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Abstract

Cold molecules are extremely useful for tests of fundamental physics. Unlike many atomic
species, molecules cannot generally be laser cooled, and another interaction is required
to exert control over them. The Stark interaction with an applied electric field changes
the energy of a molecule and can be used to affect its motion. This thesis describes
experiments in which applied electric fields have been used to guide and decelerate beams
of CaF radicals.

Two Stark decelerators have been built and tested. One, a 21-stage decelerator, has
been used to slow ground-state molecules from 433 ms™! to 403.5 ms™'. The other, a
100-stage decelerator, has been used to decelerate molecules in the fourth rotationally

! a removal of 48% of their initial kinetic energy.

excited state from 343 ms™! to 247 ms~
It was found that the switching electric fields inside a decelerator can drive non-adiabatic
transitions out of the desired state of the molecule, and that this can severely reduce the
flux of molecules out of a decelerator. Applying a bias field was found to inhibit these
transitions, and to vastly increase the number of molecules making it out of the decelerator.

A 1 m-long alternating gradient guide has been built and used to transport ground-
state CaF molecules from a supersonic source, and to focus them into a detection region.
A novel guiding mode was discovered, in which the guide is operated with a static applied
voltage.

A detailed spectroscopic investigation of CaF measured the 2II 1 state lifetime and

2
hyperfine interval to be 19.2 + 0.7 ns and 4.8 + 1.1 MHz respectively, and the Franck-
Condon factor of the A-X (0-0) transition to be 0.98773913.



Acknowledgments

This thesis describes three and a half years’ work, all of which would not have been possible
without the help and support of many people. Of these many, several deserve particular
mention.

I have been extremely lucky to have had BES and MRT as my supervisors. Not only
have they taught and trained me, they have done so with seemingly limitless patience and
good humour. It has been a particular privilege to work for EAH — he is an inspirational
boss.

KAPW, PMH, CWPP and JWH have been exceptional teachers, and I have been
extremely fortunate to have met them.

None of the experiments would have been possible without the amazing technical
capabilities of the CCM Mechanical Workshop. Without JMD and DW there would have
been no decelerators. Or a great many other things.

I would like to thank all the members of the CCM. In particular, SKT for many
enlightening discussions, and for being an excellent friend and flat-mate. I should also like
to thank the two post-docs I have had during my PhD, JFK and SA.

I would like to thank GMT for her incredible support and companionship. There are
so many things for which to thank Pj, but in particular he has put up with me while I
was writing this. His continued interest in what I do is a source of great motivation for
me, more than he knows.

Finally, my family has always been the most extraordinary source of inspiration, and

I dedicate this thesis to them.



Contents

1 Testing fundamental physics with cold molecules 14
1.1 Why molecules? . . . . . . . .. 14
1.1.1  The electric dipole moment of the electron. . . . . . . ... ... .. 14

1.1.2 Measuring time-variation of fundamental constants . . . . . . . . .. 18

1.1.3 Observing parity violation . . . . . . . . .. ... ... .. ... 19

1.2 Why cold molecules? . . . . . . . . . ... 20
1.2.1 Indirect methods . . . . . . . . . ... o 20

1.2.2 Direct methods . . . . . . .. ... L 21

1.3 Motivation for this thesis . . . . . . . . . .. .. ... ... .. .. ..., 23
2 Introduction to molecular physics 26
2.1 Basic diatomic molecular structure . . . . . ... ..o 26
2.1.1 Born-Oppenheimer Approximation . . . . . . . ... ... ... ... 26
2.1.2 Eigenstates of the nuclear wave equation . . . . . . .. ... ... .. 28
2.1.3 Electronic States . . . . . . . . ... 28
2.1.4 Vibrational States . . . . . . .. .. .. ... L o 29
2.1.5 Rotational energy levels . . . . . .. ... ... ... 30
2.1.6  The separation of molecular energies . . . . . . . .. ... ... ... 30

2.2 Coupling angular momenta . . . . . . . .. .. .. ... ... 30
221 Hund'scase () . . . . . . . .. 31
222 Hund’scase (b) . . . ... .. .. .. L 31

2.3 Molecular transitions . . . . . .. .. Lo 32
2.3.1 Electric dipole matrix element . . . . ... ... ... ... ..... 32
2.3.2 The hyperfine interaction . . . . . .. . .. .. ... L. 33
2.3.3  Selection rules for electronic transitions . . . . .. .. ... .. ... 33

2.4 The Stark effect . . . . . . . . L 34
2.5 Stark Deceleration . . . . . .. ... 37
2.6 Focussing a molecular beam . . . . . .. ... o000 41



CONTENTS 6

3 Making and detecting CaF 42
3.1 Overview . . ... e 42
3.2 Producing a molecular beam . . . . .. ... 0 Lo 42

3.2.1 Supersonic Expansion . . . . . ... ... L L0 43
3.3 Detection . . . . . .. e 47
3.3.1 Detection overview . . . . . . .. ..o 47
3.3.2 Theprobelaser . . . . . . . . . ... 50
3.3.3 Electronic transitions in CaF . . . . .. ... ... ... ... 50

