 0; 1. Sothe four statesof the
systemare

j0 0i � j0 0 0: : : i 
 j0i (3.25)

j0 1i � j1 0 0: : : i 
 j0i (3.26)

j1 0i � j0 0 0: : : i 
 j1i (3.27)

j1 1i � j1 0 0: : : i 
 j1i (3.28)

This schemerequiresan extra (auxiliary) level (seeFigure 3.10) to facilitate
someof the operations. It is assumedthat the systemis initialised such that
there are no vibrational quanta present in the trap.

To executethe CNOT operation between the vibrational state and the
internal state of the ion the following schemecould be used

(i) a � =2 pulseat the carrier transition (� n = 0) with frequency! 0. This
mixes the j0 0i and j0 1i with the j1 0i and j1 1i statesrespectively.

(ii) a 2� pulse at frequency! aux + ! t which is the blue sidebandof the
transition betweenthe excitedelectronicstate and the auxiliary level and will
simply changethe sign of the coe�cien t of j1 1i state (assumingall levels
not given in Figure 3.10are empty).
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Figure 3.10: Energy levels usedin executing the CNOT operation

j0 0i � ! j0 0i (3.29)

j0 1i � ! j0 1i (3.30)

j1 0i � ! j1 0i (3.31)

j1 1i � ! � j1 1i (3.32)

(iii) a � =2 pulse at frequency! 0 displacedin phaseby � from the �rst.
This will undostep(i) for any portion of the wavefunctionnot a�ected by step
(ii), but for the portion which has changedsign in step (ii), it will continue
the rotation started in step (i) and the electronicstate will be 
ipp ed.

Thus the overall operation is that the motional state jn1 n2 n3 : : : i =
j0 0 0: : : i will be left unchangedsincesteps(i) and (iii) will simply cancel
each other out. However if the state j1 1i is occupied then this component
will changesign in step (ii) and steps(i) and (iii) add constructively causing
the internal state to be 
ipp ed. This givesthe truth table

j0 0i � ! j0 0i (3.33)

j0 1i � ! j0 1i (3.34)

j1 0i � ! j1 1i (3.35)

j1 1i � ! j1 0i (3.36)

Detection of the �nal state of the ion after the operation may be achieved
by looking for 
uorescenceon a strongly allowed transition. For instancein
Ca+ this may be doneon the 397nm(S1=2� P1=2) transition (seeFigure 3.9).
If a laser is applied at 397nmthen if population is present in S1=2 (j0i ) then

uorescencewill be detectedat 397nmperpendicular to the laserbeamdue
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to spontaneousdecay asthe electroncyclesbetweenthe two levels. If it is in
the D5=2 (j1i ) state then there will be no 
uorescence.Although the CNOT
operation can be applied to superpositions of the states(and superpositions
synthesisedby fractional � =x pulses) the detection will obviously collapse
the state into oneof the basisstates.

This scheme has several constraints placed upon it. Notably, that the
ions must be cooled to the ground state of the trap with high probability;
the required presenceof an auxiliary electronic level; the need to address
the ions individually; and speed considerationsdue to the number of laser
pulsesrequired to operate the gate. The work described in the next sections
considershow someof theseconstraints may be relaxed.

3.3.2 The wave-packet CNOT gate

This proposal [61] was published by NIST in 1997. It eliminates the
need for an auxiliary level (which may be a problem in elements without
hyper�ne structure e.g. 40Ca+ ). It alsoonly requiresonelaserpulseto apply
the CNOT transformation between the motional state and the electronic
state. This may increasethe speedof the gate.

This schemerelieson the fact that the dependenceof the Rabi frequency
on the Lamb-Dicke parameter (� ) is di�eren t for di�eren t states. The Rabi
frequencies(
)for the di�eren t motional statesare given by [62]


 0;0 = 
 e� � 2=2 (3.37)


 1;1 = 
 e� � 2=2(1 � � 2) (3.38)

where the subscriptsrefer to the number of vibrational quanta in the lower
and upper levelswhich arebeingdriven. By carefulchoiceof � , it is therefore
possibleto arrangethat


 0;0=
 1;1 = (2k + 1)=4m (3.39)

wherek and m are integers. Applying laser light on the carrier which acted
as a 4� pulse on the state with vibrational quantum number n = 0 (Rabi
frequency
 0;0) would then automatically apply a � (or 3� ) pulseon the state
with vibrational quantum number n = 1 (Rabi frequency
 1;1). This would
obviously changethe electronicstate for any ion in the n = 1 state, but not
for thosein the n = 0 state. This is preciselythe operation of a CNOT gate.

This scheme has been demonstrated experimentally [63]. The Lamb-
Dicke parameter is changedby altering the strength of the trap. The n = 0
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and n = 2 vibrational levelsare usedasthe control qubit. The �delit y of the
operation is given as 95%.

3.3.3 Hot gates

Both Cirac and Zoller [64] and S�rensenand M�lmer [65] have proposed
schemesfor quantum logic gateswhich do not require that the ions are ini-
tially cooled to the ground state of the trap. The former schemerelies on
providing an impulse to an ion, the direction of which dependson its state.
If the ion is in a superposition, then a Schr•odinger cat-like state is formed.
With the wave packets spatially separated,the state of a secondion may be
conditionally changedto completea CNOT gate. This schememay be hard
to generaliseto large numbersof ions.

The S�rensenandM�lmer schemehasreceivedmoreinterest. This scheme
can be usedto perform quantum gatesby applying a seriesof pulsesto the
ions. Fundamentally, the scheme allows the coherent manipulation of the
electronic states of two ions irrespective of the motional state. It usestwo
lasersto excite two photon transitions for the two ions, which passthrough
intermediate vibrational stateswithout populating them (Figure 3.11). Dif-
ferent paths interfere constructively such that the Rabi frequenciesof the
transitions are independent of the vibrational quantum number. It requires
that the ions are deepinto the Lamb-Dicke regime.

Figure 3.11: Diagram showing the excitations neededto create entanglement between
two hot ions (from [65]). jggni is the state where both ions are in the ground state
and there are n vibrational quanta, jeeni is the state where both ions are in the excited
electronic state and there are n vibrational quanta.
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3.3.4 Other schemes

Several other schemesfor quantum information processingin ion traps
have beenproposed. A schemewhich may allow faster gatesby harnessing
the AC Stark shift was put forward in [66]. In the CZ scheme, increasing
the laserpower to increasethe speedof the operationsmay causethe gate to
fail due to the shift in the resonant transition and excitation of o�-resonant
transitions. This is circumvented by carefully choosing to usespeci�c laser
intensitieswherethe AC Stark shift allows the transfer of vibrational quanta
as the electronic transitions are excited. This was extended [67] to work
for ions not cooled to the ground state by using an interferencemethod over
several paths through the motional states similar to that of S�rensen and
M�lmer [65].

3.3.5 Entanglemen t and manipulation of trapp ed ions

Entanglement is an important resourcein quantum information process-
ing, as it is what, in large part, separatesquantum information processing
from what canbe achieved in the classicalworld. Producing entangled states
deterministically is necessaryfor quantum information processingto become
a reality. This was�rst demonstratedusing two Be+ ions in a rf trap in 1998
[69]. The ions wereentangled using preciselytimed laserpulses.

An additional schemeto produceentanglement wasproposedin 1999 [70].
This schemewassimilar to that proposedfor hot gatesand doesnot require
that the ion is in a well-de�ned motional state of the trap. It relies on the
interferencebetweendi�eren t paths through the vibrational levels,but does
not populate any of the intermediatestates. It leavesthe vibrational state as
it found it and is independent of the vibrational quantum number. A similar
schemewas usedto entangle four ions [71]. This schemewas not immune
to heating due to the small detunings used for the two-photon transitions,
but did produce the �rst demonstration of entanglement of four ions. The
�delit y of the entanglement is quoted as 0.57for four ions.

Coherent manipulation of the ions to give arbitrary rotations has also
beendemonstratedat Innsbruck [60]. The S1=2-D5=2 transition is driven in
a Ca+ ion to produce an arbitrary state. The coherenceof thesestates is
measuredby Rabi oscillations and is discussedbelow. Rather than use a
singleoperation to generatean arbitrary superposition (of trap and internal
states), it is possible to use a sequenceof simple operations [72]. This
has been used experimentally to produce various superpositions [73]. To
seehow it works, consider the processin reverse. Start with an arbitrary
(but known) superposition betweentwo electronicstatesand the lowest four
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motional states. It is necessarythat there is no extraneouspopulation in
higher motional states. The �rst step is to coherently drive the population
from j "ij n = 3i to j #ij n = 3i to empty the j "ij n = 3i state. This can
be done by applying a Rabi pulse for a speci�c duration since the state is
known. The secondstep is to coherently drive the j #ij n = 3i population
into the state j "ij n = 2i . This two step clearing processcan be repeated
for successive levels until the ground state is reached. Simply reversing the
order of the pulseswill createan arbitrary superposition from ions cooled to
the motional ground state.

Experiments have also been performed showing that an ion has been
coupled to the modesof a high �nesse cavit y [74]. The ion thus interacts
with a standing wave optical �eld. By placing the ion at an antinode (node)
the carrier (sideband)excitation can be suppressed.This suppressionof the
unwanted carrier excitation may allow greater laser intensities to be usedto
increasethe speedof the gates. Although this was proposedin the original
CZ scheme,experimental realisationshave sofar only useda travelling wave
schema. This work involved the cooling of a single trapped ion and then
positioning it with nanometerprecisionat either a node or antinode.

The overall architecture of a quantum computer has had comparatively
little attention so far due to the di�culties of even operating a single gate.
However, a recent proposal has been made for such an architecture [75].
Here ions are stored in miniature traps which act as a memory. As the
ions are required in the computation, they are moved to a separatelinear
trap interaction region. Quantum gates would then be performed in the
interaction region and then the ions split and moved back to the memory
region. The next set of ionswould then be moved into place. Whilst much of
this is still several yearsaway, both the movement of one ion betweentraps
and the splitting of two ions from a singletrap to two distinct traps hasbeen
demonstrated [76]. Moving a singleion causedno additional heating over an
ion left in a singletrap. For splitting two ions, the heating was considerable
(� 150quanta in 10 ms), but the processwas successful95%of the time.

3.4 Decoherence

Decoherencehas beenidenti�ed as the major hurdle to overcomein the
quest to build a working quantum computer [77] [78]. It is inherent in any
physical systemwhich can contain information in the form of quantum su-
perpositionsand is a problem sincein time it will distribute the information
throughout the whole environment. The operations of a quantum computer
are taken to be governedby unitary evolution. In fact, it is thought that the
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description of any isolated quantum systemis unitary. However in general,
any subsystemwill not undergounitary evolution. To achieve unitary evo-
lution of a subsystem,the matrix describingevolution of the universemust
be block diagonal i.e. there must be no interaction betweenthe subsystem
and anything outside the subsystem.In practice, this impossiblegoal moti-
vatesus to considerthe `cleanest'systemsavailable, although quantum error
correction should also be consideredto reduce the impact of any remain-
ing decoherence.Ion traps fare well under theseconsiderations [79]. Some
possiblesourcesof decoherencein ion traps are listed below. For further
discussionsee [88].

3.4.1 Possible sources of decoherence

Here,decoherenceis consideredto be any reasonwhy the reliabilit y of a
quantum computer realisedusing an ion trapping method could be compro-
mised. The conceptof decoherencewill be split roughly into two kinds: (i)
decoherenceof the quantum state of the register and (ii) errors introduced
due to applying imperfect evolution.

3.4.2 Decoherence of the register

The state of the ions in the trap is given by two di�eren t degreesof
freedom,the vibrational state in the trap and the internal (electronic) state
of the ion. Decoherenceof the internal state hasbeenstudied for many years
due to its importance in frequency standards experiments and in atomic
clocks. Spontaneousdecay can be ignored by suitable choiceof qubit levels
such as the ground state and a metastablestate (e.g. D5=2 in calcium which
hasa lifetime of � 1:2s [80]), which have long decay times.

Externally applied �elds may alsocontribute to decoherenceof the inter-
nal state. Any applied magnetic�eld will alter the energydi�erence between
the electronicstates(i.e. the Zeemane�ect) which could lead to errors if the
magnetic �eld strength is not known precisely. The internal levels are less
sensitive to electric �elds (i.e. the Stark e�ect) than to magnetic �elds.

The vibrational levels of the trap are likely to be a�ected by di�eren t
parameterssincethey will display much smaller separationin energy. Also
the trap potential is generatedarti�cially sowill be subject to any instabilit y
in the trap parameters.First amongthesearethe electricand magnetic�elds
applied to the trap. Obviously, unwanted shifts in the potential over time
could cross-populate the normal modes,causingexcitement of non-centre of
massmodes. This is not only a redistribution of energyamongthe statesof
the trap, but also takesthe systemout of the computational basisstates.
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Since the trap states are close together, they may couple radiatively
through the thermal electromagnetic�eld. Collisionswith background gasin
the vacuumsystemmay alsocausedecoherence,either redistributing energy
through the normal modes or transferring energy to or from the di�eren t
modes.

3.4.3 Errors induced in evolution

Theseerrors are causedby imperfectionsin the methods used to apply
logic operations. Oneexampleof a possiblecausewould be incorrectly timed
laser pulsesused to transfer population betweenstates. If the initial state
werenot preparedwith enoughpurit y then unwanted population may occur
in stateswhich are not part of the computational basis. This could destroy
the �delit y of subsequent operationssincethe unwanted population could be
transferredback into the computational basisstates. Sincethe implementa-
tion of the logic operations involvesRabi oscillations it is necessaryto know
the Rabi frequencyprecisely. This dependson such parametersasthe energy
separationbetweenthe levelsand the intensity of the lasers. If the intensity
of the laseror the separationbetweenthe levelschanges,then this will limit
the �delit y of the operation.

Sincesuperposition and entangled statesare extremely fragile, caremust
betakento stop spurious`measurements' of the state of the systemcollapsing
the desiredwavefunctions.

3.4.4 Exp erimen tal consideration of heating and deco-
herence

Both the group at Innsbruck [81] and the group at NIST have studied
decoherencein rf traps. The former measuredcoherencetimes by studying
Rabi oscillationson a state initially cooledto the groundstate of the trap. To
achieve a picture of Rabi 
opping, they would drive the systemon the blue
sideband. Each data point would consist of a large number of experiments
with the system driven for a set time t. After driving for time t the state
of the ion would be measuredby looking for 
uorescenceon the S1=2-P1=2

transition. This forcesthe superposition state to collapse. Repeating this
many times for the samevalueof t will yield a probability of the ion being in
the D5=2 state. Repeating this for many valuesof t givesthe Rabi oscillations
of the ion. It was found that the fringe contrast was above 0.5 for about 20
periods. Thus decoherencewas small over the period of a few oscillations
(a reasonableestimate for the length of a gate operation) that quantum
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gate operations could be contemplated. This group also measuredheating
of about one phonon in 190msfor ions cooled to the ground state and left
without laser interrogation.

A comprehensive study on heating rates in various traps has beendone
at NIST [82]. The results are inconclusive, but it appears that the main
sourcesof heating may have beenidenti�ed. Thermal (Johnson) noisefrom
the resistive elements in the trap electronicsis all but discounted. The two
major factors identi�ed are the trap size and 
uctuating patch potentials.
The lowest heating reported by this group is about 1 motional quantum in
150ms[83]. The heating scaledinversely with trap size, consistent with a
power law of d� 4, so large traps may have signi�cant advantages. Later
work [76] has shown that shielding of trap electrodes from ion deposition
and taking additional care over electrode surfaceimperfectionsmay reduce
heating.

3.4.5 Decoherence-free subspaces

By encoding the logical qubits in two ions, someof the worst aspects of
decoherencecanbeminimised. Encoding a logical j1i asj "#i and j0i asj #"i
is said to code the qubit in a decoherence-freesubspace.The combined state
of the two ions is then immune from certain typesof decoherence(collective
dephasing). This protects the information from being lost if ions encounter
external magnetic �elds and also removes the dependenceon the phaseof
the ions. Useof such subspaceswas demonstratedin [84].

3.5 Penning traps for quan tum computation

In comparisonto rf traps, Penning traps may seeman unusual choicefor
quantum information studies. Certainly, there has beenmuch lessinterest
in using thesetraps so far. However, there could be signi�cant advantages
to using Penning traps if some obstaclescan be overcome. Signi�cantly,
Penning traps may su�er much less from decoherencethan rf traps. Our
Penning traps have a sizeon the order of 1cm, in comparisonto rf traps on
the order of 200� m [82]. Sincethe heating rateshavebeenshown to scaleas
d� 4, whered is the characteristic sizeof the trap, our trap may show greatly
reducedheating. Another major sourceof heating identi�ed in the above
referenceis that due to 
uctuating patch potentials. Sincethe Penning trap
doesnot userf frequencies,the heating due to this may be lower also.

Unfortunately, Penning traps have several other di�culties to overcome.
Foremost of these is probably that the ions are not well localised in the
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standard con�guration. The ions rotate around the trap at the magnetron
frequency. Disc-likecrystalsof cold ionsmay be formed. To imageor address
the ions, it may thereforebe required to synchronise the driving lasersand
detectionsystemwith the magnetronmotion. This gating techniquehasbeen
demonstratedat NIST by applying a rotating electric �eld to an ion crystal
in a Penning trap [85]. The magnetronrotation is then phase-locked to the
�eld and imagingof the crystal wasdemonstrated.Axialisation [90] may also
overcomethis problem. Here an rf electric �eld is usedto drive an ion into
the centre of the trap by coupling the magnetronand laser-cooled cyclotron
motions. Sincethe ion is localisedat the centre of the trap, the magnetron
motion is suppressed.Lasercooling is alsocomplicatedin the Penning trap
by the large magnetic �eld. This induces large Zeemansplittings between
the �ne structure levels and additional lasersare generally required to cool
the ion e�cien tly and prevent optical pumping.

The long term goal of our experiments at Imperial College, is to study
the decoherenceof motional states in the Penning trap. This thesis details
the �rst half of that work, which is an ongoing project with funding for
a further three years. Since joining the group, I have commissionedlaser
systemsto Doppler cool Ca+ and trapped and lasercooled Ca+ in our trap
run in rf mode. This is easierthan cooling in a Penning trap due to the
requirements for fewer lasersand the availabilit y of absolutewavelengthtests
for the lasers(an unusual type of hollow cathode lamp hasbeenbuilt for this
purpose). The ionswerethen trapped in a combined Penning/rf trap and the
magnetic �eld gradually increased. This provided a method of �nding the
required laser frequenciesfor the � 1T magnetic �eld used for the Penning
trap. A narrow linewidth (� kHz) Ti:Sapphire laser has beencommissioned
to perform sideband cooling. To complete the experiments, ions will be
trapped using a superconducting magnet with a stable magnetic �eld, and
sidebandcooled to the ground state of the motion. Measurements of the
coherencetime will be measuredusing Rabi 
opping. This thesis describes
the work donefor the early part of the project. This runs up to and includes
the commissioningof the narrow linewidth Ti:Sapphire laser.
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Chapter 4

A mo del of laser cooling using
the rate equation approac h

This chapter describeswork doneto simulate lasercooling on a computer,
using Excel and Visual Basic. The rate equation approach is described and
the equationsderived for the laser cooling of a four level system. Also, the
applicability of this approach is consideredand the limitations of this model
are comparedwith a real ion in a real Penning trap. Although this method
wasdesignedto work for a genericfour level system,the model hasbeentied
to the parametersof Ca+ in a magnetic�eld of 1T. With realistic parameters
thus included, the model elucidatesthe processof laser cooling in our trap.
Further work shows how the model works for a two level systemand for a
method of controlling the equilibrium temperature of the ions.