4 Measuring molecular parameters 57
4.1 Motivation . . . . .. L 57
4.2 Saturation mechanisms . . . . . . . ... Lo 58
4.3 Summary of what istocome . . .. .. ... ... oL 59
4.4 Measuring spectra . . . . . . L. Lo 60

4.4.1 Transitions . . . . . . . L Lo 60
4.4.2 FExperimental set-up . . . . ... ..o Lo 61
4.4.3 Linearization . . . . . . .. ... 63
4.4.4 Frequency scanning with an AOM . . . . ... ... ... ...... 66
4.4.5 Accounting for drifts in source flux . . . . . ... ... 67
4.4.6 Magnetic Field . . . . . . .. ... o 70
4.5 Experimental results . . . . . .. .. L oo 70
4.6 Model . . . . .. 76
4.6.1 Rate Equations . . . . . ... ... L o o 76
4.6.2 Molecular population dynamics . . . . . .. ... ... ... L. 79
4.6.3 Running themodel . . . . . . . . .. ... o 81
4.7 Comparing the model with experimental data . . . . . . . .. ... .. ... 82
4.8 Evaluating the molecular parameters . . . . . . . .. ... ... ... 82
4.8.1 Systematic errors . . . . . . ... 84

5 Decelerating weak-field seeking CaF molecules 87
5.1 Motivation . . . .. .. 87
5.2 Brief review of Stark deceleration of weak-field seeking molecules . . . . . . 87
5.3 Experimental details . . . . . . . ... .. ... o o 88

5.3.1 The decelerator . . . . . . . . ... 88
5.3.2 Electric fields and high voltage electronics . . . . . . ... ... ... 91
5.4 The Stark shift and the hyperfine structure . . . . . .. ... ... ... .. 99
5.5 Transverse focussing of weak-field seeking molecules . . . . . ... ... .. 102
5.6 Longitudinal focussing in a Stark decelerator . . . .. ... ... ... ... 106

5.6.1 Phase stability in a Stark decelerator . . . . . . . ... ... ... .. 106



CONTENTS 7

5.6.2 Longitudinal dynamics in the 100-stage decelerator . . . . . . . . .. 111

5.7 Preliminary deceleration results . . . . . . . ... .. ... L. 114
5.8 Non-adiabatic transitions . . . . .. .. ... .. o Lo 117
5.8.1 The Hamiltonian in a rotated coordinate system . . ... ... ... 118
5.8.2 The effect of the changing field magnitude . . . . . . . .. ... ... 119
5.8.3 The effect of the electric field rotation . . . ... ... ... ... .. 120

5.9 Preventing non-adiabatic transitions . . . . ... ... 00000 126
5.10 Final deceleration data . . . . . . .. .. ... ... oL 128
5.11 Conclusions . . . . . . . . . 0 e e e 132
6 Guiding ground-state CaF molecules 134
6.1 Motivation . . . . . . . .. e e e 134
6.2 Guiding strong-field seekers . . . . . .. .. Lo Lo 135
6.3 A review of previous AG guiding experiments . . . . . ... ... L. 136
6.4 An ‘ideal’ guide . . . . . . . ... 137
6.4.1 Equations of motion . . . . . .. .. .. L L Lo 137
6.4.2 Courant-Snyder parameters . . . . . . . . . . . .. .. ..., 139
6.4.3 Molecular trajectories . . . . . . .. ... L Lo 141

6.5 Avrealisticguide . . ... ... 145
6.5.1 Non-linear equations of motion . . . . . . . ... ... ... ..... 145
6.5.2 Effective potential . . . . . . ... ... oL 147

6.6 Experimental details . . . . . . .. ... L o 151
6.7 Modelling the AG guide . . . . . . . .. . ... 155
6.8 AGresults. . . . . . . e 157
6.9 DCresults. . . . . . . . . e 164
6.10 Conclusions . . . . . . . . . L L 169
7 Decelerating ground-state CaF molecules 172
7.1 Motivation and general physical principles . . . . . . .. ... ... L. 172
7.2 A brief review of previous research . . . . ... ... L L. 173
7.3 Experimental set-up . . . . . .. .. L 174
7.4 The axial electric field . . . . . . .. .. ... ... 175
7.5 Dynamics inside the AG decelerator . . . . . ... ... ... ... ..., 178
7.5.1 Longitudinal dynamics . . . . . . . ... ... Lo 178
7.5.2 Transverse dynamics . . . . . . . . .. Lo L oo 180

7.6 Experimental procedure . . . . . .. ... L Lo 183
7.7 Results. . . . . . . e 184
7.7.1 Deceleration with z,, = 0 mm and 2,y =6 mm . . ... ... ... 184