The simulations wereof interest, sinceCa+ hasa di�eren t level structure
to any speciesof ion previously laser cooled in a Penning trap. This level
scheme requires the use of two equivalent cooling lasersto drive the S1=2-
P1=2 transition. The simulations allowed us to investigatethe role of optical
pumping betweenthe levels and how this a�ects the e�ciency of cooling.

4.1 The mo del

4.1.1 The ion

Considera systemconsistingof four atomic energylevels in two groups
(Figure 4.1). This is taken to be the S1=2 and P1=2 levels which are Zeeman
split by a magnetic �eld of 1T. For Ca+ , the splitting of the ground (S1=2)
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Figure 4.1: The four level system

state is 28GHz and of the excited (P1=2) state is 9GHz 1. The centre wave-
length of the transition is 396.959nm. The possibletransitions betweenall
the levelsare shown in Figure 4.2 relative to the zero�eld transition and are
labelled A, B, C, D for convenience. Sinceeach of the stable ground state
levels may be reached by spontaneousdecay from either of the P1=2 levels,
two lasersare required to form a closedloop cooling cycle. In thesesimula-
tions, the frequencyof the laserscan be set to any detuning away from the
position of the zero�eld transition (also the Zeemansplitting can be chosen
to be any value), but for the sake of modelling our experiment the detunings
are set closeto � 9GHz to drive transitions B and C strongly.

A1, B1, C1, D1 aree�ectiv e strengthsof the transitions A, B, C, D driven
by laser 1. Similarly A2, B2, C2, D2 are the interactions between these
transitions and laser 2. The lineshape function of each of thesetransitions
is taken to be a Voigt pro�le, which is a convolution of a Gaussianand
a Lorentzian lineshape. This is physically realistic since the real lineshape
function will be a result of the Doppler broadened(Gaussian) width and
the natural (Lorentzian) width. SinceExcel will not compute Voigt pro�les
directly, it was necessaryto write a macro in Visual Basic to calculate the
Voigt function.

The ion cloud is taken to be at thermal equilibrium at all times. This
is reasonablesincethe time for it to comeinto thermal equilibrium is much
smallerthan the characteristic time stepsof the simulations. The ion cloud is
assumedto have a de�nite temperature de�ned by a distribution of energies
over the di�eren t ions. The simulations may also be taken to represent

1The metastable 2D states (seeFigure 3.9) are not used in this simulation, assuming
that the repumping from theselevels is complete
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Figure 4.2: Positions of the four transitions relative to the zero �eld transition

53



the cooling of a single ion, which will also be assumedto have a de�nite
temperature. This is assumedto be represented by a distribution of energy
over time. The quantum e�ects associated with trapping a particle in a
potential well areignored. This is reasonablesincea minimum Doppler width
of 20MHzcorresponding to a temperatureof 50mK would imply a vibrational
quantum number in excessof 3000for a modi�ed cyclotron motion of 350kHz.
In our experiments, Doppler cooling will not result in the ion being in the
quantum regime.

4.1.2 The Voigt function

The Voigt function is de�ned as the convolution of a Gaussianand a
Lorentzian:

V(� ) =
Z 1

�1
G(� � x)L(x)dx (4.1)

whereG and L are normalisedGaussianand Lorentzian pro�les. In order to
calculate the convolution integral, a macro was written within Excel using
Visual Basic. It usesSimpson'srule to approximate the integral by dividing
the function into n strips betweenthe integration limits a and band summing
their contributions.

Z b

a
f (x)dx �

h
3

n
f 0 + f n + 4(f 1 + f 3 + : : : + f n� 1) + 2(f 2 + f 4 + : : : + f n� 2)

o

(4.2)

whereh = (b� a)=(n).
To obtain realistic valuesof V(� ), the number of strips must be chosen

to be large enoughthat the narrower of the Gaussianand Lorentzian is split
into several strips. The integration limits must also be chosento include
most of the area of the overlap between the Lorentzian and Gaussian. An
example of a Voigt pro�le derived from a Gaussianwidth 0.02GHz and a
Lorentzian width 0.02GHzis plotted in Figure 4.4. The integration limits
are � 0:4GHz with 200strips.

4.1.3 Deriv ation of A1, A2, B1, B2, C1, C2, D1, D2

We would like to know the transition rate for each of the possibletransi-
tions for each laser. This will depend on the laserdetuning, polarisation and
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power aswell asthe width of the Voigt pro�le (which changeswith tempera-
ture). It will alsodependon the population in each of the ground state levels
n1 and n2. We will separateout the population dependent terms by writing
the number of transitions per time step � t on transition A due to laser1 as

A1 �
n2

N
(4.3)

wheren2=N is the proportion of the population in level 2 at any given time.
To derive A1, considerjust two levels of a single ion which interact with

a laser �eld � (� ), where � is the energyper unit volume per unit frequency
interval (Figure 4.5). The centre frequencyof the transition is � 0.

 

na a 

g 

n0 

r (n) 

Figure 4.5: Two level system with incident light � (� )

Write the probability per unit frequencyof a transition � $ 
 as

n�

N
B 0

�
 (� )� (� ) (4.4)

which follows from the rate equation approach and usesthe Einstein B co-
e�cien t. But B 0

�
 (� ) follows the lineshape function, so integrating over all
frequenciesgivesthe transition rate per ion as

=
n�

N
B �


Z 1

�1
g(� 0; � )� (� )d� (4.5)

where g(� 0; � ) is the lineshape function, so the number of interactions per
ion in time � t is
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� n�

N
B �


Z 1

�1
g(� 0; � )� (� )d� � � t (4.6)

But in the rate equation method if we set all Einstein A factors to be
equal for simplicity2, then

B �
 =
A �
 c3

8� h� 3
0

(4.7)

whereA �
 is the Einstein A coe�cien t for the transition. Since,in practice,
the linewidths of our cooling lasersare an order of magnitude lower than the
natural linewidth of the Ca+ S1=2 � P1=2 transition, the laser intensity as a
function of frequencywill be taken to be a delta function.

� (� ) = � �
 � (� � � 0) (4.8)

Also the lineshape (as discussedearlier) is the Voigt function V(� ; � 0).
The number of transitions per ion in time � t can thereforebe written

n�

N
� tA �


c3

8� h� 3
0

V(� )� �
 (4.9)

wherec� �
 is the intensity of the laser in Wm � 2 and V(� ) is the magnitude
of the Voigt pro�le at laserdetuning � .

There is onefactor not yet included above. This is the polarisation of the
laser. In our four level system,a laserwith polarisation alongthe direction of
the magnetic �eld, which causesthe Zeemansplitting, will only excite tran-
sitions of � mJ = 0. Similarly, polarisation perpendicular to the magnetic
�eld will only excite transitions of � mJ = � 1. Using � as the anglebetween
the polarisation and the magnetic �eld, this introducesa factor of sin2 � for
� mJ = � 1 transitions and cos2 � for � mJ = 0 transitions. So comparing
with equation 4.3 we may write

A1 = AA
c3

8� h� 3
0

V(� ; � 0)� 1� t sin2 � (4.10)

and similarly for the other transitions B, C, D and laser2.

2Ignoring the Clebsch-Gordon coe�cien ts for the � and � transitions. Sincethe lasers
are set to interact strongly only with the � transitions, this alters the results very little.
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4.1.4 Deriv ation of populations n1=N and n2=N

This section describes the method used to derive formulae for the pro-
portion of the population in levels1 and 2 (n1=N and n2=N ). We will again
consider the four level system. It is assumedthroughout that the spon-
taneous decay out of levels 3 and 4 will be fast enough compared to the
stimulated transition rate as to completelyempty levels3 and 4. The model
will therefore only hold rigorously for the casewhere transitions are driven
below saturation. The magnitude of the Voigt pro�le of transition A at a
detuning corresponding to the frequencyof laser1 will be written V(laser 1,
line A).
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Figure 4.6: Transitions in and out of levels 1 and 2

The rate of population transfer out of level 2 is

X = n2A
c3

8� h� 3
V(laser1; l ineA)� 1 sin2 �

+ n2A
c3

8� h� 3
V(laser2; l ineA)� 2 sin2 �

+ n2A
c3

8� h� 3
V(laser1; l ineB )� 1 cos2 �

+ n2A
c3

8� h� 3
V(laser2; l ineB )� 2 cos2 �

= (n2A1 + n2A2 + n2B1 + n2B2)=� t (4.11)

and similarly for the population transfer out of level 1

Y = (n1C1 + n1C2 + n1D1 + n1D2)=� t (4.12)
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Also, the rate of population transfer into level 2 is 1
2(X + Y) sincethere is no

population held in levels3 and 4 and the branching ratio back to levels1 and
2 is 1=2. Similarly, the rate of population transfer into level 1 is 1

2(X + Y).
Now, consideringthe systemto be in equilibrium, i.e. the ratesof transfer

in and out of level 2 are equal,gives

X =
1
2

X +
1
2

Y (4.13)

i.e.

X = Y (4.14)

Now if the total population is N , this implies that n1 + n2 = N . Therefore

n2A1 + n2A2 + n2B1 + n2B2 =

(N � n2)C1 + (N � n2)C2 + (N � n2)D1 + (N � n2)D2(4.15)

i.e.

n2

N
=

C1 + C2 + D1 + D2

A1 + A2 + B1 + B2 + C1 + C2 + D1 + D2
(4.16)

and

n1

N
=

A1 + A2 + B1 + B2

A1 + A2 + B1 + B2 + C1 + C2 + D1 + D2
(4.17)

4.1.5 Cloud size and addressing the ions

So far, it has been assumedthat all the trapped ions are addressedby
the laserbeamat once. This is not the casein general,especially when the
ionsarehot and thus the cloud sizeis large. The ion cloud will be considered
to shrink as the temperature drops, but will not be allowed to shrink lower
than the size of the laser beam. This simple model has roughly the same
behaviour as the experimental reality, sincethe magnetronmotion is cooled
imperfectly, but ignoresspacechargee�ects.

First, considerthe sizeof the cloud in onedimension. For simplicity's sake
we will consider the dimension running through the endcapsof a Penning
trap. The ions are trapped in a simple harmonic potential in this dimension
(Figure 4.7), and sothe potential energycanbe written V = � x2 and the ion
temperature will determinethe potential V1 (which is an approximate upper
bound on the ions' energy). Writing 2x1 as the spatial extent of the cloud
gives

V1 = � x2
1 (4.18)
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Taking the edgesof the laserbeamto be at x = a and x = b, then the shaded
areaof the graph (Figure 4.7) corresponds to the number of ions addressed.

Shadedarea = (b� a)V1 �
Z b

a
Vdx

= (b� a)� x2
1 �

1
3

� (b3 � a3) (4.19)

The total areacorresponds to the total number of trapped ions

Total area = 2V1x1 �
Z x1

� x1

� x2dx

=
4
3

� x3
1 (4.20)

So the fraction of ions addressedis

(b� a)x2
1 � 1

3(b3 � a3)
4
3x3

1
(4.21)

The axial frequencyof a Penning trap is

f =

s
4eU

m(2z2
0 + r 2

0)
(4.22)

(seeSection3.1.1)which for our trap parametersgivesf = 175kHz. Finding
solutions for the simple harmonic equation gives

� =
(2� f )2m

2
(4.23)

wherem is the massof the Ca+ ion, therefore

� = 4:01� 10� 14kgs� 2 (4.24)

Now putting V1, the energyof the ions, as equal to kB T gives

x1 =

s
kB T

�
(4.25)

for any given temperatureT. However it would be usefulto write x1 in terms
of the Doppler width of the transitions. Sousing
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w = 2� 0

r
2kB T ln 2

mc2
(4.26)

wherew is the Doppler width (in hertz), gives

x1 =
wc
2� 0

r
m

� 2ln 2
(4.27)

However, we do not want the cloud size to fall below the size of the
laser beam. Putting a = � b, this can be roughly modelled by setting x2 =p

x2
1 + a2 where x2 is the spatial extent of the cloud and replacing x1 with

x2 in equation 4.21. So the fraction of time the ion spendsin the beam in
onedimension,�, is

� =
� 2ax2

2 + 1
3 � 2a3

4
3x3

2
(4.28)

Finally, this factor must be squaredsince the beam spot is two dimen-
sional(the third dimension,alongthe beam,producesa stripeof 
uorescence
sothis analysisis not relevant). The cloud is consideredto haveroughly equal
sizein the two dimensionsperpendicular to the laserbeam.

4.1.6 The change in Doppler width R

Throughout the simulation, the temperature of the ions changes. This
corresponds to a changein the Doppler width of each transition. The simu-
lation is divided up into discrete time stepsof length � t. At each time step
new valuesfor the Doppler width will be calculated,which will then change
the Voigt pro�les of the transitions. Hencethe interaction strengthsbetween
the transitions and the lasers,and the populations in each level, will change
for the next time step. It will be assumedthat after each time step � t, the
population is at equilibrium at a new temperature.

Consider the energychangeinvolved in one interaction between laser 1
and transition C. L 1 is the detuning of laser1 from the zero �eld transition
and � f is the shift of the transition due to the Zeemane�ect. The energy
imparted to the ion on absorbingand spontaneouslyemitting a laserphoton
oncefrom laser1 and line C is h(L 1 � � f ). Also, the number of interactions
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per ion from laser1 on line C in time � t is n1=N � C1 � � 2. So the average
energytransfer in time � t per ion from laser1 on line C is

n1

N
C1 � (L 1 � � f )h � � 2 (4.29)

Now using the formula for the Doppler width w to �nd the change in
width in time � t

w = 2� 0

r
2ln 2E

mc2
(4.30)

So

w2 = 4� 2
0

2ln 2E
mc2

(4.31)

and taking di�eren tials

2w� w =
8� 2

0 ln 2
mc2

� E (4.32)

Assumingthe changein Doppler width is small comparedto the total width
for each time step gives

� wC1 =
4ln 2� 2

0

mc2

1
w

n1

N
C1 � (L 1 � � f )h � � 2 (4.33)

where� wC1 is the changein width in Hz due to laser1 and transition C.
Summingthe contributions from all transitions and lasersgivesthe total

changein width, due to lasercooling, � w to be

� w =
4ln 2� 2

0

mc2

h
w

"
n1

N
C1 � (L 1 � � f ) +

n1

N
C2 � (L 2 � � f )

+
n1

N
D1 � (L 1 � 2� f ) +

n1

N
D2 � (L 2 � 2� f )

+
n2

N
A1 � (L 1 + 2� f ) +

n2

N
A2 � (L 2 + 2� f )

+
n2

N
B1 � (L 1 + � f ) +

n2

N
B2 � (L 2 + � f )

#

� � 2 (4.34)

The changein width usedin the program is denotedby R and has two
additional heating factorsH1 and H2. H1 is an arbitrary heating due to, say,
background gasin the trap and is usually set to zeroduring simulations. H 2

is due to `randomwalk' heating and will be further discussedbelow.
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R = � w + H1 + H2 (4.35)

The Doppler width is recalculatedat each time step t in the simulation
accordingto

wt =
wt � 1 + Rt + wmin + jwt � 1 + Rt � wmin j

2
(4.36)

and is thereforealways above someminimum positive width wmin . A mini-
mum Doppler width is usedsincethis approximates the situation of a real
ion in a Penning trap. In a real trap, the magnetron motion is not cooled
with the samee�ciency asthe modi�ed cyclotron and axial frequencies.The
magnetronmotion tends to cool down until the ion cloud radius is of similar
size to the cooling laser. This could lead to a residual temperature of the
ions basedon the magnetron motion. For a beam (and hencemagnetron)
radius of 25� m and a magnetron frequencyof 40kHz, this leads to an ion
speed of around 6.3ms� 1. Ions moving at this speed will su�er a Doppler
shift of about 20MHz on the 397nmtransition (� � = (2

p
ln 2)� 0v=c). It is

necessary, in order to correctly calculate the Voigt pro�les, that the strips
usedin the Simpson'srule approximation are small enoughthat several fall
within wmin .

Since it is the 
uorescencelevel that is monitored in real ion trap ex-
periments, it is desirable to include the 
uorescence in this model. The

uorescence(F ) is simply the number of photons scatteredper second,i.e.
the number of transitions per second.

F =
hn1

N
(C1 + C2 + D1 + D2) +

n2

N
(A1 + A2 + B1 + B2)

i
� � 2 � � t (4.37)

4.1.7 Random walk heating H2

During lasercooling, photons are absorbed from a laserbeamby an ion.
Sincethe laserbeamis red detuned,the photon doesnot have enoughenergy
aloneto promote an electronfrom the ground state to an excitedstate, soan
amount of the ion's kinetic energyis converted to promote the electron. The
ion is thereforecooled. Sometime later, the excited ion will spontaneously
emit a photon as the electron returns to the ground state. This photon will
travel in a random direction and, sincemomentum is conserved, will give the
ion a kick of magnitude~k in a randomdirection. Over N such randomkicks,
the ion will perform a randomwalk in momentum space.It is well established
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that the averagedistanceR which the ion will be from its starting point after
N stepsof averagelength ~k is

R = ~k
p

N (4.38)

where~k=2m is the recoil energy.
Consider an ion in momentum spacewith initial momentum mv i . It

undergoesa displacement (R) of magnitude R in a random direction and so
endswith �nal momentum mv f

mv f = mv i + R (4.39)

·  

mvf

mvi

R

Figure 4.8: Random walk heating

Aligning the axis i along the initial momentum mv i gives

mv i = mvi i (4.40)

and R = R sin� cos� i + R sin� sin� j + R cos� k (4.41)

where � and � are de�ned in the usual way for sphericalpolar coordinates.
Then

mv f = (mvi + R sin� cos� )i + R sin� sin� j + R cos� k (4.42)

Writing the changein energyas � E

� E = E f � E i (4.43)

= 1=2mv2
f � 1=2mv2

i (4.44)

=
1

2m

h
(mvi + R sin� cos� )2 + (R sin� sin� )2 + (R cos� )2

i

� 1=2mv2
i (4.45)

= vi R sin� cos� +
R2

2m
(4.46)
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The direction of R is random sothe averagevalueof � E must be found over
the surfaceof a unit sphere

< � E > =
1

4�

ZZ
� EdA (4.47)

wheredA = sin� d�d� in sphericalpolars. Therefore

< � E > =
R2

2m
(4.48)

SinceN is simply the number of photons scatteredin time � t then

N = F � t (4.49)

Converting energychangesto Doppler width changesasin equation 4.32
and putting in the 40Ca+ massand the wavelength of the scatteredphotons
as 397nmgives

� w = 5:49� 109 � t
w

F = H2 (4.50)

H2 was negligible compared to R in all these simulations. The Doppler
limited temperature for free ions was much lessthan the minimum allowed
for the trapped ions due to the residual temperature of the ions causedby
the magnetronmotion.

4.2 Results

There are a number of user-de�nableparametersin the model. I will give
the typical valuesusedfor the standard simulations described below. If the
parametersdi�er from thesevaluesfor a given simulation, then it is noted in
that section.

The Zeemansplitting between transitions is taken to be 9GHz. This
correspondsto a 1T magnetic �eld in the caseof Ca+ . This is the maximum
value which our magnet can deliver and is a reasonable�eld to use in a
Penning trap with a conventional magnet.

The natural (Lorentzian) linewidth is set to 20MHz which is the case
for the S1=2 � P1=2 transition in Ca+ . The minimum Gaussianwidth is also
set to 20MHz, which is consistent with the temperature deducedfrom the
magnetronmotion and the minimum cloud size. If this wereset lower, then
it would require the number of strips used in the Simpson'srule approxi-
mation to be correspondingly larger. This in turn placesextra demandson
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the processorrunning the simulation without providing any new physical
insights.

The laser intensity is set to 2500Wm� 2, which is comparableto the sat-
uration power of 2750Wm� 2.3 This roughly corresponds to a laserpower of
25� W focussedto a spot of width 50� m. Again, theseare reasonablevalues
for our apparatus (to within an order of magnitude).

The laserspot sizeis taken to have a radius of 25� m for the purposesof
calculating the cloud size. The axial frequencyis taken as175kHz,a typical
value for our trap. For an initial Doppler (Gaussian) width of 5GHz, this
gives an initial cloud size of about 1mm and a temperature of � 3000K
(0.26eV). Thesevaluesare not unreasonablefor trapped ions that have not
beencooled. Complications of laser cooling in the Penning trap due to the
ion dynamics are ignored and the laser beam is taken to passthrough the
centre of the trap.

The factorsH1, `
uorescencefactor' and `cooling factor' arearbitrary. H 1

represents a heating factor in Hz dueto non-laserfactorsand wasset to zero.
`
uorescencefactor' setsa scalingon the 
uorescencelevel and shouldbe set
to one. This factor can be usedto adjust for the solid angle and quantum
e�ciency on the photomultiplier tube if so desired. `Cooling factor' alters
the strength of the cooling and shouldbe set to unity for realistic operation,
but can be set higher in order to increasethe speedof cooling.

The polarisation angle is �xed to 5� . This allows the lasersto predomi-
nantly drive transitions B and C (� mJ = 0). The laser detuning is altered
from simulation to simulation but a reasonablesituation is to strongly drive
transitions B (laser 1) and C (laser 2) by detuning to the red side of each
transition by � 0:05GHz. In the program, laser detunings are set from the
position of the zero �eld transition.

The remaining parametersare a function of the model itself, rather than
the experimental apparatus. The time step is set so that the simulation
encompassesa time comparable to how long the ions take to cool. The
number of stepswasinitially set to around 100but wasincreasedasthe need
arose. The number of strips was set such that at least �v e strips would fall
within the narrowest of the lines (either the Gaussianof the Lorentzian).
The integration limits were set so as to include all major contributions to
the overlap integral usedfor the convolution.

If the limits of integration are set symmetrically about the Lorentzian
portion of the integral, at say � 50� HWHM of the Lorentzian, and the cen-

3The saturation power is taken to be the power at which the probabilit y of spontaneous
and stimulated decay is equal. The formula used to calculate the saturation power S is
S = 4� 2~c� =� 3 [97], where � is 22� 2� MHz.
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tre of the Gaussian(i.e. the laser detuning from the line centre) is within
the limits of integration, then the convolution integral should give realistic
values. If the computer speedwerehigher, then onecould integrate over the
Gaussian. Since the Gaussianmay be much broader than the Lorentzian,
this would require many more strips to be usedin the calculation. However,
since the Gaussianwings fall rapidly to zero above a few linewidths, this
would ultimately resolve all problemsin setting the integration limits.

4.2.1 Four-lev el cooling using two constan t lasers

As has been described above, although this simulation is 
exible and
completelygeneral,the parametershavebeentied to our experiment. If both
lasersaredetunedby 0:05GHzfrom their respective transitions, then the ions
do indeedcool. It is notable that, for theseinitially hot ions, the cooling rate
is initially very slow. This is becausethe lasersare very closeto resonance
where the Gaussianis 
at and low (since the Gaussianis normalised and
broad). If the laserswere moved further from resonance,then the initial
cooling rate would be higher. This is due to the greater energy di�erence
between the transition centre and the laser. A single scattering event will
therefore take more kinetic energy from the ion, but the number of events
will remain similar due to the 
atness of the distribution. As the ions cool,
the Gaussianwidth decreasesand so its magnitude increases.This increases
the cooling rate. When the Doppler width reachesthe minimum value, the
cooling stops. If the ion initially cools, then for both laserson resonanceor
red detuned, the ion will reach the minimum allowed temperature.

Figure 4.9 shows the evolution through time of the Gaussianwidth for
several di�eren t detuningsL1 of laser1 from line B. Laser2 is on resonance
with line C. The closer that laser 1 is set to resonance,the longer it takes
to reach the minimum temperature. Several such simulations were done for
di�eren t detunings of laser 2 (L2=0, -0.05, -0.1 GHz) and in each casethe
time taken to cool to the minimum width was found to be roughly related
to 1=(a � (L1) + b). Fitting this rectangular hyperbola to the cooling times
for di�eren t L1s gave a goodnessof �t parameter r > 0:999 in all cases.

As the ions are cooled, the interaction with the lasersgets larger and so
the 
uorescenceincreases.An exampleof how the 
uorescencechangesover
time is given in Figure 4.10. The 
uorescenceincreasesslowly at �rst. As the
cooling rate acceleratesand the Gaussianwidth falls to its minimum value,
the 
uorescencerapidly increasesto a plateau. The �nal 
uorescencelevel
is plotted in Figure 4.11 for di�eren t laser 1 detunings L1. The maximum

uorescenceincreasesrapidly asthe detuning reacheszero. Temperature can
be derived from the Doppler width and is plotted for L1=-0.1GHz, L2=0
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Figure 4.9: Gaussian width as a function of time for two constant lasers. L1 is the
detuning of laser 1 from the transition.
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Figure 4.10: Fluorescenceper ion as the ion cools
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Figure 4.11: Maximum 
uorescenceper ion for di�eren t laser 1 detunings with L2 on
resonance.Close to resonance,this closely matches a Gaussianof linewidth 20MHz, but
further from resonancethe pro�le drops o� lessrapidly due to optical pumping e�ects.
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(Figure 4.12). In thesesituations, the proportions of the population in levels

Figure 4.12: Temperature as a function of time

1 and 2 are close to 0.5 until the ions cool signi�cantly. If the Gaussian
is broad, then both lasers(being closeto line centre) will have almost equal
interactions. However asthe ionsarecooledand the Gaussianwidth becomes
comparableto the detunings, then there is di�erence betweenthe two lasers
and sothe population is optically pumped into the level being addressedthe
weakest (Figure 4.13).

4.2.2 Four-lev el cooling using one constan t and one
scanning laser

The programhasbeenwritten sothat laser1 canbescannedin frequency
throughout a simulation. The initial detuning is set at say -3GHz from line
centre. The scanrange can then be set to 3GHz for instanceand the scan
time set to 30s. To observe the whole scan, the time step will need to be
set such that there are enoughsteps in the simulation to last 30s. In our
experiments, it is common to keep one laser �xed in frequencywhilst the
other scansover about 3GHz in 1s. It is therefore useful to study these
simulations. In this section, two parameterswill be varied. Theseare the
scantime and the detuning of the constant laser.
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Figure 4.13: Proportion of population in levels 1 and 2
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Figure 4.14: Results for L1 scanning over 3GHz in 20s with L2 �xed at a detuning of
-0.1GHz. The top right frame is an expandedscaleversion of the top left frame.
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Figure 4.15: Ion 
uorescencefor various detunings of L2. L1 scannedover 3GHz in 20s.
The bottom left frame has the sameparametersas Figure 4.14.
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First considerdi�eren t detuningsof laser2, with a laser1 scanof 3GHz
over 20s. SeeFigure 4.14. This time is larger than in experiments but is
usedto show the behaviour of the system. Note that the cooling is an order
of magnitude quicker than in the non-scanningcasedue to the large initial
detuning. Initially , the Gaussianwidth is larger than the laser detuning.
The ions cool slowly, but at a rate that reducesthe Doppler width faster
than the laserscansinto resonance.The cooling rate will therefore increase
initially . The populations in levels 1 and 2 will convergetowards 0.5 as the
detuning of laser 1 from line B convergeson the detuning of laser 2 from
line C. As the ions cool further, the Doppler width becomescomparableto
the detuning of laser 1. The cooling rate then increasesrapidly since the
interaction with the lasersincreasesrapidly. This causesa sharp increasein
the 
uorescence(the `cooling spike') and the Doppler width rapidly becomes
smaller than the detuning of laser1. The cooling rate thereforeslows again
and the 
uorescencedecreases.Sincethe Doppler width is now narrow, the
non-scanninglaser 2, which is closerto resonance,will interact much more
strongly than laser 1. This drives the population almost exclusively into
level 1 and socooling is very slow again. The ions then continue to be cooled
slowly, but gradually increasetheir cooling rate on a new cooling curve until
reaching the minimum Gaussianwidth. When the ion reachesthe minimum
Gaussianwidth, this will coincidewith a sharp discontinuity in the rate of
changeof 
uorescencewith laserdetuning.

As the laser moves closer to resonance,it will reach a point where its
detuning is equal to that of laser 2. Here the population will rapidly swap
from primarily being in level 1 to being in level 2. In general,there will be
a large increasein the 
uorescenceas laser1 scansover the now narrow line
pro�le. SeeFigure 4.14.

Performing scanswith di�eren t (constant) detunings of laser 2 will al-
ter the shape of the 
uorescencecurve. This is illustrated in Figure 4.15.
For larger detunings, the cooling spike happensearlier in the scansincethe
initial cooling is more e�ectiv e. The cooling spike also becomesbroader for
increasedlaser 2 detuning and is more pronouncedcomparedto the maxi-
mum of 
uorescencewhen laser 1 has scannedin to line centre. Although
both the cooling spike and the 
uorescencepeak decreasein magnitude as
laser2's detuning is increasedfrom 0 to -1GHz, the cooling spike only drops
by a factor of four whilst the 
uorescencepeak drops by a factor of 3500.
The 
uorescencepeakalsogetsconsiderablybroader,with the HWHM being
comparableto the detuning of laser2.

Performingscansof di�ering speeds(samescanfrequencywidth and laser
2 detuning) alsoalters the shapeof the cooling curve. SeeFigure 4.16. Slower
scanswill tend to decreasethe amplitude of the cooling spike and also to
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broadenit. Providing that the cooling spike occurs,it will happenat roughly
constant times into the scan(about 13sin our case).The 
uorescencepeak
will also be a constant height and width providing that the ion does reach
its minimum temperature. If the scan is too quick, then the ion does not
reach its minimum temperature, there is no cooling spikeand the 
uorescence
curve is broad and low. In such a case,the scanis too quick for the Doppler
linewidth to catch up with the laserdetuning and producethe suddencooling
behaviour. In experiments, this situation would correspond to several scans
of the laserwith virtually no increasein 
uorescencewhilst the ion is cooled
bit by bit. When the ions �nally reach a cold enough temperature, the

uorescencewill suddenly increasedramatically and it will seemas if the
ions have suddenly appeared. This kind of behaviour is observed in our
experiments.

4.2.3 Tw o-lev el cooling with one laser

The model of a four-level ion can be reducedto a two level system. Here
only one laser is neededto complete a closedloop cooling cycle since the
ion must always decay to the sameground state. This is similar to the level
structure of Mg+ and Be+ which may be used with a single � transition
cooling laser, giving an e�ectiv e two-level system. Theseare the only other
ionspreviouslyusedin lasercooling experiments in Penningtraps. To reduce
the simulation to two levels,the population of level 1 is setto zero(n1=N = 0)
and that of level 2 �xed at one (n2=N = 1). The intensity of laser 2 is also
set to zero. To increasethe speedof the simulation, C1, C2, D1, D2 werealso
set to zero.

Scanningthe laser produced similar results to the four-level case. How-
ever, the cooling spike is broader and much less pronounced than in the
four-level case. This is due to the lack of optical pumping e�ects. Various
scanspeedswere tried and the results were in agreement with the four-level
case,but with more e�cien t cooling (since emptying level 1 of population
wasnot necessary).If the scanwastoo quick then cooling would not occur.

4.2.4 Tw o-lev el cooling with two lasers

A �nite (and controllable) �nal ion temperature may be achieved by em-
ploying two lasers. One laser should be positioned to the blue side of a
transition, the other to the red. We used the two-level system to perform
thesesimulations. It is notable that the four-level systemwill not permit the
useof similar techniquesdue to optical pumping.
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Figure 4.16: Ion 
uorescencefor various speedsof scanof L1 over 3GHz with L2 �xed
at a detuning of -0.1GHz. Note the di�eren t vertical scalefor the 10sscan. The top right
frame is for the sameparametersas Figure 4.14
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Figure 4.17: Ion 
uorescence in the two level system for a laser scan of 3GHz in 11s.
Scansof shorter duration would not display proper cooling. Note the relatively small size
of the cooling spike in the absenceof optical pumping.

79



The lasersmust be positioned correctly to `trap' the Doppler width at
some�nite level. To achieve this, the laser detuned to the red side of the
transition should be further from resonancethan the laser detuned to the
blue. Considera broad Doppler width. This will be roughly 
at closeto line
centre and so the two laserswill interact equally with the ion. However, the
red detuned laser will causemore kinetic energy to be lost per interaction
than the blue detuned laser will add per interaction and so the ion will
cool. When the Doppler width is narrow, the blue detuned laser (being
closer to line centre) will have a stronger interaction with the ion and the
ion temperature will thereforeincrease.Betweenthesetwo extremes,the ion
shouldreach an equilibrium wherethe heating is balancedby the cooling and
the Doppler width is held in place.

Analytical appro ximation to �nding the balance temp erature

The Voigt pro�le doesnot lend itself to an analytical analysisof the above
situation. However, if the transition is taken to have either a Gaussianor
Lorentzian lineshape, then it is possibleto obtain an analytical solution for
the width of the transition at equilibrium.

Considera Gaussianpro�le. At the equilibrium width, the cooling from
laser1 must balancethe heating from laser2. So

� 1G(L 1)L1 = � � 2G(L 2)L2 (4.51)

�
� 1L1

� 2L2
=

G(L 2)
G(L 1)

(4.52)

Substituting for the Gaussian,G(x) = exp(� ln 2� (2x=w)2) givesthe width,
w

w =

s
4ln 2 � (L 2

1 � L2
2)

ln(� � 1L1=� 2L2)
(4.53)

To achieve a balancedtemperature in this system, two conditions must be
met by the lasers. The �rst ensuresthat there is cooling for a su�cien tly
large linewidth and the secondensuresthat there is heating for a su�cien tly
small linewidth. For a large linewidth, the lineshape appears 
at at the
frequenciesof the two lasers.Soif j� 1L1j > j� 2L2j, then the ions will cool for
largeenoughwidths. For a narrow linewidth, it is necessarythat jL 1j > jL 2j.
The intensitiesof the laserscan be ignored in this casesincethe exponential
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fall o� of the Gaussianwill always override any di�erence in intensities for
widths that are narrow enough.

The equilibrium width (equation 4.53) is shown plotted against the de-
tuning of laser1 in Figure 4.18for di�eren t intensity ratios, I = � 1=� 2. There
are two separateregimesdependingon whether I is greaterthan or lessthan
unity. For I > 1, the value of L 1 is limited by the secondcondition (for
heating). For values of jL 1j < 0:1GHz, there cannot be su�cien t heating
to balancethe cooling e�ect of laser1 and there is thereforeno equilibrium
temperature. As L 1 approaches0:1GHz the width falls to zero. Note that
this is independent of the relative powersof the lasers,providing I > 1.

The secondregimeis for I < 1. Herethe valueof L 1 is limited by the �rst
condition and for jL 1j < jL 2� 2=� 1j there is not su�cien t cooling to stabilise
the width at any value. As this condition on L 1 is approached, the width
therefore tends towards in�nit y. The width also tends towards in�nit y for
largedetuningsof laser1 sincethe width would then have to be very wide to
provide signi�cant cooling to balancethe heating. Given thesetwo extremes
there must be a minimum width that is achieved somewherein between4.

A similar approach canbeusedassumingthat the lineshape is Lorentzian,
L(x) = 1=(1 + (2x=w)2) (Figure 4.19). This yields

w =

s
4� 2L1L2(L1 + � 1L2=� 2)

� 1L1 + � 2L2
(4.54)

Note that for I < 1 the behaviour is very similar to the Gaussiancaseand
the minimum value of L 1 is again limited by jL 1j > � 2L2=� 1.5 Inspection
of the formula for w will reveal that there is now a new condition for the
casewhere I > 1. This condition is jL 1j > L 2� 1=� 2. Hence,the detuning
wherethere is just su�cien t heating to balancethe cooling is dependent on
the ratio of the laser powers. This di�erence between the Lorentzian and
Gaussiancasesis due to the exponential fall-o� in the wingsof the Gaussian.

Simulation approac h to �nding the balance temp erature

This section describes the use of the computer simulation to study the
actual behaviour when the Voigt line pro�le is assumed.

To obtain realistic results for the �nal temperature, the time step size
� t must be set to a small enoughvalue. Above this value, bifurcations and

4It is not possibleto get a simple, analytical solution for the detuning of laser 1 at the
minimum width.

5The detuning of laser 1 at the minimum width can be solved for the Lorentzian case.
The minimum is at L 1 = L 2(� 1 �

p
1 � I 2)=I 2.
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Figure 4.18: Analytical solutions for the balance temperature assuming a Gaussian
lineshape. Laser 2 has �xed detuning of +0.1GHz in all plots.

Figure 4.19: Analytical solutions for the balance temperature assuming a Lorentzian
lineshape. Laser 2 has �xed detuning of +0.1GHz in all plots.
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period doublingswerefound to occur. Theseare obviously not physical, but
a manifestation of the discrete time intervals usedin the model. To ensure
realistic behaviour, thesewereinvestigatedusinga detuning of 0.3GHzto the
red for laser1 and0.1GHzto the blue for laser2. The laserintensitieswereset
such that laser 1 was 2500Wm� 2 and laser 2 was 5000Wm� 2. A time step
of below 0.02sdid indeed allow convergenceto a single �nite temperature
of around 30K. Increasing the time step to 0.025sproduced an oscillation
between two temperature levels 20K apart. Further increasesled to 4, 8,
then 16 levels and eventually to a near homogeneousband at � t = 0:032s.
At � t = 0:0345s however, order returned with 3 stablelevelswhich bifurcated
into 6 as � t was further increased. Care was taken to ensurethat the time
step was low enoughto ensuresensiblebehaviour in all that follows.

Care should also be taken with the laser intensities. If the cooling is
too quick as the ion is cooled down, then the Doppler width may hit its
minimum value and then bounceup to a hot temperature. The ion will then
cool rapidly again, perpetuating the cycle. Care must be again be taken to
ensurereasonablebehaviour. Changingthe laserdetuningsand powersalters
the �nal temperature as expected.

By scanningthe red detuned laser up to resonance,as one would in an
experiment, the equilibrium temperature can be plotted for di�eren t detun-
ings. Several such plots weremadefor di�eren t ratios of the laserintensities.
Laser 2 was detuned to the blue by 0.1GHz in all the plots. Consider the
plot in which both lasershad intensities of 2500Wm� 2. The time step was
set to 0.001sand 1000stepswereused. An initial width of 1.1GHzwasused
(which was closeto equilibrium at a laser 1 detuning of 1 GHz) and laser
1 was scannedover 1GHz in 1s (Figure 4.20). To show that the time step
was not a�ecting the results, another scanwas simulated using � t = 0:0005s
and 2000 steps (total time 1s). Also a scan over 1GHz in 2s (4000 steps)
was taken to show that the ions were in equilibrium. Thesegave identical
results up to the point where the magnitudes of the detunings of the two
laserswere equal. At a detuning of laser 1 by 0.1GHz, the ions are heated
inde�nitely and are no longer in equilibrium. The start of the scansshow
that the Doppler width comesinto equilibrium from its initial value.