7.7.2  Deceleration with z,, = 6 mm and z,py =10mm . . . . . . ... .. 195



CONTENTS 8

7.8 Conclusions . . . . . . . . . 202
8 Conclusions and Outlook 204
8.1 Measuring molecular parameters . . . . . .. ... ... L. 204
8.2 Guiding ground-state CaF . . . . . . ... ... o oL 205
8.3 Decelerating CaF . . . . . . . .. .. 206
8.4 Outlook . . . . . . e 212
A Branching ratios 214
B The Optical Bloch Equations and Rate Equations 215

C Stark interaction in a rotating frame 217



List of Figures

2.1
2.2

2.3
24

3.1
3.2
3.3
3.4
3.5
3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9
4.10

4.11

The Stark shift of a rigid rotor as a function of applied electric field. . . . .
The electric field at which the Stark-shifted state [N, My = 0) experiences

its maximum Stark shift for O <N <9. . . . . .. ...
A schematic diagram showing the general structure of a Stark decelerator. .

A mechanical model of a Stark decelerator. . . . . ... .. ... ... ...

Schematic diagram of the creation and detection of pulsed beams of CaF.
A photograph of the vacuum chamber . . . . . . ... .. ... ... ....
An example time-of-flight profile for CaF in an Ar-carried beam. . . . . . .
Rotational levels of the X 2X% (v = 0) and A2H%(v’ =0) states. . . . . ...
Experimental spectrum of CaF measured by laser induced fluorescence.

The Q11(3) and Roi(%) lines originating from the N = 4 state of CaF. . . .

The energy levels of CaF relevant to the measurement of molecular param-

An example laser beam profile. . . . . . ... .. ... L.
An example of scan linearization. . . . . . . .. .. .. .. ... ... ...,
The RF power transmitted to the AOM and the laser power in the first
order beam, both as a function of VCO frequency. . ... .. .. .. .. ..
Two linearized spectra. . . . . . . . . . . .. L Lo
Peak height versus peak laser intensity for the F' =1 and F' = 0 peaks. . . .
The linearized widths of the F' = 0 and F' = 1 peaks as a function of probe
beam intensity. . . . . . . . ... L
F = 1 peak width measured at various weak laser intensities, both by
scanning the laser lock-cavity, and by scanning an AOM. . . . . . ... ...
Fractional state populations of a molecule traversing the probe beam.

Peak height versus peak laser intensity for the F' = 1 peak and the ' =0
peak, with simulations. . . . . . . . . ... oo
The width of the ' = 0 and F = 1 peaks as a function of probe beam

intensity, with simulations. . . . . . .. .. ... 0 0 0oL

36

38
40

43
48
49
53
54
95

60
62
64

66

71

73

75

76
80



LIST OF FIGURES 10

5.1

5.2

5.3

5.4

9.5

5.6

5.7

5.8
5.9

5.10

5.11

5.12

5.13

5.14
5.15

5.16

5.17

5.18

5.19

5.20

5.21

A cross-section of two field stages of the 100-stage decelerator. . . . . . .. 88
A schematic diagram of the 100-stage decelerator . . . . . . . . ... .. .. 89
Three photographs of the 100-stage decelerator. . . . . . . . . . .. .. ... 90

Three deceleration stages of the 100-stage decelerator, and the axial electric
field profiles created by charging these electrodes in two high voltage states. 92
The circuitry used to switch the voltage applied to each of the four rods of
the 100-stage decelerator from the ‘high’ state, Vi, to the ‘low state’, Vip. 93
The measured voltage of the two oppositely polarized rods corresponding
to one set of 50 deceleration stages in the 100-stage decelerator. . . . . . . . 95
The measured voltage of the same two rods as in figure 5.6, but no longer
switching to ground. . . . . . .. .. L 98
The Stark shift of the N'=4 statesof a CaF. . . . ... ... ........ 100
The mapping of the 36 M states of the four field-free states (F' = 5,4, 3,4)
to the five Stark-shifted rigid rotor sub-level groups (|[My| =0,1,2,3,4). . . 101
Two scans over the Q11(3) and Ry (%) lines of CaF, taken with the decel-
erator off (blue points) and with £13 kV applied (red data). . . . . . . . .. 102
Measured signal ratios of the Qn(%) and ng(%) lines as a function of
applied voltage to the 100-stage decelerator, used in DC guiding mode. . . . 103
The mean trapping frequencies of the magnetic sub-levels of the NV = 4
rigid rotor state as a function of voltage applied to the 100-stage decelerator.104
The total trapping frequency of all the guided rigid rotor states associated
with the measured Qn(%) and R12(%) lines. . . .. ... ... ... ..... 105
Longitudinal effective potential energy in a weak-field decelerator . . . . . . 110
The Stark shift experienced by CaF radicals with +15 kV applied to the
decelerator in states 1 and 2. Also shown is the difference of these two profiles. 111

Phase space trajecoties inside the 100-stage decelerator calculated with the

decelerator charged to £15 kV, and with ¢syn. =0,5 and 5. . . . . . . .. 113
The longitudinal acceptance of the weak-field decelerator with £15 kV ap-
plied to the electrodes. . . . . . . . . ... 114

Experimental and simulated time-of-flight profiles taken with the 100-stage
decelerator operating with Vo =0, Vgr = 14 kV, ¢gyne =0. . . . . . . .. 115
Experimental and simulated time-of-flight profiles taken with the 100-stage
decelerator operating with Vo = 0, Vgr = 14 kV, ¢gypne = 75°. . . . . . .. 117
The angular rotation rate of the electric field inside the decelerator, shown
for a range of longitudinal phase positions. . . . . . . . .. ... ... .. .. 122
The probability of a molecule occupying each of the different magnetic sub-
levels |N =4, M # 0) after a field-switch. . . .. .. ... ... ... ... 124



LIST OF FIGURES 11

5.22

5.23

5.24

5.25

5.26

5.27

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

6.10
6.11

6.12

6.13

6.14

6.15

7.1
7.2

The probability of a molecule occupying any of the different magnetic sub-
levels [N =4, My # 0) after a field-switch. . . .. ... ... ... .. ... 125
Experimental and simulated time-of-flight profiles measured with Vi = 14
kV, ¢sync = 0 and vgyne = 370 ms~!. Vo is varied between 0 and 1.45 kV. 127
Experimental and simulated time-of-flight profiles with Virr = 14 kV, vgypn. =

350 ms~! and Gsync = 75°. Vo was varied between 0 and 1.95 kV. . . . .. 129
Experimental and simulated deceleration data of CaF radicals in the |4,0)
state, with Vg =18 kVand Vio=1kV. . . . . . ... ... .. ... ... 130
The time-of-flight profile measured with £18 kV applied to the 100-stage
decelerator, operated with a phase angle of 75°. . . . . . . .. ... ... .. 131
The longitudinal acceptance of the decelerator as a function of synchronous
phase, compared with the area of the decelerated peak. . . . ... ... .. 132
The form of a trajectory in an AG guide. . . . . . . ... ... ... .... 142
The 1D acceptance of a harmonic AG guide, as a function of kL and kS. . 143

The 1D acceptance of a gapless guide, and three example molecular trajec-

70 1 144
The effect of the cubic term on the effective potential inside a realistic AG

guide. . . . .. 148
The effect of the coupling term on the effective potential in a guide. . . . . 150
Two photographs of the AG guide. . . . . . .. .. ... ... ... ..... 152
Set-up of the AG guiding experiment. . . . . . . .. .. ... ... ..... 153
The two transverse electric field states inside the the AG guide. . . . . . . . 154
The acceptance and an example trajectory for the constructed AG guide

calculated by four different models. . . . . . . . ... ... ... ... .. .. 155
Data and simulations showing signal ratio versus lens duration. . . . . . . . 158

The F' = 1 peak amplitude and area signal ratios measured with the guide

operated at 8.0kV. . . . . . ..o 161
The HV switching pattern sent to the AG guide for operation at three lens
durations. . . . . . . . L 163
The signal ratio with the AG guide used in ‘DC’ mode, in which it acts as
asingle 1 m-longlens. . . . . .. ... L Lo 165
The transverse electric field produced by the guide charged to £10 kV, and
the Stark shift experienced by ground-state CaF. . . . . . .. ... ... .. 166
Simulated trajectories along the guide operated in DC guiding mode for a
range of applied voltages. . . . . . . . . ..o L 168
A typical deceleration stage in an AG decelerator. . . . .. ... ... ... 173

A diagram of the AG decelerator . . . . . . .. ... ... ... ... 175



LIST OF FIGURES 12

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

7.19

7.20

8.1
8.2

A photograph of three deceleration stages in the AG decelerator. . . . . . . 176
The electric field profiles and Stark shifts inside the AG decelerator. . . . . 177
The Stark shift and longitudinal dynamics of CaF radicals in the AG de-
celerator. . . . ... 179
Electric field magnitude on the z = 0 plane with 420 kV applied to the AG
decelerator. . . . . . . . . ... 180

The transverse forces exerted on a CaF radical in the |4,0) state inside a
charged stage of the AG decelerator. . . . . . .. ... ... ... ... ... 181
The Stark potential and effective longitudinal potentials inside a charged
deceleration stage, with 2z,;, = 0 mm and 2,5y = 6,8, 10 mm. . . . . . .. .. 183
Deceleration data taken with the AG decelerator operating at +20 kV, and
with 2o, =0 mm and z,pp=6mm. . ... .................. 185
The delay plotted as a function of the number of decelerator stages used.
The decelerator was charged to =20 kV, and z,, = 0 mm and z,f = 6 mm. 187
Simulated speed profiles calculated with the AG decelerator operating at
+£20 kV, with zop =0 and zopp =6 mm. . . .. ... ... ... ... ... 188
The signal ratio of the decelerated peak, and the entire time-of-flight profile
as a function of the number of stages used. . . . . .. ... ... ... ... 190

The sum of the transverse force constants, k, + ky, inside a field stage of

the AG decelerator, charged to 220 kV. . . . . . . . .. ... ... ... .. 192
The source distribution of molecules that successfully make it through the
AG decelerator. . . . . ... 192