The plots show moresimilarit y to the Gaussianthan the Lorentzian case.
Note that for I > 1, the minimum detuning of laser1 which allowsa balanced
temperature is nearly independent of I . This should be expected sincethe
width of the Gaussianmay dominate the width of the Lorentzian. Even at
the minimum Gaussianwidth, the two widths are equal.
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Figure 4.20: Gaussianwidth at balancefor various valuesof the ratio of laser intensities
I . L 2=0.1GHz in all cases.For I < 1, only valuesof jL 1j > L 2I have a �nite equilibrium
width. Points to the right hand side of the minimum may not be in equilibrium.
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4.3 Summary

In summary, I have presented a rate equation model for simulating the
laser cooling of a four-level ion using two lasers. This has incorporated the
Voigt pro�les of the ions as well as many parametersfrom our experiments.
This hase�ectiv ely produceda model of cooling Ca+ in a Penningtrap. Both
the caseof constant and scanninglasershasbeenconsidered.The systemhas
alsobeenusedto simulate two level lasercooling using a single laser,which
has been achieved experimentally by many groups in the past. Finally, a
way of producing �nite and controllable temperatureswasdescribed using a
two-level systemand two lasers.

Further work to improve the programmay includesaturation on the tran-
sitions for higher laser powers. It may also include inserting the D3=2 and
D5=2 levelsof Ca+ , although this will drastically increasethe computerpower
required. The dynamicsof the ions in a Penning trap may be modelled and
the associated changesto lasercooling incorporated. The inclusion of space
chargee�ects and patch potentials may alsoproducenew insights.
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Chapter 5

Apparatus

Oneof the major goalsof this project wasto trap and lasercool Ca+ ions
in a Penning trap. Only two speciesof ions (Mg+ and Be+ ) had previously
beenlaser cooled in Penning traps. Calcium, however, has a di�eren t elec-
tronic level structure (seeFigure 5.1) to both of theseions and so requires
a more complicatedsuite of lasersto e�ectiv ely laser cool it. Ca+ has been
lasercooled in an rf trap [91] [92].

The absenceof a strong magnetic �eld in the rf trap meansthat there
is no Zeemansplitting of the levels and so laser cooling is much simpler.
Wavelength referencesare also much more readily achievable for transitions
in Ca+ without the magnetic �eld. Indeed, spectroscopy on the ion itself
allowed the correct frequenciesto be found. This is much more di�cult
if the spectroscopicsourcewere to be kept in a magnetic �eld of 1T. For
thesereasons,we �rst trapped and cooled Ca+ in a rf trap. This acted as a
steppingstoneto test parts of the lasersystemwith the ions and to develop
proceduresto set the laser frequenciesto the required values.

For laser cooling in a Penning trap, two lasersaround 397nm must be
usedto stop the electronbecomingshelved in oneof the long-livedS1=2(mJ =
� 1=2) states. Several repumpinglasersat 866nmmust alsobe usedto empty
the metastableD3=2. In contrast, laser cooling in the rf trap only requires
two lasers:oneat 397nmto cool the ion and a repumper at 866nm.

To �nd the correct wavelengthsto cool in a Paul trap, the blue (397nm)
laser was initially set to within 2GHz of the Ca+ S1=2-P1=2 transition using
a wavemeter. It could then be set to within � 100MHz using absorption
spectroscopy in a hollow cathode lamp. After setting the laser using the
wavemeter, the frequencyof the laserwas closeenoughto the desiredvalue
to seesignal from the Doppler broadenedtransition in the hollow cathode
lamp. The 397nmlaserwas then scannedover a 3.6GHzrangefrom the red
side of the transition into resonanceusing a piezoelectric transducer on the
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Figure 5.1: The level structure of Ca+ in a magnetic �eld
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extendedcavit y mirror. The 866nm laser was set to within 400MHz using
the wavemeter.

5.1 The wavemeter

The wavemeteris a Burleigh model WA 20, which is rated to read wave-
lengths down to 400nm. It e�ectiv ely works as a scanningMichelsoninter-
ferometer with one moving mount carrying a corner cube re
ector on each
side. This causesthe path lengths in each arm to vary in tandem (Figure
5.2). Changingthe path lengthscausesa seriesof fringesto be formedon the
photodetector asthe mount is moved back and forth. The electronicswithin
the wavemeterthen counts the number of fringesthat passover the photode-
tector as the arm lengths are changed. This is comparedto the number of
fringeswhich passfor an internal reference(HeNe) laser,which alsofollows a
path round the Michelson. From thesemeasurements the wavelength of the
input light can be derived.

Figure 5.2: Wavemeter schematic, from the manual.

Unfortunately, the speci�cation of the wavemeter down to 400nm was
optimistic for light of around 3mW power. It is thought that this waspartly
dueto the poor re
ectivit y of the mirrors at theselow wavelengths.However,
the fringe counting electronics did include a circuit to amplify the fringe
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signal. The input to the counting electronics(after ampli�cation) can be
viewed on an oscilloscope through a port on the rear of the wavemeter. If
the wavemeteris to read properly, then this signal must be greater than 1V
peak-to-peak. The ampli�cation circuit is an op-amp in a negative feedback
con�guration (Figure 5.3), where

�
�
�
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�
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(5.1)

R2, R1 are resistors
! is the frequencyof the fringes
C2 is a capacitor
and the time constant is ! 0 = 1=C2R2.
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Figure 5.3: Ampli�cation circuit to amplify the fringe signal.

The gain can thereforebe increasedby increasingR2 and decreasingC2.
Initial valueswereR2 = 75k
, C2 = 5pF. A large gain could be achieved by
using a large value for R2 and zero for capacitance. This put the op-amp
into a feedback loop due to its slow responsetime giving oscillations. The
op-amp was therefore replacedby a faster model (LM 6364 instead of LM
318) and with R2 = 680k
 and C2 = 0F. This increasedthe gain of the
photodiode ampli�er and allowed the wavelengthof the 397nmlaser light to
be measured.The photodetector was also changed,but this did not lead to
any signi�cant improvements and sothe original photodetectorwasreplaced.

The wavemeter readswavelength in nm to 3dp, but there is an o�set to
the true value which changeswith wavelength. This was measuredat sev-
eral wavelengthsusing laserbeamswith known wavelengths(for instance,a
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780nmdiode locked to one of the rubidium lines using Doppler free satura-
tion spectroscopy). It wasfound that the o�-set could be aslargeas0.006nm
at long wavelengths.The reasonfor this o�set is not known.

Monitoring the fringes output by the photodetector on an oscilloscope
was found to yield useful information about the mode quality of the laser
beamas well as how well the laserbeamis aligned into the wavemeter. For
better calibration of the wavemeterat preciselythe frequencieswe wishedto
use,a home-madehollow cathode lamp was used.

5.2 The hollo w catho de lamp

Using a hollow cathode lamp to do spectroscopy on Ca+ ions gives an
absolute referencefor the laserswith the exact sameelectronic transitions
that are used in the rf trap. The hollow cathode lamp provides a plasma
of Ca+ ions in addition to Ca, Ca2+ etc. Absorption of the laser light will
then show when the laser is on resonancewith an electronic transition. The
hollow cathode lamp itself is basicallya vacuumtube evacuatedto a pressure
of 10� 2mbar of air and then �lled with neonor argon gasto � 1mbar. The
exact operating pressurewas too high to be read accurately on the Pirani
gaugeattached to the apparatus. A high voltage was applied to the gas
leading to a discharge. The negative glow region of the discharge resides
within the hollow cathode itself and, in the caseof argon,glows blue (bright
orange with neon). The purpose of the noble gas is two-fold: to sputter
calcium from the walls of the hollow cathode; and to ionise the sputtered
calcium. It is generally believed by spectroscopists[93] that argon may be
better for sputtering and neon for ionising. It is also usual to usemixtures
of these gasesto achieve the optimal performance. If two gasesare used
concurrently, then the pressureof each gasmay drastically a�ect the sizeof
the signal and may needto be carefully controlled. However, for our usesit
wasfound that the signalwasquite insensitive to the pressureof the gasand
that either of the gasesalonewould provide adequatesignal.

The hollow cathode itself is a 30mmlong nickel tube of internal diameter
9mm. It is held at a large negative potential with respect to the casingof
the hollow cathode lamp, which is grounded. The tube is held onto the high
voltage feed through pin by a collar of tantalum foil which is clamped into
the bottom of the pin (Figure 5.4).

The calcium itself is cut into small piecesusing a razor blade and a
hammer. These are placed into the hollow cathode tube and the lamp is
then �red for a coupleof hours. The lamp runs with a voltage of 3.5kV and
a current of between85 and 100mA.This causedthe calcium to be sputtered
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Figure 5.4: Hollow cathode and collar held onto the high voltage pin.

round the inside of the hollow cathode, where it forms a thin layer. Once
the hollow cathode is coated, the lumps of calcium can then be removed.
The hollow cathode lamp can then be run for a number of months beforethe
calcium needsto be replenished.

The power supply usedfor driving the hollow cathode lamp wasdesigned
for usewith an ion pump (VPS 60Ion Pump Supply). The maximum current
that can be drawn is 100mA. Sincewe were operating near this limit, using
the supply internal resistanceas ballast resistor, the current driver could
not provide a constant current, but had a modulation at 100Hz. This was
clearly visible on a photodiode output monitoring the intensity of light from
the hollow cathode lamp with the oscilloscope set to trigger from the 50Hz
mains line.

When a laser beam is sent through the hollow cathode and onto the
photodiode, the laser light is much more intensethan that from the hollow
cathode lamp alone. By removing the DC o�set part of the photodiode
signaldueto the laser,the characteristic100Hzpattern of the hollow cathode
can readily be seen(Figure 5.5). When the light intensity from the hollow
cathode is largest, the hollow cathode is `�ring' and calcium ions are being
produced. When light resonant with the S1=2 - P1=2 transition at 397nm is
passedthrough the hollow cathode, someof it is absorbed by the Ca+ ions.
As the laser is brought into resonance,the peaksof the photodiode signal
(wherethe lamp is producing Ca+ ) becometroughs. This is due to the more
intenselaser light dominating the signal. When the lamp is �ring, someof
the resonant laser light is absorbed by the Ca+ ions, but when the lamp
is in the o� phaseof its cycle, the laser light passesstraight through the
hollow cathode (Figure 5.6). Figure 5.5 and Figure 5.6 have very di�eren t
vertical scales.The small structure in the troughs of Figure 5.6 corresponds

91



Figure 5.5: Light emitted from the hollow cathode lamp with no laser beam present.
The frequencyof the modulation is 100Hzand the peak-to-peak voltage is 50mV.

to the peaksin Figure 5.5. When comparedto commercialhollow cathode
lamps, this homemadelamp is found to give a much bigger signal. The
advantage of building this lamp from sturdy metal vacuum components is
that a large current can be usedto form the discharge. Commercial lamps
useabout 1mA (100 times lesscurrent) and are hermetically sealed,so that
the calcium sourcecannot be replenishedat will. Building this spectroscopic
source, was not only novel, but also represented a signi�cant advance on
commerciallyavailable equipment.

Figure 5.6: AC part of the light signal from the hollow cathode with the laser beam
present. The troughs correspond to the hollow cathode lamp �ring and henceproducing
Ca+ ions which absorbsomeof the laser light. The peak-to-peak voltage is approximately
200mV.

By �nding the maximum peak-to-peak signal, the blue laser can be set
to within approximately 100MHzof the resonant frequencyof the transition.
A plot of the Doppler broadenedline pro�le of the Ca+ S1=2 - P1=2 transition
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was obtained by plotting the peak-to-peak voltage of the signal as the laser
frequencywas varied (Figure 5.7).
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Figure 5.7: Doppler broadened S1=2 - P1=2 transition as measuredusing the hollow
cathode lamp.

The hollow cathode lamp absorption could also be used for setting the
infrared 866nmlaserin a similar way. However, this repumper laseroperates
betweentwo excited states (albeit that the lower one is metastable), so the
corresponding absorption is much smallerand is thereforedi�cult to observe
on a day-to-day basis. This signal was observed and used to calibrate the
wavemeterat 866nm. The wavemetercould then be usedto set this laser to
within 400MHz of the required value. This wavelength is lesscritical than
that of the blue laserand sothis accuracyis good enoughto further optimise
the lasersusing the 
uorescencesignal from a cloud of trapped ions. The
frequenciesand spatial positionsof all the laserbeamswereoptimised in this
way by observing the 
orescencefrom the ions in the trap. This becomes
more critical as the ions cool sincethere is lessDoppler broadeningon the
cold ions and the cloud becomesphysically small.

In using the hollow cathode lamp to �nd the 866nm wavelength, small
signals from a photodetector were neededto be measured. Phasesensitive
detectionand di�erencing techniquesweretried but neither gavesigni�cantly
better results than the simple method above.
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5.3 The blue cooling lasers

The blue laser is basedon a Nichia laserdiode. This has a centre wave-
length of 397nmand a nominal output power of 5mW (1mW with feedback).
The diodeis housedin a commercialsystemin the Littro w con�guration, with
the H•ansch design[94]. Both the laserheadand the control electronicswere
manufacturedby TUI (now TOPTICA). A piezoelectric transducerattached
to the wavelength-selective grating allows the wavelength to be scanned.

The grating was aligned for feedback using a method similar to that
used for the homemadeinfrared lasers(seebelow). The output was then
put through a plane-planeFabry-Perot cavit y with a free spectral range of
6.3GHz. By scanningthe laserover the fringes,it waspossibleto set the feed
forward connectingthe diode current and piezovoltageto give the minimum
number of modehopsover the tuning range. By central spot scanning in
the far �eld, the amount the laser frequencychangesas the piezovoltage is
changedwas measuredat 0.60GHzV� 1.

A measurement was taken to give an estimate for the linewidth of the
blue lasers. To achieve this, two blue laser systemswere used. The laser
light wasmixed on a beamsplitter and adjustedsothat the two beamswere
colinear. A fast photodiode was usedto measurethe combined intensity of
the coincident beams.When the frequenciesof the two lasersweretuned close
to each other (� a few MHz) beats could be observed on a fast oscilloscope.
Taking a Fourier transform of this beat signalgivesthe combined linewidth of
the two lasers.The AC component of the photodiodesignalis given in Figure
5.8 and the Fourier transform is given in Figure 5.9. The linewidth of the
lasersis approximately 2MHz, which is a little greaterthan onemight expect
for an ir diode laser(� 200kHz). It is notable that there is considerablenoise
on the Fourier transform both at the peak and at the wings. It is believed
that this is due to the beat signalbeingsuperimposedon a largebackground
(a DC signalcausedby the laserlight). Although this DC level is subtracted
from the signal, the largeshot noisestill remains. We wereunable to remove
this component from the measurement. Throughout theseexperiments, the
laserswerenot locked and had a drift of 200-300MHzper hour.

5.4 The infrared repump er lasers

This is a homemadesystemwhich includesan SDL 5411G1 (or similar)
diode with a centre wavelength at 852nm and a nominal power of 50mW.
The rest of the systemconsistsof a Littro w con�guration, pseudo-external
cavit y and control electronics.The laserheadwasmadein a mannersimilar
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Figure 5.8: A portion of the beat signal of two blue laser diodes.
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Figure 5.9: Fourier transform of the beat signal of the blue lasers.
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to [95], seeFigure 5.10. The back facet of the diode provides oneend of the

Figure 5.10: Schematic of the 866nm laser diode system. From [95]

lasercavit y. The other is a gold coateddi�raction grating. This is mounted
at an angleof

� = sin� 1
� m�

2d

�
(5.2)

to provide feedback at a given wavelength � from the mth order of a grating
with 1=d lines/m. This optical feedback of light in the laser cavit y narrows
the linewidth of the laserradiation and allows the wavelengthto be tuned by
altering � and thus the feedback wavelength. The head is temperature sta-
bilised usinga Peltier thermo-electricheat pump. A piezoelectric transducer
is usedto alter the grating position to �ne tune the laserwavelength.

The current driver electronicsand feedback circuit to stabilise the tem-
perature are built around an ITC 100 board from Laser 2000. This board
acts asa constant current sourcefor the laserdiode of about 90mA depend-
ing on preciselywhich model of laserdiode is used. The current is stabilised
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to within 20� A on the board. The di�eren t models of laser diode require
di�eren t temperature settings in conjunction with a certain driver current
and di�raction grating angle. If the required temperature is closeto room
temperature, this can be achieved with the Peltier heat pump alone. How-
ever, for high temperatures(� 40� C) a 24W heating resistor is attached to
the laserheadcloseto the mirror mount and can be usedto help the Peltier
stabilise the temperature at higher values.

Using a combination of heating, current tuning and grating tuning, the
laser wavelength can be pulled from its centre at 852nm up to 866nm (or
854nm) which is neededto repump the D3=2 (D5=2) levels.

To set up the infrared lasers,a CCD cameraor IR viewing card is needed
to observe the light. With the laser running without feedback, two spots
should be seenat the output of the laser. One is the true beam, the other
is a beamre
ected from the front facet of the diode after being re
ected at
the grating. Aligning thesebeamson top of one another should bring the
laser closeto the correct position for feedback. The current should now be
reduceduntil the laser is just below threshold. Using the mirror mount to
alter the vertical position of the re
ected spot shouldcausethe laserto 
ash
on at somepoint. This is the correct placement for feedback. The horizontal
displacement (� ) can then be scannedto pull the wavelength in the required
direction.

The laserwill 
ash on and o� at frequencyintervals commensuratewith
the freespectral rangeof the Fabry-Perot cavit y formedby the front and back
facesof the diode. This and temperature tuning allows grosstuning of the
wavelength. Fine tuning is achieved by setting the current to its operating
value and either tuning the current (�ne tuning) or the voltage on the piezo
electric transducer (very �ne tuning). Using the wavemeter will allow the
frequencyto be set to within 400MHz,although the piezocan be scannedin
much smaller increments.

Di�raction gratingswith di�eren t blazeanglesback-re
ect di�eren t amounts
of radiation for feedback. Testing blazesdesignedfor di�eren t wavelengths
(500,750,1000nm)led us to the conclusionthat blazing for 750nm(closestto
our desiredwavelength of 866nm) worked best. This is due to the relatively
large feedback neededto pull the wavelength so far from the free running
wavelength of the diode (852nm).

5.5 The trap

The trap electrode structure is similar to that required to produce a
perfect quadrupole potential (Figure 5.11). It was manufactured before I
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joined the group. Future work will be done in a superconducting magnet,
which requiresa slightly di�eren t designto �t into the centre of the magnet.
In our trap, however, the electrodeshavea sphericalcross-sectionrather than

Figure 5.11: Schematic of trap electrodes. Note that in the actual experiments, the trap
axis through the endcapsis horizontal.

the ideal hyperboloids of revolution. This was for easeof machining. The
radius of curvature of the ring is 4mm and that of the endcapis 10mm. This
was chosento best approximate the quadrupole potential [96]. There are
three holesin the ring electrode. Two are diametrically opposedand in the
horizontal plane. Theseallow the laserbeamsto passthrough the trap. It is
important that theseentrance and exit holesare big enoughto allow lasers
to passthrough without scattering o� the edges,but small enoughthat the
electric �elds still approximate to the quadrupole ideal. The third, conical,
hole, is perpendicular to a line joining the other two and allows 
uorescence
from the ions to passvertically upwards into the detection apparatus. There
is a notch cut into the ring electrode diametrically opposite this hole, sothat
the detection apparatus looks into a void. The ring hasa diameter of 10mm
and the endcapseparationis 7mm. The whole arrangement is mounted on
the central pin of an ultra-high vacuum electrical feedthrough.

Two ovensareheldnearthe trap andpoint through the smallgapbetween
the ring and endcapelectrodes. Theseserve to deliver a beam of calcium
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atoms into the trap. The ovensare constructed from tantalum tube 10mm
long and 1mm in diameter. One end is clamped completely shut whilst the
other is clamped shut apart from a pin hole to let a beam of atoms escape.
The oven is spot weldedonto a 0.25mmdiameter tantalum wire. This serves
asa support for the ovenand alsoasa heatingelement whencurrent is passed
through it (Figure 5.12). Two �laments act as sourcesof electronsto ionise
the calcium atoms. Theseare constructed from 0.25mmdiameter tungsten
wire and are placedbehind the endcaps.

The wholetrap is kept in ultra-high vacuumconditionsafter initial baking
at 250� C and pumping on a turb o pump for �v e days. The vacuum is then
maintained by an ion pump (Meca 2000)at 2� 10� 10mbar. For more details
see[96].

5.6 The imaging system

Two distinct methodsof imagingwereused.Thesewerea photomultiplier
tube and a CCD camera.

5.6.1 Photom ultiplier tub e

This imaging system is shown in Figure 5.13. A lens of focal length
38.1mm in the visible is mounted in the vacuum system above the trap.
Originally this trap was constructed for UV wavelengths, where the focal
length of the lenswas35mm. The lensis at a �xed position of 28.5mmabove
the centre of the trap, so that UV 
uorescencewould be nearly collimated.
This valuewaschosento minimise aberrations. Working at 397nm,the focal
length of the lensis betweenthe two valuesgivenabove,but the collimation is
still su�cien t for good detection. Another lensis placedon an xyz-translation
stage outside the ultra-high vacuum chamber. This lens has focal length
50.8mm(in the visible) and is usedto focus the 
uorescenceonto a pin-hole
below the photomultiplier tube.

An imageof the ionsat the trap centre is thereforeformedon the pinhole.
The pinhole has a diameter of approximately 1mm and is used to block
as much background light as possiblefrom hitting the photocathode of the
photomultiplier tube, whilst still passingthe 
uorescencefrom the ions. This
whole arrangement, from the top of the vacuum can to the photomultiplier
tube is surroundedby a shield of black card and a dark cloth. This serves
to provide further protection from stray light giving rise to background noise
on the photomultiplier signal. The photomultiplier itself must be protected
from magnetic �elds. For this reason,the photomultiplier tube is elevated
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Figure 5.13: Imaging system for the photomultiplier tube
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above the trap and is housedin a mu-metal shield.
Two optical �lters are placedbetweenthe pin-hole and the photomulti-

plier tube. One is coloured glass(Comar 465GK25, BG3 glass)with good
extinction over the whole visible spectrum down to 500nmand the other is
an interference�lter (Comar 400IL25) with a sharp cut o� and a passband
of 10nm around a centre wavelength of 400nm. Together these �lters cut
out much of the scatteredvisible light (� 100%)whilst passinga signi�cant
proportion of the 
uorescenceat 397nm(30%). The signal from the photo-
multiplier tube is passedto a multi-channelscalar(MCS) card in a computer.
For display purposes,the level of 
uorescenceis displayed ascounts per bin,
wherethe length of each bin is chosento be � 2ms. Theoretically, the lensin
the trap subtendsa solid angleof 0:32steradianssincethe lensis 28mmfrom
the trap centre and hasa usableradius of 9mm (� 92=282 = 0:32steradians).
Therefore the imaging system may collect a fraction 0:32=4� = 26 � 10� 3

of photons. At 397nm, the photomultiplier tube has a theoretical e�ciency
of 23% and so the overall e�ciency (including the �lters) of this apparatus
should be � 2 � 10� 3.

5.6.2 CCD camera

Whilst the photomultiplier tube is a very useful tool and is very sensi-
tiv e to overall 
uorescence,it gives no information on the size, shape and
position of the cloud. This spatial information is completely lost. To gain
spatial information, a CCD cameramust be used. This camerawill be used
extensively for imaging ions in the next stageof the project. So far, it has
only been used to take preliminary pictures of the trapped ions. It is an
Andor ICCD-47-10CCD camera,which hasa CCD resolution of 1024� 1024
pixels,with an imageintensi�er with a spatial resolutionof 22� m. The image
intensi�er can act as a fast shutter to gate the camera.

The output of the CCD camerais displayedon a PC. The imagingsystem
involvesdiverting the 
uorescenceaway from the photomultiplier tube and
into the CCD camera. This meansthat the two imaging systemscannot be
usedconcurrently. The imaging schematic is shown in Figure 5.14.

Sincethe lensinsidethe vacuumchamber wasdesignedinitially to collect
the greatest amount of 
uorescencefor the photomultiplier tube, without
thought to resolution, this systemis not optimal.
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Chapter 6

The Paul trap

This chapter encompassesthe work donewith the Paul trap. It describes
the alignment of the laserswith the trap and the associated optics. It also
describes the alignment of the detection system. The Paul trap was chosen
as an initial stepping stoneto trapping and lasercooling in a Penning trap.
The absenceof Zeemansplitting allows lasercooling to beachievedwith only
two lasers,which is much easierthan the schemesneededto cool in a Penning
trap. Ca+ hasbeentrappedand cooled in a Paul trap by other groups(Blatt
in Innsbruck and Steanein Oxford), but until the beginning of this project
the Imperial Collegegroup had only worked with Mg+ and Be+ . Trapping
of small clouds and single ions has been demonstratedand is presented at
the end of the chapter.

6.1 Optical set up for the Paul trap

A schematic of the lasersand optics required to lasercool in a Paul trap
is shown in Figure 6.1. Dielectrically coated mirrors (Comar MX189) are
used to steer the blue (397nm) cooling laser round the optical table. The
infrared (866nm and 854nm) beamsare steeredusing standard gold-coated
mirrors (Comar 25MX03). The two beamsare mixed on a dichroic mirror
(Comar 530BK25) which passesthe infrared beamsbut re
ects the blue.

The two beamsare colinear as they passthrough a lens of focal length
220mm, which focussesthe beamsinto the trap. Whilst the blue light is
focussedto a tight spot (50� m) at the trap centre, chromatic aberrations in
the lensensurethat the infrared light bathesa larger area. Becauseof this,
it is possibleto move the 397nm beam position around the trap using the
dichroic mirror without having to move the 866nmbeam at the sametime.
Measurement of the spot size of the blue laser was carried out by K Koo
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Figure 6.1: Schematic of the optical layout for the Paul trap
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using a knife edgetechnique.
Flipper mirrors (New Focus 9891-M) are used to switch the blue beam

from the trap to the diagnosticequipment (wavemeter,hollow cathode lamp
asdescribedearlier). This allows all the blue light to be usedin the trap, but
at the sametime facilitates the useof the diagnosticequipment. The power
in the infrared beamsis plentiful, so a small amount of their power (5%)
is picked o� using mirrors coated for high re
ectance in the UV (280nm)
but transparent in the visible. The 866nm and 854nm lasersare mixed on
anotherof theseUV mirrors. This passesmost of the 866nmlight but re
ects
a small amount of the 854nmlight into a colinear beam.

6.1.1 Pro cedure for aligning the lasers through the
trap

As discussedin Section 5.5, the ring electrode of the trap contains two
diametrically opposedholes for the lasers to enter and exit the trap. By
looking through the trap it is possibleto locate the position where the line
through theseholesintersectsthe front window of the vacuum chamber, the
dichroic mirror and a screenplaced behind the trap apparatus. It is then
possibleto position the blue beam (with the lens removed) such that some
light passesthrough the trap. Sincethe eye is relatively insensitive at these
short wavelengths, the screenis coated with a 
uorescent ink which emits
light at a more visible greenwavelength when struck by the laser. Blocking
the laser again and looking through the trap it is possible to locate the
position which the beamshouldstrike on the screen.This is most accurately
accomplishedby lowering a black card acrossthe screen,noting when the
view through the trap goes dark. This locates the height of the beam. A
similar procedurewill locate the horizontal position.

The beamwould now bealignedreasonablythrough the centre of the trap.
The addition of the lens,placed22cmfrom the trap centre and coaxially with
the beam,should focusthe beaminto the trap. It is important that the lens
is in exactly the right position, sothat the cooling laseris focussedat the trap
centre. This alsominimisesthe laserlight scatteredfrom the trap electrodes
into the photomultiplier tube.

The lens should be �nely adjusted to ful�ll two criteria. One is that the
beam cuts o� sharply at the electrodes as it is scannedusing the dichroic
mirror. This implies that the light is tightly focussedat the trap. The second
is that the scattered light should be at a minimum. This implies that the
laser beam is passingcleanly through the trap. Once this is achieved, the
infrared beamcan be adjusted to be colinearwith the blue beam(i.e. lie on
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top both beforeand after the trap). The beamsshould now overlap at the
trap centre.

6.1.2 Aligning the imaging optics

The lensimmediately above the trap (Figure 5.13) is not adjustablesince
it is �xed inside the vacuum chamber and kept under ultra high vacuum
conditions. To align the secondimaging lens it is �rst necessaryto remove
the photomultiplier and �lters and fully open the iris serving as a pin hole.
Shiningan ordinary desklamp through the laserinput window (and removing
other ambient light) will allow the userto seeinto the trap by looking through
the iris. The conical hole in the ring electrode should be visible as a silver
colouredring. The lensshould be positioned using an xyz translation stage
so as to centre the imageof the ring on the aperture. The imageof the ring
should be in the plane of the aperture, which can be achieved by looking for
a vertical position of the lensat which there is no parallax betweenthe image
and the aperture.

This procedureis likely to leave the lens too closeto the trap, sincethe
image of the ring was formed using visible light, whereasthe 
uorescence
of Ca+ is at 397nm. Nevertheless,this procedure will bring the imaging
systemcloseenoughto alignment to record some
uorescencefrom a cloud
of trapped ions when the �lters and photomultiplier tube are replaced.As a
�nal adjustment, look for a point wherethe scatteredbackground light is at
a minimum using the photomultiplier and then maximise the signal from a
cloudof trappedand lasercooledions. If the imageof the ionsis well focussed
at the aperture, then closingthe iris and looking for a low background with
large signal which cuts o� sharply as the image is moved in the plane of
the aperture will give the best alignment of the optics. In practice, several
iterations of moving the imaging lens, the laserbeamfocussinglensand the
dichroic mirror may be necessaryto �nd the best possiblepositions.

6.2 Op erating the Paul trap

To run the Paul trap, the endcapelectrodes were grounded. The ring
electrode was set at a DC o�set potential of +6V and an rf drive voltage
of 240V at a frequency of 1.83MHz was applied to it. This drive voltage
was derived from a signal generator (HP 3325B) with an output of 29mV.
This wasfed to the input of an ampli�er (ENI 325LA). At the output of this
ampli�er, the voltage was 14V. Finally, the output of this ampli�er was fed
to a homemadecircuit which stepsup the rf voltageto 240Vusingan air core
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transformer (which acts as a tuned circuit operated at resonance)and adds
the DC o�set voltage. The resonant frequencyof the air core transformer
was measuredusing a low capacitance,high voltage probe and found to be
1.83MHz. It was necessaryto do this with the trap electrodes connected,
sincethe capacitanceof the trap a�ected the frequencyof the resonance.

 RF 
in 

DC in 

ring 

2.2mF 

47mF 

1mH 

Figure 6.2: Step up transformer and circuit to apply high voltage rf to the trap. The
inductor and capacitor are included to block the rf and dc signals respectively.

6.2.1 Electronic detection

It is possibleto detect the presenceof ions in a trap by purely electronic
means. Electronic detection was initially used to check the e�cacy of the
Paul trap. Being the �rst time that Ca+ had been trapped by the group,
it was a necessaryand useful test of our abilit y to trap Ca+ in the Paul
trap. The trap was loaded by passinga current of 2.00A through the wire
connectedto the oven. The oven would take 32s to heat to the required
temperature to form an atomic beam through evaporation of calcium. The
calcium beam passesthrough the trap. After the �rst 20s of heating of
the oven, a current of 5A was passedthrough the �lament situated behind
one of the endcaps. The �lament would take 10s to heat to the required
temperature. At this temperature, the �lament acts as an electron gun,
emitting a stream of electrons.The electronsare guided along the magnetic
�eld lines through the centre of the trap by applying a magnetic�eld of 0.1T
through the endcapsof the trap. The �lament was kept at a negative (bias)
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voltage of -12V relative to the centre of the trap, such that the electronsare
acceleratedaway from the �lament. In the trap, collisionsbetweenelectrons
and calciumatomshave su�cien t energyto ionisethe calciumatomsto Ca+ .
By applying the appropriate electromagnetic�elds, Ca+ ions are con�ned to
this region of spaceand are trapped.

These ions have characteristic motional frequenciesassociated with the
trap parameters(Section3.1.2). By driving the motions at thesefrequencies,
it is possibleto detect the ions by electronic means. An LCR circuit was
constructedbetweenthe endcapsof the trap for this purpose.

 
endcap 

endcap 

2.8mH 

2.2pF 

2.2pF 

Figure 6.3: High Q LCR tuned circuit usedin electronic detection.

When the resonant frequencyof this tuned circuit matchesthe motional
frequencyof the ionsin the trap (in this casethe axial frequency, ! z = 1=LC),
energyis coupledinto the ions' motion. The lossof energyin the circuit can
be detectedasan reduction in voltage acrossthe transformer in this circuit.
Coupling energy into the ions' motion will usually result in the ions being
heated out of the trap unlessthe applied driving voltage is small. For this
reason,the ovenand �lament are �red continuously to constantly replacethe
ejectedions.

The DC voltage on the ring was scannedupwards whilst the driving fre-
quency was kept constant. As the DC voltage brought the axial frequency
into resonancewith the drive frequency, there wasa detectabledrop in volt-
ageacrossthe resistor. Whilst this was small, it was readily observable and
su�cien t to convince us that Ca+ was indeedtrapped. If a better signal to
noiseratio were required, then the useof a lock-in ampli�er at the driving
frequencywill improve the signal. It may be noted that the parametersfor
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resonancemay be usedto derive a value of the trapped ions' chargeto mass
ratio. Although this was unnecessaryin our casesinceit is obvious we are
trapping Ca+ , it was consistent with a massof 40u.

6.2.2 Laser cooling in a Paul trap

The level structure of Ca+ without any Zeemansplitting is shown in
Figure 6.4. The strong dipole transition S1=2 { P1=2 is usedto lasercool the
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Figure 6.4: Level diagram for Ca+

ions asexplainedin Section3.2. As the electroncyclesthrough the S1=2 and
P1=2 statesduring cooling, the atom may decay via an allowed transition to
the D3=2 level. The branching ratio for this decay as opposedto the decay
to S1=2 is approximately 1:16. Sincethis level is metastable(lifetime 1.2s),
any ion falling into this state would ordinarily be lost from the lasercooling
cycle. It is thereforenecessaryto apply a repumper laserbeamat 866nmto
empty the D3=2 state. SinceP1=2 { D5=2 is not an allowed transition, there is
no appreciabledecay from the P1=2 state to the D5=2 state (although there is
an allowed decay to this state from the P3=2 state).

Initially , the trap was loaded as in Section 6.2.1. After the trap was
loaded,the 397nmcooling laserand the 866nmrepumpinglaserwereapplied
to the ions. The cooling laser was set to the red side of the transition by
referenceto the hollow cathodelamp and wasscannedusingthe piezoelectric
transducer in the Littro w cavit y. The width of the scanis 3.6GHzin a time
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of about 1s. The scanis controlled using the `scancontroller' integrated into
the TUI drive electronics.

A feedforward is activated betweenthe piezovoltage and the drive cur-
rent. This allows the laser to be scannedfurther using the piezo controls
before it mode hops to a new wavelength. The level of feed forward is ad-
justed soas to maximisethe piezoscanrangebetweenmode hops. This was
measuredusinga plane-planeFabry-Perot interferometerwith invar spacers.
As the laser frequencyis scanned,the ring pattern formed at in�nit y by the
Fabry-Perot will smoothly collapsetowards the centre. If a mode hop occurs
in the laserthen there will be a small rangeof piezovoltageswhich will give
many rings and then the ring pattern will reappearshifted to a di�eren t place
in the frequencyspectrum.

Under optimum conditions there werethree such modehopsover the 40V
rangeof the piezo(a scanningrangeof about 7.5GHzwithout a mode hop).
By central spot scanningmethods, the changein frequencyfor a givenchange
in piezovoltage was measuredat 0.60GHz/V.

 

PD 
laser 

Fabry 
Perot lens 

pin 
hole 

Figure 6.5: Schematic of the central spot scanningarrangement

The 866nm repumper was set to within 400MHz using the wavemeter.
The 
uorescencesignal from the trapped ions is dependent on both the re-
pumper and cooling laser frequencies.As thesewere brought closerto res-
onancewith their respective transitions, the 
uorescenceincreased. If the
systemis set up as described above, it is usual to seesomesignal from the
ions immediately upon loading the trap. Changing the centre frequencyof
the scanninglaser (manually adjusting the o�set of the piezo voltage), will
allow the laser to scanover di�eren t parts of the absorption line. The same
is true for the non-scanning866nmlaser, which may be tuned in frequency
with its piezo. Changing the angleof the dichroic mirror will move the blue
beam around the trap. By iterating thesethree adjustments, it is possible
to home in on a position whereby the blue laser scansfrom the red side of
the S1=2-P1=2 transition up to resonance,the infrared lasersits on resonance
with the D3=2-P1=2 transition and the beampassescloseto the centre of the
trap, providing maximum cooling of the trapped ion cloud.
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It was found that, in practice, the two lasersdescribed above were not
su�cien t to provide the maximum 
uorescencesignal or optimal Doppler
cooling. The reasonfor this is that there is an amount of ASE (Ampli�ed
Spontaneous Emission) light emitted with the laser light at 397nm. This
light has a broad band nature and is a shoulder to the main emissionat
397nm. The ASE is emitted over several nanometres. Despite the ASE at
393nmbeingat a comparatively low power (comparedto the laseremission),
it is enough to excite the S1=2 { P3=2 transition weakly. Any population
excited into the P3=2 level may decay back to the S1=2 level via an allowed
transition. The ions would then continue their cooling cycle with little or
no hiatus. However, if the ion decays to the D5=2 level (again by an allowed
transition), then there is no allowed decay back to the ground state. The
D5=2 level is metastable with a lifetime of � = 1:2s. Any ions caught in
the D5=2 state will remain there for an extendedperiod of time and will not
take part in the laser cooling (or 
uoresce). Theseions will still be heated
via micromotion causedby the rf drive potential and so they will lead to
an increasein temperature of the whole cloud and a corresponding drop in

uorescence. Sincethe excitation of the S1=2 { P3=2 transition is at a very
low level, it is possibleto seethe e�ects of 
uorescenceand lasercooling with
the apparatusdescribed above (i.e. one397nmand one866nmlaser).

Application of a third laser at 854nm ensuredthat the D5=2 level was
emptied. It is notable that much lesslaserpower wasrequired to empty this
transition than even the 866nm transition. This is since the ion is seldom
present in this state. However, both transitions are well over-saturated by
our laser systems. Theoretical calculations imply that 0.27mW/mm2 of ra-
diation is neededto saturate1 the 866nmtransition. This is much lessthan
our applied power (1mW in a 50� m diameter beamgives� 500mW/mm2).
When the 854nm laser is applied to an otherwiseoptimised system(as de-
scribed above), the signal increasesby a factor of two. This implies that
roughly half of the ions were in the D5=2 state at any one time before the
854nm laser was introduced. Thus, since each ion spends roughly half its
time in a state with a lifetime of 1.2s,it is alsopumped into this state after
an averageof 1s in the cooling cycle.

6.2.3 Nulling the residual magnetic �eld

With good cooling, it waspossibleto stop the laserscanningand maintain
a constant 
uorescencesignal. The laser can be tuned manually using the

1The saturation power is taken to be the power at which the probabilit y of spontaneous
and stimulated decay is equal. The formula used to calculate the saturation power S is
S = 4� 2~c� =� 3 [97], where � is 22� 2� MHz.
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piezoand setto the position of maximum 
uorescence.This is the line centre.
The 
uorescencewill beconstant in time (albeit with intensity noisefrom the
laserimposedon top). Onemay then apply very small magnetic�elds to the
trap. Sincethe trap is designedfor useas a Penning trap, it is permanently
locatedbetweenthe polesof a large,conventional, electromagnet.Evenwhen
there is no current 
o wing in the magnetcoils (i.e. the magnetis o� ) there is
still a small residual�eld generatedby the polepieces.This is of the order of
1mT. This �eld Zeemansplits the levelsby a small amount and sothe lasers
will not addressthe stateswith maximum e�ciency . This is particularly true
for the 397nmlaser. By applying a small current (� 10mA) through the coils
in the reversedirection, it was possibleto tune the resultant magnetic �eld
over a range of values. This range includes the point where the permanent
and induced �elds canceland the �eld is nulled.