The position inside the first stage of the AG decelerator occupied by five
velocity groups when the stage is charged. . . . . . . ... ... ... .... 194
Experimental and simulated time-of-flight profiles taken recorded with the
AG decelerator operating at £20 kV, and with zon/20r¢ = 6/10 mm. . . . . 196
Experimental and simulated delay data recorded with the AG decelerator
operating at 20 kV, and with 2o, /20 =6/10 mm. . . . . .. ... .. .. 197
The effective potential well calculated for zo,/20ff = 6/10 mm inside the
AG decelerator, operating at £20 kV. . . . ... ... Lo 199

The signal ratio of both the decelerated peak and the entire recorded time-

of-flight profile versus the number of stages used. . . . . . . ... ... ... 201
The experimental signal ratios taken with the AG decelerator operating

with zon/2ofr = 0/6 mm and zon/20ff =6/10 mm. . . . .. ... ... ... 201
Simulations of deceleration with a 200-stage Stark decelerator. . . . . . .. 208

The 1D acceptance of an AG guide, highlighting the effect of changing the
beam speed. . . . . . .. L 210



List of Tables

5.1 Magnetic sub-level components of the field-free states

13



Chapter 1

Testing fundamental physics with

cold molecules

Much fundamental physics is not properly understood. From theories of particle physics
beyond the standard model to the development of life as we know it, there is uncertainty.
Laboratory-based experiments with cold molecules offer the prospect of extremely high-
precision tests of fundamental symmetries, which can resolve these uncertainties.

This chapter gives an introduction to why molecules are useful in experimental tests of
fundamental physics. The emphasis is on the measurement of the electric dipole moment
of the electron, as this measurement was the motivation for the research reported in
this thesis. However, several other experiments using molecules are described to give an
overview of the field.

The chapter then describes why cold molecules in particular are useful, and gives a
brief description of the various methods used to produce cold molecules. Finally there
is a discussion of the motivations and objectives of the experiments with CaF radicals

described in this thesis.

1.1 Why molecules?

1.1.1 The electric dipole moment of the electron
CPT symmetry

Symmetry lies at the heart of physics. The development of much 20th century physics
has been concerned with a description of the symmetries of fundamental interactions. An
early assertion was that of P-symmetry, in which a system is symmetric under a parity
transformation, ¥ — —7. The laws of physics were expected to be invariant under a parity
transformation. If a given interaction between particles is observed in nature, then the

parity-transform of that interaction should be observed with equal probability. In 1957

14



CHAPTER 1. TESTING FUNDAMENTAL PHYSICS WITH COLD MOLECULES 15

the first experimental evidence was presented of a process for which this is not true [1].
This experiment measured (3-decay in %°Co. %°Co decays to °Ni, emitting an electron.
Consider the electron to be emitted at some angle, 6, to the direction of the axial vector
defined by the nuclear spin. In the parity-transform of this interaction the nuclear spin
vector is pointing in the same direction as in the original nucleus, although the direction of
the emitted electron is reversed. The angle between the emitted electron’s trajectory and
the nuclear spin vector is thus 7 — 0 in the mirror image. If P-symmetry is obeyed then
both decay angles should be detected with the same probability. The 1957 experiment,
however, found that one direction was preferred over the other, indicating that P-symmetry
is violated.

Investigation of this violation led to the assertion that the decay asymmetry is opposite
for an anti-particle than for its associated particle. The combination of the symmetry
associated with exchanging a particle for its anti-particle (known as ‘charge conjugation’
or C-symmetry) and P-symmetry can be described by the compound CP-symmetry. It
was thus asserted that the measured decay asymmetry in %°Co is consistent with CP
invariance. However, experimental evidence has since been found for CP violations, most
notably in kaon decay [2].

There is a theory in which the total parity, charge conjugation and time symmetry
(the symmetry of a system under the transformation ¢ — —t) of a system is invariant.
This CPT theory allows for CP violation during a process, as long as T-symmetry is also
broken during this process. The standard model of particle physics includes a mechanism
for T-violation. This mechanism predicts a non-zero electric dipole moment (EDM) of the
electron. Theories of particle physics that go beyond the standard model also predict
EDMs, but with values much larger than that in the standard model [3]. A measurement
of the electron EDM would thus be a confirmation of T-violation, and could be used to

discount and refine theories of particle physics.