6.3 Temp erature measuremen ts

An upper bound on the temperature of a cloud of Doppler cooled ions
in the trap can be derived from 
uorescencemeasurements. The amount
of 
uorescencedependson the strength of the interaction betweenthe laser
light and the ion. The lineshape of the cooling transition can therefore be
mapped out by taking the 
uorescence level for di�eren t laser detunings
from line centre. Scanning the laser over the line will therefore give its
width. Assuming that the natural (Lorentzian) linewidth is much smaller
than the Doppler broadened(Gaussian) linewidth, then thesepeakscan be
�tted with Gaussianpro�les. The temperature of the ions can be derived
from the FWHM of thesepro�les using

T =
� � 2

D mc2

4� 2
02kB ln 2

(6.1)

where m is the massof the ion, � � D is the FWHM in Hz and � 0 is the
frequencyof the transition in Hz.

This method of measuringtemperature will only give a guide to the tem-
perature of the ions. It is thereforereasonableto �t the curveswith a Gaus-
sian function rather than the more technically accuratepseudo-Voigt2.

2The formula for the pseudo-Voigt is a weighted sum of the Lorentzian and Gaussian
components

Vpseudo = (1 � � )G(� G ) + � L (� L ) (6.2)

where � is the linewidth and � is a mixing parameter constrainedby � = 1:33603(� L =�) �
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As stated above, this method will only ever producea rough upper bound
on the ions' temperature. The fact that the natural linewidth of 20MHz and
the laserlinewidth of 2MHz areconvolvedwith the Doppler linewidth to give
the total linewidth producesonly small errors. The largest sourceof error
comesfrom the fact that the lasercooling itself is a dynamic processwhich
dependscritically on the detuning of the laser. Thus, when the laser is de-
tuned far from resonance,the cooling is weakand the ionsare comparatively
hot. The Gaussianline pro�le is broad. As the laseris brought closerto res-
onance,the cooling increasesand so the line is sharper and narrower. When
this pro�le is plotted, the width will be broader than it would be if the ions
wereat their coldestthroughout the entire scan. It shouldbe noted that the
laser is scannedrepeatedly and continuously, so the heating described above
is due to � 2s of interaction with the environment. Only the red sideof the
transition is measuredin this way. If the laser were scannedover the line
centre then the ions would be actively heatedby the laser.

The lowest temperature measuredfor our Paul trap is 5K. In general,
colder temperaturesare observed for smaller cloudsof ions sincethe micro-
motion is also smaller and so there is lessrf heating. Over-saturating the
397nmtransition tendedto broadenthe 
uorescencepeak,but this could be
overcomeby �ltering the laserwhich producedlower temperatures. A sample

uorescencetrace for a laserscanover 3.6GHz is shown in Figure 6.6.

It is believed that this temperature is limited by micromotion. Micromo-
tion is causedby the large rf �elds (� 250V) present in the Paul trap. These
electric �elds causethe chargedions to vibrate and henceto be heated. For
a perfect Paul trap, the micromotion is zero at the trap centre. However,
in a real trap, patch potentials on the trap electrodeswill causethe ions to
sit away from the trap centre. This can be correctedby extra compensation
electrodes,but theseare not available for our trap. Sinceour goal is to work
in the Penningtrap, lower temperatureswerenot pursuedfurther in the Paul
trap.

6.4 Small clouds and a single ion

If the oven producing calcium atoms is heatedless,then fewer atoms are
produced. This can be achieved by passinglesscurrent through the heater
wire attached to the oven and results in smallercloudsof ionsbeing trapped.
By carefully reducing the current further and further, it is possibleto load
a single ion into the trap. The method of quantum jumps can be used to
determine the number of trapped ions if there are one or two ions trapped.

0:47719(� L =�) 2 + 0:11116(� L =�) 3.
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Small clouds of ions show markedly lessheating than large clouds of ions.
The FWHM of the transition is much smaller for small cloudsand the peaks
are thereforemuch sharper. Examplesof the 
uorescenceare given in Figure
6.6 as the cooling laser is scannedover the line for a large and small cloud
respectively.
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Figure 6.6: Fluorescencetraces showing large and small clouds of ions respectively.
Temperatures are 34K and 5K respectively. The position of the centre of the peak is not
known exactly, so the start of the scanis arbitrarily labelled as zero frequency.

For the caseof a single trapped ion laser cooled on the S1=2-P1=2 tran-
sition with one repumper at 866nm (and a laser detuned from the 854nm
transition), there is a constant level of 
uorescence. However, if the ion is
excited by ASE to the P3=2 level, then it may decay to the metastableD5=2

level. The 
uorescencewill then ceaseuntil the ion hasdecayed back to the
groundstate. This pattern of 
uorescenceis observedasshown in Figure 6.7.
The theoretical maximum signal is 5000counts per second3. This compares
with our observed signalof 1500counts per secondfor a singleion. Two ions
will producea similar pattern but with two stepssinceeither two, oneor no
ions may be 
uorescing (seeFigure 6.8). Any cloud much larger than this is
seento wash out the steps. The signal to noiseratio of the data could be
improved by adding compensationelectrodesto the trap. By application of
extra electric �elds, the ion could be moved to the position wherethe micro-
motion is minimised. This would allow the ion to cool to a lower temperature
and the signal would improve.

3The population is divided equally between8 levels (two from S1=2, two from P1=2 and
four from D3=2) of which two emit 
uorescenceat 397nm during decay. The linewidth is
22MHz and the theoretical maximal detection e�ciency is 2� 10� 3 for our apparatus. For
optimal cooling the laser is positioned half way down the peak. The theoretical maximum
signal we would seeis therefore 22� 106 � 2 � 10� 3 � 2=(8 � 2) = 5000.
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Figure 6.7: Example of quantum jumps in a single Ca+ ion in a Paul trap. The lower
level is the background level due only to scattered laser light.
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Figure 6.8: Example of quantum jumps for two trapped Ca+ ions in a Paul trap.
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Chapter 7

The combined and Penning
traps

Only two speciesof ion had been laser cooled in a Penning trap before
this work. Both of these had similar features of their energy level scheme
that allowed cooling with the application of only one laser. In this chapter,
work done in the combined and Penning traps on Ca+ is discussed.Apart
from demonstrating lasercooling of a third speciesof ion in a Penning trap,
we also demonstratea novel schemewheretwo equivalent cooling lasersare
used.

This chapter alsoclari�es the di�erence betweenlasercooling in a Penning
trap and in a Paul trap. The level structure of Ca+ is di�eren t in a magnetic
�eld due to the large Zeemansplittings betweenthe levels. The calibration
of the magnetic �eld applied to the trap is discussedand results presented.
The optical setup and the additional lasersneededto laser cool Ca+ in the
presenceof a magnetic �eld are alsodescribed.

7.1 The combined trap

By applying an axial magnetic �eld through the endcapsof the Paul
trap, it is converted to a combined Paul/P enningtrap. The combined trap is
actually morestable than either the Paul or Penningtrap over a wider range
of masses[98]. However, the application of a magnetic�eld splits the atomic
energylevels into 2J + 1 components. Becauseof this Zeemansplitting, the
combined trap necessitatesthe useof more lasersto perform Doppler cooling
than in the Paul trap. Application solely of the lasersused to cool in the
Paul trap results in optical pumping to the unaddressedZeemansub-levels
and laser cooling will cease.The level schemeof Ca+ in a magnetic �eld is
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as in Figure 7.1. Even for moderate �elds of 0.1T, it is necessaryto usetwo
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Figure 7.1: The level schemeof Ca+ in a 1T magnetic �eld.

cooling lasersat 397nm. It is believedthis is the �rst time that two equivalent
cooling lasershave beenusedto lasercool an ion. Extra lasersmay also be
required to empty the D3=2 levels. The optical schematic is shown in Figure
7.2.

Initially , the magnetic�eld wasincreasedfrom zero�eld in stepsof 0.1T.
After each increasein magnetic �eld, the 
uorescencedropped and the laser
frequenciesneededto be readjusted. However, there was still enoughof the

uorescencesignal detected to re-optimise the frequenciesof the two blue
lasers. In this situation, the frequency of both of these lasers is critical.
Sinceeach acts strongly on the transition and has a nominally equal role in
cooling, it is found that the cooling (and hencethe 
uorescencesignal) is
limited by the least optimised laser (seeSection4.2.2 for more discussion).
The generalmethod employedwasto optimiseonelasermanually by bringing
it into resonancewith its line (with no automatedscan)whilst the other laser
continually and automatically scannedin frequencyasdescribed for the Paul
trap. The centre frequencyof this scanwas then positionedsoas to provide
optimal 
uorescence. Both the � and the � transitions have been driven
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Figure 7.2: Optical layout for laser cooling in the combined and Penning traps.
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in this manner at separatetimes1. The maximum magnetic �eld which the
magnet could producewas about 1T. By stepping the magnetic �eld in this
fashionit waspossibleto reach high enough�elds to operatea pure Penning
trap (albeit with the changesto the laser systemsdescribed below). With
experience, jumps in �eld of up to 0.3T could be used. This processof
bridging the gap betweenthe zeromagnetic �eld Paul trap and the 1T �eld
Penning trap allowed the lasersto be set at the correct wavelength for the
Penningtrap transitions without additional spectroscopy. This wasnot only
important for accomplishingthe goal of lasercooling Ca+ in a Penning trap,
but alsoof interest in its own right. This is the �rst time that Ca+ hasbeen
trapped and lasercooled in a combined trap. The peaksbecomenoticeably
lessbroad and the signal greater as the lasersare optimised.

As the magnetic �eld is increased,the D3=2 level splits into four sub-
levels. In theory thesefour levels could be emptied by using four separate
lasers. However, it is notable that these levels require much lessenergy to
saturate than our laser produces. These levels could therefore be emptied
to a reasonableextent by an unusual method of running the 866nm laser.
If the frequencyof this laser was tuned using the piezo until it was on the
boundary of a mode hop, then it would run in a semi-broadbandmanner.
If a 7.5GHz spectrum analyseris usedto study this light, then it is charac-
terised by a broad, irregular background punctuated by broad peaks. Some
values of driver current allowed this behaviour to occur more readily. In
this mode, the laserproducedenoughlight over a broad spectrum to provide
somerepumping on all four of the D3=2 levels. Thus despite the splitting of
the D3=2-P1=2 transition into six components, it was possibleto seesigni�-
cant 
uorescenceat all valuesof magnetic �eld up to 1T (the maximum our
magnet can deliver).

7.1.1 Cooling in a combined trap

As the magnetic �eld was increased,reoptimisation of the lasersat each
�eld value failed to recover the full 
uorescencesignal. The peaksalso be-
comeprogressively broader, indicating that the ionsare not ascool at higher
magnetic �elds. This is attributed to two factors. Firstly, the cooling is not
ase�cien t at large �elds. Zeemansplitting of the D3=2 level is such that one
infra-red laser at 866nm is not su�cien t to saturate the D3=2 { P1=2 tran-
sition. This leads to a partial shelving of the population in the D3=2 level,
which can be solved by applying more laserscloseto 866nm. The second

1The � transitions were chosen for the subsequent work since their smaller Zeeman
splitting required the frequency of the lasersto be moved lessin going from the Paul to
the Penning trap. The required laser polarisation was chosenusing an oblique periscope.
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factor is due to the drift of the ions round the trap centre induced by the
magnetic �eld. Application of a magnetic �eld to a Paul trap producesthe
combined trap and synthesisesthe micromotion characteristic of the Paul
trap with the magnetron drift of the Penning trap. E�ectiv ely, this forces
the ions to drift around the trap centre and hencethey are radically a�ected
by micromotion. As described earlier, the action of the micromotion serves
to heat the ions. Sampletracesat variousmagnetic�elds areshown in Figure
7.3.

7.2 The Penning trap

The Penning trap is described in detail in Section3.1.1. The trap elec-
trodesthemselvesare the sameas for the Paul and combined traps. In this
case,the ring is held at a DC potential of -6V and a magnetic �eld of 0.75
to 1T is applied axially through the endcaps. It is possibleto operate the
Penningtrap with the optical setupdescribedfor the combined trap, however
to optimise cooling a better optical setup waschoseninvolving several lasers
closeto 866nm(Figure 7.4).

7.2.1 Motional frequencies

In any trap, the ions move with well de�ned frequencies.Thesefrequen-
cies depend on the trap parameters(DC voltage, magnetic �eld, electrode
dimensions)aswell as the chargeand massof the ions. In the Penning trap,
the three frequenciesare given by the following formulae:

Axial f z =
1

2�

r
4eU
mR2

(7.1)

Modi�ed cyclotron f + = 1=2(f c +
p

f 2
c � 2f 2

z ) (7.2)

Magnetron f � = 1=2(f c �
p

f 2
c � 2f 2

z ) (7.3)

where f c is the cyclotron frequency, f c = eB=2� m. All the above are in
hertz.

If a small amplitude (� 10mV) radio frequencysignal is applied to one
endcap(with the other groundedasusual), then the ionscanstill be trapped.
If the frequencyof this rf �eld is scannedover the regionof oneof the motional
frequencies,then energywill be coupled into the ions from the �eld as the
frequenciesbecomeequal. Sincethe rf drive that excites the ions is small,
it is known as the `tickle voltage'. When energy is coupled into the ions'
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Figure 7.3: Graphs showing the 
uorescence from ions trapped in a combined trap as
one blue laser is scannedup to resonancewith the S1=2-P1=2 transition. The four graphs
are for magnetic �elds of approximately 0, 0.1, 0.4 and 0.6 T respectively. The start
frequencyof the scanis zero and is reset for each graph.
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Figure 7.4: Optical layout for laser cooling in the Penning trap.
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motion, the ions are heated. As the ions are heated,the cloud grows rapidly
to a sizebigger than the laserbeam. The lasercooling is not ase�ectiv e and
the 
uorescencesignaldecreases.The ionswill then return to the beamafter
the tickle voltage frequencyhasmoved on. A sampletrace is given below in
Figures7.5 and 7.6 for the magnetronmotion.
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Figure 7.5: Example trace showing the 
uorescencedip associated with applying the rf
tickle voltage for one scan. The frequency is scannedlinearly upwards for the �rst 4.5s
and then decreaseslinearly for the next 4.5s. There is therefore a point of re
ection at
4.5s. Seedescription in text.

Here, both cooling lasersare set at a constant frequencycloseto reso-
nance. The MCS is triggered at the start of the tickle voltage scan. The
tickle voltage scansup from 20kHz to 70kHz and back down. The scanup
and down takes9s,of which the trace shows the �rst 8s. It is thereforepossi-
ble to calculatethe frequencyof the tickle voltagewhich causesthe dips from
the bin numberson the MCS. In this case,this givesthe magnetronfrequency
for a current of 9.0A 
o wing through the magnet coils. The tickle voltage
amplitude was7.5mV for this scanand the measuredfrequency52.4kHzand
52.3kHzfor the up and down scansrespectively. Note that the leadingedgeof
the dip is always the sharpest. This is becausethe ionstake time to cool back
into the beam once they are heated. Most consistent results are therefore
obtained by taking the leading edgeof the dip as the motional frequency.

Both magnetron and modi�ed cyclotron resonanceswere measuredat a
number of di�eren t magnetcurrents. Sincethe cyclotron frequencyf c is the
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Figure 7.6: Example trace showing the 
uorescencedip summedover many scans.The
leading edgeof the dip is lesssharp than for onescansincethe magnetic �eld drifts during
the measurement.

sum of thesetwo frequencies,then an accuratecalibration of the magnetic
�eld can be obtained (since f c = eB=2� m). The cyclotron frequencyitself
could also be excited, although the conditions under which this occurred
were not controllable. This gave broad dips which were di�cult to measure
accurately, so direct excitation of the cyclotron motion was not used as a
generalmethod.

To provide assurancethat the dips we believed to be the magnetronand
modi�ed cyclotron were indeed those resonances,somevalues for the axial
frequencywere taken. Theseweredi�cult to measuresinceenergysupplied
to the endcapis well coupledinto the axial motion and sothe ions tend to be
driven out of the trap completely. A potential divider wasconstructedto re-
ducethe tickle voltageto below 1mV. Severalaxial frequenciesweremeasured
for di�eren t DC voltagesapplied to the trap. This givesan independent mea-
sureof R, the trap parameter. R is expectedto di�er signi�cantly from the
theoretical value (R2 = 2z2

0 + r 2
0) due to imperfectionsof the trap electrodes

and patch potentials.
A trace summedover 30scansis provided for the magnetronfrequencyat

9.0A magnet current (Figure 7.6). The dip is broader for 30 scanssincethe
magnetic �eld drifts slightly over time. This is shown in casethe readerhas
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any doubt over the dip shown in the original data, which is only marginally
larger than the noise. The ions were deliberately driven at this weak level
to minimise the heating and hencethe width of the dip. In practice the
dips at this level were readily distinguishable from the noise due to their
repeatability.

The calibration of the magnetic �eld by this method is shown in Figure
7.7. This method a�ords a way to measurethe magnetic �eld accurately at
the position of the ions, which will be useful for future studies.
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Figure 7.7: Calibration of the magnetic �eld using the motional frequency method for
ions in the Penning trap. The abscissais the current in the coils of the electromagnet.

7.2.2 Driving the D 3=2 state

As discussedearlier, the D3=2 sub-levels must be emptied for e�cien t
laser cooling to take place. To seesome
uorescencesignal it is possible
to repump using the poorly understood behaviour of one laser close to a
mode hop. However, to get good cooling it is desirableto empty the levels
completely. Three methods for achieving this have beeninvestigated.

Micro wave metho d

The �rst method is to repump strongly on one sublevel with the 866nm
laser and to mix the other D3=2 states into this one by direct microwave
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excitation. This involvesapplying microwave radiation at a frequencycom-
mensuratewith the separationof the Zeemansplit sublevels. In order to try
this approach, a signal generator (Agilent 83650L) was used to supply the
microwave radiation.

Three di�eren t approaches to delivering the microwaves into the trap
weretried: `horn', `oven' and `endcap'. The `horn' method useda microwave
horn to shine a beam of microwaves through the exit window of the trap.
The horn was well matched to the 50
 impedanceof the signal generator.
However, sincethe horn must necessarilybe outside the vacuum can, it was
impossibleto get the sourcecloserthan 0.55mto the trap. Assuminga ray
picture, and following the contours of the horn, implies that the microwaves
will spreadout over an areaof 0.052m2 by the time they havetravelled0.55m.
Accessto the trap is via a small hole of diameter 3mm (laser exit hole), but
microwavesof frequency11GHzhave wavelength27mm. This approach was
unsuccessful,probably due to the very limited power coupled into the trap
and I believe there is little hope in pursuing it further.

The `oven' method usesone of the ovens in the trap as an antenna for
the microwaves. The microwave generator was connecteddirectly to the
electrical feedthrough which connectedto the oven. As above, this method
did not yield success.Sincethe oven is much closer to the trap electrodes
(� 5mm), this improvesupon the situation above. However, the ovenwasnot
impedancematchedto the signalgeneratorsore
ections could besigni�cant.
It was hoped that the proximit y of the oven to the gap between ring and
endcap electrodes would allow the microwaves to penetrate the trap and
drive the transition. It is now believed that this is not the caseand that the
electrode structure acts as quite an e�ectiv e Faraday cage.