Measuring electron dipole moments with molecules

The method of measuring the EDM of a particle is to place the particle in an applied electric
field, and measure the interaction energy. This is exactly the method used to measure
the neutron EDM [4]. Of course, this method cannot be used to measure the EDM of any
charged particle because the particle would be accelerated away from the experiment by
the applied field. The technique used to measure the EDM of charged particles is to use an
atom or molecule. There is a theorem, known as Schiff’s theorem [5], which states that for
a bound system of point charges, in which only electromagnetic forces act and in which
relativistic effects are neglected, the internal electric field of the system exactly cancels any
applied electric field at the position of each charge, so that the net electric field experienced

by each charge is zero. There can thus be no interaction between an applied electric field
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and the EDM of an electron inside an atom or molecule. This renders such a system useless
for measuring the size of an EDM. However, Schiff went on to discuss the limitations of
this theorem: the particles are not all point-like, and the electron moves quickly enough
for relativistic effects to become non-negligible. The non-point-like nature of a particle
can lead to incomplete shielding of an EDM from an applied field as the distribution of the
EDM is different from the charge distribution in that particle. This is particularly evident
when measuring the EDM of a large nucleus. However, this argument makes no difference
to the measurement of an electron’s EDM as it is a point particle. The measurement of an
electron EDM thus relies on relativistic effects, in particular the Lorentz contraction of the
EDM in the laboratory frame [6]. Consider measuring the electron EDM in an atom, with
proton number, Z. The relativistic correction applies most strongly to the fast-moving
s-electrons close to the nucleus. Given that the EDM, d., points along or against the
direction of the electron spin, &, the total EDM of a closed shell is zero. Consequently,
to measure the EDM of a single electron requires using an atom with a single unpaired
s-electron. The electric field experienced by this electron is dominated by the nucleus’
Coulomb field: Z7/r2. Tt can be shown [3] that the first order interaction energy between

such an electron and this field is

L ZF
20,5 Z5|6,,,) = 0. (1.1)

72

<H1> = <¢81/2

This energy is zero because the operator 7 has odd parity. Applying an electric field to
this system will mix the electronic states, and this mixing can lead to a non-zero value
of (H'). The dominant mixing is with the p; /2 state. It can be shown [3] that there is a

non-zero matrix element in (H'):

(6,

where « is the fine-structure constant. This non-zero matrix element allows for a non-

.
2d,5 - 25
.

¢p1/2> ~ 4Z(Za)2d,, (1.2)

zero EDM interaction energy, and can amplify the interaction, particularly for heavy atoms
(large Z). This amplification depends on the strength of the applied field, and is described
by the ‘enhancement factor’, a(E) (not to be confused in notation with the fine-structure
constant). Heavy atoms, such as T1 [7], have thus been used in measurements of the
electron EDM. This enhancement can be even greater in polar molecules, where the inter-
nuclear electric field strongly mixes the electronic states. An applied electric field mixes the
rotational states, polarizing the molecule. The electron EDM interacts with the polarization
that results from the inter-nuclear and applied electric fields.

The electron’s EDM, d., can be either parallel or antiparallel to the direction of its spin
magnetic dipole moment, &. The interaction Hamiltonian between this dipole moment and
an applied electric field, E, is —dea(E)T - E, where a(FE) is the enhancement factor. For

all reasonable fields created in the laboratory, a(F) is constant for an atom, but can vary
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for a molecule. For a T1 atom the enhancement factor is -585 [8]. In an applied electric
field of 13 kV /cm, the heavy dipolar radical YbF is found to have an enhancement factor
of around 10° [9]. This very large enhancement allows the interaction of the EDM of the
valence electron in a YbF molecule with an electric field to be measured experimentally.

At Imperial College London there is currently an ongoing experiment to measure the
electron EDM using a supersonic beam of YbF radicals. The experiment measures the
energy difference between the F' = 1, Mr = £1 magnetic sub-levels of ground-state YbF
molecules. The molecules are created by supersonic expansion of a seeded carrier gas and
laser ablation of a solid Yb target (more details of this method are given in sections 1.2.2
and 3.2). The molecular states of interest in this experiment are the |F = 0, Mp = 0),
|FF=1,Mp = 0) and |F = 1, Mr = £1) levels of the absolute ground state. The energy
interval between these levels is small enough, and the source hot enough, that the levels
are equally populated. The first stage of the experiment is to prepare the molecules in
the |0, 0) state. This is done by a laser, which drives electronic transitions from the |1,0)
and |1,£1) states. Having been excited the molecules then decay back to the ground
electronic state. This pumping scheme causes the population to build up in the |0,0)
state, and empties the |1,0) and |1, £1) states. In the second stage of the experiment an
RF transition at 170 MHz drives the |0,0) molecules into a superposition of the F' = 1,
Mp = +1 states, %(H, 1) + |1,—1)). The molecules then traverse a region of applied
electric field, F, and magnetic field, B. During the time, 7, that the molecules are in the

field region they acquire the phase
-
Ap = 1 (1pB — a(E)d.E), (13)

leaving them in the state %(em‘ﬁll, 1) + 721, -1)). After the field region a second
170 MHz RF pulse drives the transition back to the |0,0) state, with an efficiency that
depends on the acquired phase. The amplitude of the |0,0) state after the second RF
pulse is %(em‘l5 + e‘iA¢). The molecules are then probed by laser induced fluorescence,
with a laser beam tuned to an electronic transition from the |0, 0) state. The intensity of

the measured fluorescence depends on the final population of the |0,0) state,
. N2
I x i(e’Ad} + eilA‘ﬁ) = cos® A¢. (1.4)

The intensity is thus a periodic function, consisting of fringes as A¢ is varied. For a
constant applied magnetic field, changing the electric field (for example, by switching
its direction) will lead to a variation in measured intensity which depends on d.. The
purpose of the magnetic field is to set A¢ to /4 where the experiment is most sensitive
to variations in phase.