In the `endcap'method, the microwave generatorwasagain directly con-
nected to the electrical feedthrough, this time to the endcapelectrode. It
was hoped that this would supply microwavesdirectly into the trap despite
the long wavelength. In order to trap ions e�ectiv ely, the endcapsmust be
anchored to a �xed voltage. It was thereforenecessaryto construct a choke
circuit to allow simultaneous DC grounding of the endcap whilst the mi-
crowaveswereapplied. This prevented the microwaves
o wing to earth, but
allowed the endcap to be at DC ground. This setup did allow ions to be
trapped, but did not allow the D3=2 state to be driven successfullywith the
microwaves. It is suggestedthat this waseither due to impedancemismatch
or that the magnetic �eld drifts too rapidly and the transition is too narrow
to e�ectiv ely drive the transition. Future work could improve upon this if so
desired.
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Figure 7.8: Schematic of set-up usedto apply microwavesdirectly to the endcap.

Four laser metho d

The D3=2-P1=2 transition is Zeemansplit into six components (two � and
four � components). To completely empty the D3=2 state it is su�cien t to
drive the four � transitions (seeFigure 7.10). The obvious way to achieve
this is using four separatelaserscloseto 866nm. This was tried and does
work well. Each transition is signi�cantly over saturated by its laser. The
drawback of this method is that four separatelasersmust be maintained and
set to the correct wavelength. They must then all be reoptimisedevery few
minutes to keepthem at the correct frequencyand counter their drift.

Tw o laser metho d

Using only two repumper laserswould considerablyreducethe work re-
quired to maintain the repumping lasersat the correct frequency. Consider
a Penning trap with a 0.8T magnetic �eld; the splitting of the closestpairs
of � transitions would be 1.5GHz. If a single laser could be placedbetween
thesetwo transitions and driven to produce sidebandsat 750MHz from the
centre wavelength, then this would drive the transitions directly.

Modulation of the drive current wasusedto add sidebandsto two 866nm
lasers. The radio frequencysignal generator (Agilent 83650L) was used to
provide this modulation. Modulation of the diode current provides phase
modulation of the laser light emitted by the diode. The details of why this
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Figure 7.9: Splitting of the D3=2-P1=2 transition in a 1T magnetic �eld.
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Figure 7.10: Directly driving the four � transitions will empty the D3=2 level e�ectiv ely.
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phasemodulation producessidebandsare essentially identical to those ex-
plained in Section8.2.1. The schematic is as shown in Figure 7.11. One of
the legsof the laser diode was soldereddirectly onto a length of rigid cable
(� 10cm). This cablewas clamped in placeto avoid any unnecessarystrain
being placed on the laser diode pins. The DC drive current for the laser
diode was provided through a bias T (Minicircuits ZFBT-6G-FT). This ef-
fectively actedasa choke, mixing the rf and DC currents together beforethe
laserdiode without letting the rf passinto the lasercurrent driver. The stub
tuner (Microlab S3-02N)was used to impedancematch the 750MHz radio
frequencydrive into the laserdiode.

 

signal 
generator 

semi-rigid 
cable 

stub tuner 

bias T 

current driver 

Rigid 
cable 

laser 
diode 

Figure 7.11: Schematic of equipment usedto put sidebandsonto a diode laser.

The resulting laser light with sidebandswas monitored on a spectrum
analyser(Tec-OpticsSA-2). It was possibleto watch the sidebandproduc-
tion as the radio frequencypower was altered. The amount of light in the
sidebandscould be optimised using the stub tuner. A modulation power of
5dBm was su�cien t to producesigni�cant sidebands.

Our �nal method to lasercool in a Penningtrap wasto usetwo laserswith
sidebands.This meant that the centre frequencyof two lasershad to be set
correctly. The sidebandsweresetusingthe dial-up frequencyfrom the signal
generator. This was known to be the correct value sincethe magnetic �eld
had beencalibrated using motional frequenciesof the ions in the trap. By
�ltering each laserin turn with a neutral density �lter, it hasbeendetermined
that each of the four � transitions are saturated in this con�guration.

The D5=2 state requireslittle repumping power, sincethe ions rarely fall
into this state. It has been determined that all six levels are e�ectiv ely
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emptied by one laserplacedbetweenthe six 854nmD5=2-P3=2 transitions.

7.2.3 Laser cooling in the Penning trap

Using two cooling lasersat 397nm, two 866nm laserswith sidebandsto
repump from the D3=2 levels and one laser to repump from the D5=2 levels
cooling tracesof the ion trapped in a Penning trap were recorded.Di�eren t
laserpowerswere tried for the lasers. It was found that extra laserpower in
the 866nmlaserswill not degradethe cooling, but that little is gainedfrom
running these lasersvery much higher than the saturation power. Higher
powers in the 397nm laserscausedthe 
uorescencesignal to rise, however
it was also found that the cooling e�ect was weaker for powers higher than
somethreshold. This has beenattributed to two e�ects: power broadening
on the S1=2-P1=2 transition and increasedpumping to the D5=2 level (via P3=2)
by ASE. It wasalsofound that lower powerswereneededfor smallerclouds.

Figure 7.12showsa 
uorescencescanfor a small cloudof ionsin a Penning
trap which are cooled with the optimum laserpowers for low temperatures.
The temperature inferred from this trace is 0.5K.
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Figure 7.12: Cooling trace for a small cloud of ions in a Penning trap with a measured
temperature of 0.5K.

7.2.4 Future work in the Penning trap

Whilst the long term scope of the project is spelt out in Section 3.5,
I will now discusssomeof the more immediate challenges. The �rst is to
trap a single Ca+ ion in a Penning trap. A preliminary attempt to follow
similar methods used to trap single ions in a Paul trap (see Section 6.4)
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has so far failed to load single ions. It is believed that this is due to the
lasersdrifting away from their prescribed transitions. As the lasersdrift,
the cooling e�ciency is reducedand the 
uorescencesignal is alsodegraded.
Sincea single ion will only produce a small signal (with a correspondingly
poor signal to noise ratio), any further reduction may make the quantum
jumps impossibleto observe. To combat this, extensive e�orts have already
beenmadeto reducethe background signal level by adding extra light ba�es
round the trap and detection equipment and more careful alignment of the
optics.

To facilitate setting the laser frequencies,a new wavemeterwill be con-
structed. This will be basedon similar principles to the present one,but will
have better resolution by an order of magnitude. This will allow ions to be
trapped in a Penning trap without �rst using the Paul and combined traps.
The laserdrift will be reducedby locking the lasersto Fabry-Perot cavities.
A sideof fringe lock will beemployed in a mannersimilar to that described in
Section8.1. This work is being undertaken by K Koo and should reducethe
drift by an order of magnitude. The cavities will be temperature controlled
but not evacuated. They will be of relatively low �nesse (in comparisonto
the ultra high �nesse cavit y described in the next chapter) and made from
a zerodur spacer. It is hoped that theseimprovements will allow singleCa+

ions to be trapped in our Penning trap.
Further work will also include axialisation of a Ca+ ion in our Penning

trap. This will be an extensionof work completedrecently by our group on
Mg+ in a Penning trap. This requiresa di�eren t trap geometry to the trap
described in this thesis. The trap usedin this experiment will be modi�ed to
include Ca+ ovens. This trap will needto have a segmented ring electrode to
drive the ions with an additional rf electric �eld. Under the right conditions
this can lead to increasedlocalisation of the ions at the centre of the trap by
reducing the magnetronmotion.
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Chapter 8

Laser stabilisation using the
Pound Drev er Hall metho d

This chapter describes the work which I have done in order to lock a
Ti:Sapphire laser to a high �nesse Fabry Perot cavit y. The �rst part details
the theory behind the Pound Drever Hall method of locking a laserand also
presents a brief overview of other methods of locking a laser. The Pound
Drever Hall method hastwo distinct advantagesover the simplesideof fringe
lock. The �rst is a large capture range, which helps ensurethat the laser
remains locked to the correct frequency. The secondis the speed of the
lock, which can be used to narrow the linewidth of the laser. The second
part of the chapter presents the practical details and results. Work done
with StephenWebsterat NPL to build a secondPound Drever Hall lock for
their systemat 934nmis described. Subsequent work to lock a Ti:Sapphire
laser at 729nmto a high �nesse cavit y at Imperial is also described. These
two projects have many similarities in the implementation of the lock (and
deliberately so; the joint work at NPL wasusedto gain experiencewith this
locking method).

The 729nm laser light will eventually be used to addressthe S1=2-D5=2

transition in Ca+ . This will serve two functions: to implement sideband
cooling and to drive Rabi oscillationson this transition. Sincethe transition
has a narrow linewidth and the vibrational levels of the trap are relatively
closetogether, it is necessaryto usea very stable laserwith a low linewidth.

8.1 Laser stabilisation

Laser stabilisation has two main goals: to stop the laser drifting in fre-
quencyover long timescalesand to narrow the linewidth of the laser. Con-
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sider the casethat the laserhasdeviated from its required frequency. There
should then be someway to diagnosethis and pull the laser back to the
correct frequency. This requiresthat there is somedevice,either as part of
the lasercavit y or external to it, which can alter the frequencyof the laser.
A piezoelectric transducerattached to oneof the lasercavit y mirrors or an
external AOM to shift the frequencyafter the light hasleft the laserare two
such devices.

However, the devicefor shifting the frequencymust know which way to
changethe frequencyand by how much. This requiresa function which has
odd symmetry about the required frequency (at least for small frequency
deviations). This function is the error signal, and one should note that it
has one sign for frequenciesabove the required frequencyand the other for
frequenciesbelow. This simple requirement of a signal whosesign depends
on the frequencyrelative to the lock point canbeachievedwith a devicewith
a frequency-dependent response,such as a Fabry-Perot cavit y and a way to
producean o�set.

Perhapsthe simplest method to (actively) stabilise a laser would be to
lock it to somepoint on the sideof oneof the Airy function transmissionpeaks
of a Fabry-Perot cavit y (Figure 8.1). This converts frequency 
uctuations
into amplitude 
uctuations, which can be measuredon a photodiode.
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Figure 8.1: The Airy function, with a �nesse of 13

Unfortunately this method su�ers drastically if there are intensity 
uctu-
ations on the laser light sincethesecannot be distinguishedfrom frequency
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uctuations. Intensity 
uctuations can be overcomeby splitting the light
into two, and usingonebeamasa referencefor the intensity whilst the other
passesthrough the Fabry-Perot. The two light levelscan then be subtracted,
cancellingout any intensity 
uctuations (Figure 8.2). Unfortunately this re-
quires that the photo-diodesare matched for frequencyresponseand drifts
over time. Also note that if the frequencyof the laser jumps too far, then it
may fall on the wrong sideof the Airy peakand sothe laserwill rapidly lock
to the wrong point (i.e. a di�eren t fringe). The frequencyrangeover which
the laser is correctly locked is the capture range.

Figure 8.2: Balanced photodiode approach to a side of fringe lock

H•ansch and Couillaud [99] �rst proposeda technique using polarization
at Brewster angledsurfaceswithin the cavit y to increasethe capture range
and thus help to alleviate the mode-hoppingproblem. This schemeproduces
a dispersion shaped curve and so the laser can be locked to a point of 0V.
However Drever and Hall [100] proposed and implemented a new system
basedon a microwave stabilisation techniqueproposedby Pound [101] which
only usesonephotodiode, hasa largecapture rangeand alsolocks to a point
of 0V.

8.2 The Pound Drev er Hall metho d

This is a method of locking a laser to a Fabry-Perot cavit y, which uses
only onephotodiodeand hasa largecapture range. It alsohasthe signi�cant
advantage of providing a very fast lock, since it is based on the prompt
re
ection from the front face of the Fabry-Perot cavit y. This is important
for reducing the linewidth of the laser light sinceit increasesthe bandwidth
of the lock. The basicschematic for producing the error signal and applying
it to the laser is as in Figure 8.3.

Someof the laserlight is pickedo� from the main beam. It is sent through
an EOM, which imposesa phasemodulation on the light. The frequency
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Figure 8.3: Schematic for Pound Drever Hall lock. Feedback is shown to the laser, but
feedback may also be sent to an AOM in front of the laser.
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of this modulation is set by the local oscillator (LO) which determinesthe
frequencyseparationof the sidebandsimposedon the light by the EOM. The
light then passesthrough the polarisingbeamsplitter and the �= 4 plate. The
light re
ected from the Fabry-Perot cavit y passesthrough the �= 4 plate again
and is re
ected from the polarising beam splitter onto the fast photodiode.
The photodiode (rf ) signal and the local oscillator signal are then passed
through the electronicsto producethe Pound Drever Hall error signalwhich
is fed back to somefrequencycontrol element at the laser.

8.2.1 Theory of the Pound Drev er Hall Metho d

The light (angular frequency! ) from the laseris subjected to a sinusoidal
phasemodulation of depth m and modulation frequency


E t = E lei (! t+ m sin 
 t ) (8.1)

But

ei (m sin 
 t ) =

J0(m) + 2
1X

k=1

J2k(m) cos(2k
 t) + 2i
1X

k=0

J2k+1 (m) sin((2k + 1)
 t)

so

E t � E lei! t (J0(m) + 2iJ 1(m) sin(
 t)) (8.2)

taking only terms up to J1 (assuming the modulation m is small).
i.e.

E t � E l (J0(m)ei! t + J1(m)ei (! +
) t � J1(m)ei (! � 
) t ) (8.3)

Note that this phasemodulation has put sidebandsonto the light which
have a separationfrom the carrier of the modulation frequencyand opposite
phases(seeFigure 8.4).

The beamis then incident on the Fabry-Perot cavit y. Considerthe part
re
ected by the cavit y, this is

Er = F E t (8.4)

where

F (! ) =
� r1 + r2(r 2

1 + t2
1)ei! =� � F S R

1 � r1r2ei! =� � F S R
(8.5)
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Figure 8.4: Carrier frequency with sidebands. The lower sideband is drawn below the
line to emphasisethe di�erence in phasebetweenthe two sidebands.

which can be found in optics text books.
Note that F is complexto accommodate any phasechangeson re
ection.

For a symmetrical cavit y, the re
ection coe�cien ts of the mirrors are equal
r = r1 = r2 and assuming,also, that there is no absorption (r 2

1 + t2
1 = 1),

this implies that

F (! ) =
r (ei! =� � F S R � 1)
1 � r 2ei! =� � F S R

(8.6)

Each one of the three frequenciesof light present must be multiplied by
F (! ) and the resultsthen addedtogether,sincethe di�eren t light frequencies
add linearly.

Er = [F (! )J0(m)ei! t + F (! + 
) J1(m)ei (! +
) t

� F (! � 
) J1(m)ei (! � 
) t ]E l (8.7)

However, the photodiode measuresthe power incident upon it. So we
measure

Pr = Er E �
r (8.8)

and alsowrite

E lE �
l = Pl (8.9)

P0 = J 2
0 (m)Pl (8.10)

P1 = J 2
1 (m)Pl (8.11)

Pt = E tE �
t (8.12)

Pl = P0 + 2P1 (8.13)
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Therefore

Pr = Er E �
r (8.14)

(8.15)

= [E l (F (! )J0(m)ei! t + F (! + 
) J1(m)ei (! +
) t

+ F (! � 
) J1(m)ei (! � 
) t )]

� [E l (F (! ) � J0(m)e� i! t + F � (! + 
) J1(m)e� i (! +
) t

� F � (! � 
) J1(m)e� i (! � 
) t )] (8.16)

(8.17)

= P0jF (! )j2 + P1jF (! + 
) j2 + P1jF (! � 
) j2

+
p

P0P1

�
[F � (! )F (! + 
) � F (! )F � (! � 
)] ei 
 t

+[ � F � (! )F (! � 
) + F (! )F � (! + 
)] e� i 
 t
�

� P1[F (! + 
) F � (! � 
) + F � (! + 
) F (! � 
) e2i 
 t ](8.18)

and neglecting2
 terms

Pr = P0jF (! )j2 + P1

�
jF (! + 
) j2 + jF (! � 
) j2

�

+2
p

P0P1

�
Re

h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
cos(
 t)

+Im
h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
sin(
 t)

�
(8.19)

Multiplying this by a function proportional to the phasemodulation sig-
nal and using cos
 t sin
 t = 1=2sin2
 t and sin2 
 t = 1 � cos2 
 t, gives

� 0 = Pr sin
 t

= P0jF (! )j2 sin
 t + P1

�
jF (! + 
) j2 + jF (! � 
 j2

�
sin
 t

+
p

P0P1Re
h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
sin2
 t

+2
p

P0P1Im
h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
cos2 
 t

� 2
p

P0P1Im
h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
(8.20)

and putting this through a low pass�lter to remove terms with frequency

and higher, givesan error signal of

� = � 2
p

P0P1Im
h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
(8.21)
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Figure 8.5: Error signal in the Pound Drever Hall method

� is plotted for [r = 0:99, 
 = 1, ! = 3to9] in Figure 8.5 as a function of ! .
Note that the error signal crosseszerowhen the carrier is resonant with

the cavit y. This is the lock point. Also note that the capture range is
controlled by the modulation frequencysincethe error signalkeepsthe same
sign until the frequencydeviation reachesthe modulation frequency.

In practice it is important to note that equation 8.21may be multiplied
by a phase shifted version of the phase modulation signal. A delay line
may thereforebe neededto be added to shift the phaseback to that of the
phasemodulation signal. In the casethat the phaseis not properly matched
between the two signals to be matched, the error signal will not have the
desiredshape.

Considermultiplying equation 8.21by sin(
 t + � ) and using

cos
 t sin(
 t + � ) = 1=2sin2
 t cos� � sin� sin2 
 t + sin� (8.22)

and

sin
 t sin(
 t + � ) = cos
 t sin
 t sin� � sin� cos2 
 t + cos� (8.23)

Filtering out all terms with frequency
 t or greater will give an error signal

� =
p

P0P1Im
h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
sin� +

p
P0P1Re

h
F (! )F � (! + 
) � F � (! )F (! � 
)

i
cos� (8.24)
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This is plotted in Figures8.6 and 8.7 for � = 60o and � = 90o respectively.
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Figure 8.6: Error signal for phasemismatch of 60o. Other parametersare the sameas
for Figure 8.5.
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Figure 8.7: Error signal for complete phasemismatch of 90o. Other parametersare the
sameas for Figure 8.5.
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8.2.2 Phase in the Pound Drev er Hall scheme

Sofar, the form of the error signal in the Pound Drever Hall schemehas
beenderived. I have, however, ignored a very useful feature of the scheme,
which allows the linewidth to be narrowedconsiderably. The lock is very fast
since it depends primarily on the light re
ected from the front face of the
cavit y, known as the promptly re
ected beam. Light incident on a Fabry-
Perot cavit y will be held inside it for a characteristic time. This decay time
for the cavit y is determinedby the �nesse(i.e. the re
ectivit y of the mirrors),
and for a high �nesse cavit y the time is signi�cant. For example,a �nesse
of � 300000is obtained using mirrors of 99:999%re
ectivit y so for a 10cm
cavit y, the time to decay to 1=e is � 30�s i.e. the cavit y would not respond
to frequencyjitter above 30kHz.

The re
ected beamconsistsof the sidebands,the promptly re
ected beam
and a beamof light leaked back out of the cavit y. The sidebandsare a long
way from the resonanceof the cavit y so are almost completely re
ected.
On resonance,the re
ected carrier and leakage beam are � radians out of
phaseand so interfere destructively. There would then only be a beat at 2

betweenthe two sidebandsand this is removed by the 2f �lter. The phaseof
the re
ected beamdependscritically on which sideof resonancethe frequency
is. Plotting the imaginary part of F gives the phaseof the re
ected beam.
Onecanthink of the laserbeam(with its associated fast jitter of phase)being
continually comparedto the averagephaseof the stored light in the cavit y
via the leakagebeam. The phasewould then be a di�eren t sign depending
on whether the frequencywereabove or below resonance.