Further details of this experiment can be found in [10], [11] and [12]. In addition to the
YbF experiment there are several other experiments, planned or in progress, to measure
the electron EDM with molecules, most notably PbO [13], PbF [14, 15], and ThO [16].
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1.1.2 Measuring time-variation of fundamental constants

Theoretical work on string theory and the expansion of the universe has suggested that
physical constants can vary over time [17]. Experimental methods for observing such
variation have focussed on the ratio of the electron and proton masses, u = mp/me, and
the fine structure constant, . Because the variation is expected to be very small over
extremely long timescales, an obvious technique to measure any change is to analyse spec-
tral data from astrophysical objects at a variety of red-shifts. This allows the comparison
of data from a wide range of cosmological time-scales, typically of order 10 GYr. Some
of these analyses indicate an observed variation in «, measuring Aa/a ~ 107° [18, 19].
Despite the huge time-span available to these astrophysical measurements they have not
yet produced consistent evidence of time-variation [20]. An alternative is to make a much
more precise measurement on a system, but over a much smaller time-scale. For example,
laboratory-based experiments can compare the transitions in a test system with those in
a caesium fountain over a number of years. Molecules, with their rich structure, provide
excellent test systems for measuring time-variation of constants, and several experiments
have been suggested. One such experiment would use ultracold trapped HD™ or H;“ ions
[21] to measure p (and also the proton-to-deuteron mass ratio). It is stated in [21] that the
narrow linewidth of vibrational transitions in these ions can allow measurements of time-
variation of order 10~ yr~!. An experiment to measure vibrational transitions in SFg has
measured the upper limit on the time-variation of Ayu/u to be (—=3.8 +5.6) x 10714 yr—!
[22]. More recently a new experiment has been proposed which would measure two-photon
transitions in molecular beams with sufficient precision to allow for a measurement of the
upper limit of the time-variation of y of 107 yr=! [23]. The sensitivity of molecular
transitions to variations in « or p can be considered within the structure of the Born-
Oppenheimer model (see chapter 2) in which the electronic, vibrational and rotational
energies are separated. To first order the dependence of each energy on p is given in [23],
and it is shown that pure electronic transitions are not sensitive to changes in p, whereas
transitions between low-lying vibrational states and between low-lying rotational states of
molecules are sensitive. The proposed experiment involves measuring the frequency be-
tween two near-degenerate states. As an example the authors consider a particular state
(a>II (v=0)) of CO. A comprehensive review of the sensitivity of 2-photon rotational tran-
sitions in the different isotopomers of CO shows a large isotope shift in these transitions,
which indicates sensitivity to variation in p, and in particular a transition between two

states separated by 1.648 GHz in 12C!00 shows particularly great sensitivity [23].
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1.1.3 Observing parity violation

Since the 1957 °°Co experiment that measured parity violation [1] there have been efforts
to measure this violation and its effects in molecular chirality [24]. A chiral molecule is one
that cannot be superimposed on its mirror image. The two mirror images are designated
as being ‘left-" or ‘right-handed’,with pairs of opposite-handedness known as enantiomers.
Chirality occurs in many molecules in nature, most notably in amino acids and sugars.
Parity violation should lead to (very small) differences in the spectral characteristics of
enantiomers [24]. The experimental search for parity violation in enantiomers thus requires
high-resolution spectroscopy experiments to measure these energy differences. In an early
attempt, for example, the hyperfine components of vibration-rotation transitions in the
two enantiomers of CHFCIBr were compared and measured to be identical to within 13 Hz
[25]. Theoretical analysis of CHFCIBr has, however, shown that parity-violating effects
are considerably smaller, on the order of several mHz [26]. However, further calculations
in [26] show that CHBrFI enantiomers are expected to experience greater energy shifts
by a factor of 10. More recent theoretical work has suggested an alternative method of
measuring parity-violating effects in chiral molecules by using optical activity [27]. A
chiral molecule rotates the polarization of light incident upon it. It is proposed in [27]
to measure the time-averaged optical activity of a sample of molecules all of the same
chirality. The rotation angle of light at a given position inside the sample will be affected
by parity-violation.

The measurement of parity violation in chiral molecules is of great importance not
only to the physical sciences, but also the biological sciences, through the phenomenon
of biomolecular homochirality. This is the strong preference observed in nature for cer-
tain handedness in biomolecules, with most amino acids being ‘left-handed’, and most
monosaccharides being ‘right-handed’ [24]. Many hypotheses have been suggested for ho-
mochirality. Quack [24] categorizes these into those requiring chance and those requiring
necessity. For example one suggestion is that, near the beginning of an evolutionary pro-
cess a local chiral system, such as a circularly-polarized light-field, could influence amino
acid formation in favour of one handedness. This explanation falls into the ‘chance’ cat-
egory. On the other hand, it has been suggested that parity violation could affect a
low-temperature phase transition in such a way as to favour one particular handedness
— an explanation which falls into the ‘necessity’ category!. Parity-violation will cause
an energy difference between enantiomers. It is possible that this difference might favour
the production of one of the enantiomers in nature, and thus lead to the observed ho-
mochirality. Measurement of parity-violating effects in biomolecules is thus an important

endeavour in answering questions about the evolution of life.