8.2.3 Noise and stabilisation

Noisecan in generalbe regardedasderived from oneof two sources.The
�rst is fundamental noise, which is linked to the laser mechanism and the
nature of light. It is this noise which will ultimately limit the stabilit y of
any lasersystem,no matter how good the externally applied stabilisation is.
Fundamental noiseincludesthe shot noiseand the noisedue to spontaneous
emissionin the laser medium. The secondsourceis technical noise,which
is externally imposed on the system. This includes sourcesof frequency
deviation such as vibrations in the lasing cavit y. It is this noise which is
correctedfor by the stabilisation technique.
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8.3 Exp erimen tal set-up of the Pound-Drev er-
Hall metho d

Work done with StephenWebster during a three month stay at NPL is
described in this section. During my time at NPL I built a secondPound-
Drever-Hall lock for a Ti:Sapphire laser. The locking apparatusfor the extant
lock to a high �nesse (� 250000)cavit y was realignedby me. I also built a
secondseparatelocking system with a cavit y of �nesse of 800 which could
be usedconcurrently with the extant lock. The new locking systemwas to
reducethe linewidth of the laserbeforethe lock to the high �nessecavit y. It
was hoped that this would reducethe �nal linewidth of the laser.

An outline of the experimental setup for one lock is given below. The
output of the laserwas taken through a Faraday rotator to isolate the laser
from back re
ections from any of the locking apparatus. The light was then
focusseddown onto an AOM used in a double passcon�guration. In this
con�guration the AOM had 50% e�ciency for light in the +1 st order after
doublepass.This AOM provided the frequencycorrectionto the light. Some
of this light was then picked o� and focussedonto an EOM. The light was
phasemodulated at 10MHz to give sidebandson the light separatedfrom
the carrier by 10MHz. Two lenseswereusedto mode match into the Fabry-
Perot cavit y and the light re
ected from the cavit y was used to derive an
error signal (Figure 8.8). The two mode matching lensesallowed the beam
characteristics (i.e. waist size and position) to be controlled so as to only
excite the TEM 00 mode of the cavit y.

8.3.1 The cavit y

The cavit y itself consistedof two mirrors, each with radius of curvature
0:35m and re
ectance 99:6% giving a �nesse of 800 (F = �

p
R

1� R ). The spacer
separatingthe two mirrors is a tube of Ultra Low Expansivity glass(ULE)
0:1m long and 0:035m in diameter. At one end, the mirror was glued on,
at the other, the mirror was attached to piezo-electrictransducersin a re-
entrant design. Thus three piezosattach to the mirror and endplate and
three attach to the endplate and spacer. This design allows much of the
length changedueto thermal expansionof the piezostack to becancelledout
automatically. The cavit y length (and henceresonant frequency) is tunable
via the piezo-electrictransducers.

The cavit y restson four viton pads,which in turn sit on a V-grooveholder.
The viton padsprimarily insulateagainstthermal transfer. The wholecavit y-
holder systemsits in a vacuumchamber. This is a home-madesystemmade
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Figure 8.8: Schematic of the optical set-up used
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Figure 8.9: Design of the Fabry Perot cavit y (only four out of six piezo-electric trans-
ducersshown for clarit y

of Dural. The body of the vacuum chamber is a pipe of length 0:17m and
outer diameter 0:15m, the wall thicknessbeing 0:021m. The endplatesare
attached by M6 screwsand the vacuum sealis madefrom indium wire. The
cavit y is maintained at a pressurebelow 10� 5mbar (3 � 10� 6mbar) by a
miniature ion pump (Varian 2l/s).

The cavit y and vacuum chamber are covered in a layer of thermal in-
sulation and are actively temperature stabilised. The temperature control
circuitry is homemadeand the circuits are shown in Figures8.10and 8.11.

Figure 8.10: Circuit for the temperature sensor

The sensorcircuit usesa thermistor (T) in a Wheatstonebridge circuit
to producea voltagewhich varieswith temperature. This is ampli�ed by the
op-ampsand is fed to the servo circuit. The servo circuit then comparesthis
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Figure 8.11: Servo circuit to control the temperature of the Fabry-Perot cavit y. The set
temperature is controlled by inputting a �xed voltage between+15V and -15V at A. The
input from the sensorcircuit is at B.

voltage to a referencevoltage(adjustable to give a variable set temperature)
and if the temperature of the thermistor is below the set temperature then
current is forced through heater wire wrapped around the vacuum can to
compensate.

8.3.2 The Acousto-Optic Mo dulator

The acousto-opticmodulator (AOM) usesthe Pound-Drever-Hall error
signal and corrects for the frequency
uctuations present in the laser light.
The AOM is madeby Brimrose (model TEF-80-20). It shifts the frequency
of the light by 80MHz with a potential bandwidth of 20MHz (in practice the
bandwidth is determinedby the drive electronicsand the delay in a�ecting
the frequencydue to the �nite speedof sound in the medium). The AOM
consists of a piezo-electric transducer connectedto a crystal. The piezo
vibrates at 80MHz, setting up an acousticwave in the crystal (i.e. a periodic
pattern of compressedand rare�ed material). Sincethe refractive index of the
crystal dependson density, Bragg di�raction can occur from the wavefronts.
Sincethe wavefronts are moving, the re
ected light is Doppler shifted, hence
the changein frequency. By controlling the frequencyof the piezo,the energy
transferred can be changedso as to tune the frequencyof the light.
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The AOM is usedin a double passcon�guration. This serves to reduce
the changein beamdirection asthe light is frequencyshifted. In singlepass,
the light in the �rst order is de
ected by an amount which is dependent on
the shift. If the light exiting the AOM is re
ected back along its path into
the AOM then the frequencyis shifted again in the samedirection, but the
direction of propagation is de
ected soasto counterpropagatewith the inci-
dent beam. Sincethe double passedbeamis always colinear to the incident
beam,the direction of the shifted beamis independent of the frequencyshift.
To maximise the e�ciency of the AOM, the incident beam is focussedinto
the AOM.

8.3.3 Servo-electronics

The layout for the servo (locking) electronicsfor extracting and applying
the error signal is shown in Figure 8.12. The local oscillator (LO) was a

PD 10dB
attenuation

30dB
ampli f ier

M ixer
Low  pas

f il ter

LO
10dB

attenuation
Pre-amp

6dB
attenuation

Leysop
Ampli f ier

EOM

Custor 's  buff erLoop f il terAOM VCO

Figure 8.12: Schematic of the locking electronics
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Novatech DDS3 sourcewhich producesa pure sinewave output. This drives
the electro-optic modulator (EOM Linos PM25). The mixer (Mini-circuits
ZRPD-1) multiplied the local oscillator signalby the photodiode signal. The
optimum phasedi�erence (� =2) between the two signals was achieved by
adding lengths of co-axial cableinto the local oscillator path asa delay line.
The low pass�lter (Mini-circuits) removed any interferencesignal at twice
the local oscillator frequency. The home-madeloop �lter ampli�es the error
signal. The loop �lter wasdeveloped from a designfrom the original Drever-
Hall paper [100].

Figure 8.13: Loop�lter with bypasstopology.

The circuit diagram for the loop �lter is shown in Figure 8.13. This
system (known as having bypassrather than cascadetopology) allows the
high frequencyexcursionsof the laser from the set point to be dealt with
quickly, whilst the low frequencyexcursionscan have a much larger gain.
This is necessarysince low frequencynoisehas a much larger e�ect on the
linewidth [100]. The high frequencyampli�er (compensation)hasone input
coming directly from the signal and the other (acting as AC ground) from
the low frequencyampli�er.

The attenuators and ampli�ers (MAN-1LN) were all from Mini-circuits.
Custor's bu�er was home-madeand serves to allow equipment (in this case
the mixer) which cannot drive a 50
 load to drive a 50
 load (in this case
the loop �lter).
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8.4 Results

8.4.1 Laser stabilisation at NPL

The error signal obtained from the work at NPL, with the cavit y of 800
�nesse, is shown in Figure 8.14 (top trace). The bottom trace shows the
transmission of the cavit y. The small sidebandsimposedon the laser are
too small to be madeout on this trace. Sincethe cavit y hasa relatively low
�nesseand the sidebandsareat a comparablefrequencyto the linewidth, the
error signalappearsbroaderthan that calculatedfor a high �nessecavit y and
the carrier and sidebandpeaksare blendedtogether. This doesnot alter the
signal qualitativ ely. To obtain this trace, the laser was scannedover the
cavit y resonance.When the laser is locked, it is not scanning.

Figure 8.14: Pound-Drever-Hall error signal (top) and transmission of carrier and side-
bands(bottom) obtained at NPL with the cavit y of 800�nesse. The sidebandsare 10MHz
away from the carrier.

By useof the variable resistorsin the loop �lter, the ampli�cation of the
error signal can be altered. This changesthe steepnessof the locking slope
and so the tightness of the laser lock can be controlled. For a very weak
lock, the laser is e�ectiv ely free running and no reduction in linewidth is
observed. Figure 8.15 shows a Fast Fourier Transform of the error signal.
This providesa measureof the amount of noiseon the laser,sincedeviations
in frequencywill causethe error signal to change. The upper trace shows
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the noisespectrum for the weakly locked laserfrom 0 to 102.4kHz.Note the
high noise at low frequencyand the sharp feature at 82kHz. This feature
is due to an internal dither within the laser which is utilised for its own
preliminary lock. A subharmonicof this feature is visible at around 40kHz.
The lower trace shows the noisereduction possiblefor optimum gain settings
within the loop �lter. The gain on the error signal can be set independently
for di�eren t frequencyrangesby using the variable resistorsin Figure 8.13.
The reduction is roughly 10dB at high frequencyrising to upwards of 60dB
approaching DC (seeFigure 8.16).

Figure 8.15: Fast Fourier Transform of the error signal with a weak lock (top) and a
strong lock (bottom), 0-102.4kHz.

An alternative method of inspecting the lock is to observe the beat fre-
quencyon the photodiode of the carrier and sidebands.As can be seenfrom
Figure 8.17,the beat signal of 10MHz is clearly visible when the lock is very
weak. This corresponds to a portion of the carrier being re
ected from the
cavit y as well as the sidebands. Figure 8.18 shows the Fourier transform
of the photodiode signal around the samefrequencybut with a strong lock.
The beat betweenthe carrier and sidebandsis 30dB smaller,sincethe carrier
is locked to the centre of the peak of the Airy function. This corresponds
to almost complete transmission of the carrier so the beat signal is much
reduced.

If the gain on the lock is increasedtoo much then the laserfrequencywill

149



Figure 8.16: Fast Fourier Transform of the error signal with a weak lock (top) and a
strong lock (bottom), 0-12.8kHz

Figure 8.17: Fourier transform of the beat signal from a weak lock. The centre of the
graph is at 10:49MHz and the width of the graph is 1MHz.
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Figure 8.18: Fourier transform of the beat signal from a good lock. The centre of the
graph is at 10:49MHz and the width of the graph is 1MHz.

oscillate. This can be seenin Figure 8.19, the large peaksat 250kHzcorre-
sponding to the oscillation of the laser frequencyand implying a bandwidth
of the lock below this value. It is believed that the bandwidth may be limited
by the time taken for the acousticwave to propagatefrom the transducerto
the position of the laserbeamthrough the crystal in the AOM [102].

Figure 8.19: Fourier transform of the beat signal from a very strong lock leading to
oscillation. The centre of the graph is at 10:49MHz and the width of the graph is 1MHz.

The oscillation arisesas a generalresult from servo-control theory. The
lock hasa certain gain at any particular frequency. To explain how this leads
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to instabilit y at high gains,considera bode plot (log-log plot of gain against
frequency)for an op-amp. The gain will be constant up to a given frequency,
after which it will begin to roll o�. This roll o� is an artefact of the op-amp
behaving like an RC low pass�lter (the gain drops as 1=f ). As each stage
of the ampli�er rolls o� then an extra 6dB/octave is added to the drop o�
in gain. There is alsoa phaseshift associated with each roll o�. At each roll
o�, the responseshifts by � =2. If the phaseshift is � at the point wherethe
gain crossesthe axis (i.e. at unity gain) then any 
uctuations will build up
rather than be damped down. The servo systemthen drivesthe systemwith
positive feedback. The transmitted light intensity will drop in this case.For
more detailed information see[103].

8.4.2 Measuremen t of the absolute linewidth of a Ti:Sapphire
laser at NPL

After my association with NPL, P Blythe and S Webster did an exper-
iment to measurethe absolute linewidth of the Ti:Sapphire laser with two
Pound-Drever-Hall locks. The work is asyet unpublished,but follows closely
the method takenin [102] which wasdoneon the samelaserwith a singlelock.
Their experiment useda 171Yb+ ion in an rf trap. The overall goal of their
project is to createa frequencystandard basedon the S1=2-F7=2 transition at
467nm in this ion. This octupole transition has an extremely long lifetime
(estimated � 10 years) and so may make an extremely accurate frequency
standard. A possibleaccuracyof parts in 1018 is claimed.

The narrow linewidth of the S1=2-F7=2 transition meansthat it can be
usedasan excellent discriminator to measurethe laserlinewidth (which will
be many times larger than the linewidth of the transition). The Yb+ ion was
trapped and laser cooled. The 934nm light from the Ti:Sapphire laser was
frequencydoubled and used to drive the S1=2-F7=2 transition. As the laser
was stepped over the transition in stepsof 400Hz,the transition probability
was monitored by a quantum jump technique. This procedurewas repeated
many times. The probability of excitation at each step wasplotted to give a
line pro�le for the laser. It was found that the double locked laserdisplayed
the samelinewidth as the single locked laser (2.3kHz). This was in spite of
the fact that each lock taken singly seemedto stabilise the output of the
laser considerably. It is postulated that the limit on the �nal linewidth of
the locked laser is not the comparatively unstable (� 100kHz) beam of the
unlocked laser,but environmental e�ects such as vibration of the cavit y.
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8.4.3 Laser stabilisation at IC

After setting up a Pound-Drever-Hall lock at NPL, I repeated a similar
schemefor locking a Ti:Sapphire laserat IC. This laseris to beusedfor future
experiments in the group on sideband cooling and �nally on decoherence
studies in a Penning trap. The wavelength of the laser is 729nmand it will
drive the S1=2-D5=2 transition in Ca+ .

The laserto be stabilisedis a Coherent MBR-110. This waspumpedby a
frequencydoubledYAG laserwith maximum output power of 5W (Coherent
Verdi). The Ti:Sapphire laser itself consistsof a laser cavit y in a bow tie
con�guration. This wasbuilt into a monolithic block of aluminium and single
modeoperation is ensuredby incorporation of a uni-directional device. There
is a thin etalon in the cavit y to provide coarsetuning of the laserwavelength.
The laser is locked both to the etalon and to a temperature-stabilisedcavit y
(with invar spacers)which is provided as part of the laser. When the laser
is correctly locked, its linewidth (in the `o� the shelf' state) is claimed to be
around 100kHz(although in reality probably nearerto 1MHz).

The Fabry-Perot cavit y for the external Pound-Drever-Hall lock has a
nominal �nesse of 250 000 as quoted by the manufacturers (REO). It was
manufactured by optically contacting the high re
ectance mirrors (radius of
curvature 0.35m)onto a ULE spacerof length 0:1m. The cavit y wasplacedin
a homemadevacuumcanand evacuatedto 1:5� 10� 6 mbar (asat NPL). The
cavit y was temperature stabilised in a mannersimilar to that at NPL, using
a home madecontrol circuit (Figures 8.10 and 8.11). The AOM, VCO and
EOM wereas described for NPL. The local oscillator was a signal generator
(HP 8643A) which gave 91mV output. This was ampli�ed by an ENI 300L
ampli�er to 13V. In turn this was input to a homemadetransformer (air
core) which acted as a tuned circuit with a resonanceat 6.137MHz. This
gave an output voltage of 400V which was fed to the EOM. The loop �lter
was homemadeas at NPL.

As described, this equipment producedan error signal which is shown in
Figure 8.20. Noiseat a frequencyof 22kHz was present on the error signal.
This is the high frequencyjitter observable in Figure 8.20. It is believed that
this noiseis stopping the laserfrom locking to the cavit y. As yet, the source
of the noiseis not known.
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Figure 8.20: Pound-Drever-Hall error signal as produced with the high �nesse cavit y at
IC. The frequencydi�erence betweenthe carrier and sidebandsis 6MHz.
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Chapter 9

Conclusion

The work described in this thesishasgonea considerabledistanceto set
the stagefor the rest of the project. Much of my work hasbeento build up
the equipment for a systemthat can achieve the eventual goal of studying
decoherencein a Penning trap. The decoherenceinherent in a Penning trap
may be lessthan that for rf traps which have beenstudied elsewhere.

We have demonstratedlasercooling of Ca+ ions in a Penning trap. This
is only the third ion for which this has beenachieved, and it is noteworthy
that both of the ions previouslycooledhad a level structure which facilitates
laser cooling in a manner which Ca+ does not. Ca+ was chosen for our
future work sincethe lasersneededto addressthe ion are all solid state, and
the ion also has a metastableexcited state that can be used for the qubit
transition. In order to operate the Penning trap, it was found necessaryto
gain experiencewith the equipment �rst using a Paul trap. The Paul trap is
easierto operate sinceit requiresfewer lasersto laser cool the ion properly
in the absenceof a large magnetic �eld. Our method was then to increase
the magnetic�eld incrementally, trapping in a combined Paul/P enningtrap.
Oncea high enough�eld was reached the trap could be switched to a pure
Penning trap.

Simulations of laser cooling in a four level specieshave beenpresented.
This system was chosento mimic certain aspects of the structure of Ca+

ions in a magnetic�eld. In particular optical pumping wasconsideredastwo
cooling laserswereused.

Two Pound Drever Hall locking systemswere built. Work on one was
doneon a Ti:Sapphire lasersystemat NPL, wherethey planned to test the
e�ect on the linewidth of a double lock. A secondsimilar systemwas built
from scratch at IC to narrow the linewidth of Coherent Ti:Sapphire laser.

Future work on the Penningtrap is detailed in Section7.2.4and includes
locking the lasersto cavities and building a more accurate wavemeter. It
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is hoped this will allow a single Ca+ ion to be trapped and laser cooled in
a Penning trap. Further in the future, a superconducting magnet will be
usedin the trap. This will give a much more stable magnetic �eld than the
current conventional magnet. It will be necessaryto have this more stable
�eld to do sidebandcooling and measuredecoherencein the motional states.
Development of the narrow linewidth Ti:Sapphire laser will continue, with
the goal of locking it to the high �nessecavit y in order to perform sideband
cooling.
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App endix A

Visual Basic code for
calculating Voigt pro�les

Below is the macro to de�ne a function `Voigt' for Excel which calculates
the integral of `fun1(x)'.

Function Integral (a, b, n)
If Int(n/2)*2<>n Then n=n+1
h=(b-a)/n
p=fun1(a) + fun1(b)
z=4
For r=1 To n-1
p=p + z * fun1(a+r*h)
z=6-z
Next
Integral=h*p/3
End function

De�ning Fun1

Fun1 = Gaussian2(x, alpha, widthgauss)*Lorentzian2(x,widthlorentz)

where

Gaussian2 = 2/widthgauss*0.4679*Exp(-0.693*(2*(alpha-x)/widthgauss)^2)

and

Lorentzian2 = 2/(3.14159*widthlorentz)*1/(1+(2*x/widthlorentz)^2)

de�nes the function Voigt in Excel with parameters
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|a| lower integration limit
|b| upper integration limit
|n| number of strips
|widthgauss| FWHM of Doppler broadenedwidth
|widthloren tz| FWHM of natural lineshape
|alpha| is the position on the Voigt pro�le.
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