1For a more detailed description of these explanations and their references, see Quack’s excellent review
article [24].
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1.2 Why cold molecules?

The experiments discussed above all require molecules in a particular state. In order to
generate large densities of molecules in a particular state the molecules must be cold.
This means that the electronic, vibrational and rotational distributions of an ensemble of
molecules should be narrow, and preferably centred on the desired state. This requires
creating the molecules in such a way that they are already in the desired state, or can
be transferred to the desired state. As well as cooling the internal degrees of freedom, it
can also be useful for the molecule’s translational motion to be cold. This is, for example,
important in the YbF electron EDM experiment, because it means that pulses of molecules
do not spread much in their flight through the experiment. As discussed in [28] it is
important to note that for an ensemble of molecules to be translationally cold does not
require them to be slow-moving, or for the ensemble to have zero mean speed. Rather,
the distribution of speeds must be narrow. In the experiments discussed in this thesis,
molecular beams are made with translational temperatures around 3 K, but travelling at
mean speeds between 360 ms~! and 600 ms~!. Obtaining molecules with low velocity is
also useful for many experiments because this increases the amount of time each molecule
spends in the experiment.

The methods used to create cold molecules are often categorized into two types [29]:
direct and indirect. The indirect method involves cooling atoms to ultracold temperatures,
and then combining them to create an ultracold ensemble of molecules. The direct method

involves making the molecules first, and then cooling them.

1.2.1 Indirect methods
Photoassociation

The first experiments to create molecules indirectly used photoassociation [31]. In this
method a laser is used to drive a transition between two atoms from an unbound to
a bound state. If the atoms are initially cold, then the resulting molecule will be too.
Thus this technique has been applied to ultracold atoms that have been laser-cooled.
Photoassociation tends to create molecule in excited electronic and vibrational states.
This is not desirable because, in collisions between vibrationally excited molecules the
vibrational energy can be transferred to translational energy, which heats the ensemble
up from ultracold temperatures (< 1 mK) to cold temperatures (around 1 K) [30]. It
is possible for the molecules to decay spontaneously to the vibrational ground state, or
one can use a second laser to stimulate this decay. The efficiency of this method depends
on the overlap of the vibrational states, known as the Franck-Condon factor. It turns
out that the Frank-Condon factor is more favourable in heteronuclear molecules. Thus

heteronuclear photoassociation is well-suited to creating ground state molecules, such as
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the creation of LiCs molecules in the absolute ground state by Deiglmayr et al. in 2008
[32].

The disadvantage of photoassociation is that it is limited to the creation of molecules
comprising only those atoms that can be laser-cooled, typically bialkalis. This limits the

application of photoassociation in testing fundamental physics.

Feshbach resonance

Another method of creating molecules from ultracold atoms is via a Feshbach resonance.
In this technique an applied magnetic field is used to vary the scattering length of two
atoms. If the energy of two colliding atoms is the same as that of a bound state, then
it is possible for the atoms to enter this bound state, forming a molecule. It is unlikely
that the energy associated with the atoms will exactly match the bound state energy. If
the bound and unbound states have different spin configurations, they will have different
magnetic moments. Thus, the two states will experience different Zeeman shifts in an
applied magnetic field. By applying the correct magnetic field it is possible to induce an
overall Zeeman shift that reduces the energy difference to zero. When this happens the
bound state can be formed. This method has been used to create molecules from a variety
of ultracold atoms, such as Rba [33], Liz [34] and Nag [35]. Feshbach resonance can be
used to create molecules directly from an atomic Bose-Einstein condensate (BEC). This
has been demonstrated, for example, by Danzl et al., in an experiment in which deeply-
bound Csg molecules were formed from a Cs BEC [36]. However, as with photoassociation,

Feschbach resonance is limited to molecules formed from atoms that can be laser-cooled.

1.2.2 Direct methods
Supersonic expansion

The supersonic expansion method starts with a gas at high pressure (typically several
bars) contained in a line at room temperature. At the end of this line is a valve which
separates the high pressure region from a low pressure region (typically high vacuum,
around 10~7 mbar). Opening this valve allows the gas to flow into the vacuum. The gas
expands as it flows into the vacuum, which causes it to cool. This cooling arises because,
before the valve is opened the gas has no net flow (the average speed of the molecules is
zero), but has random thermal motion, the distribution of which defines the temperature.
As the gas enters the low-pressure region it gains a net flow, and the energy of this flow
comes from the thermal motion. Collisions between molecules expanding into the low-
pressure region cool the translational, rotational and vibrational degrees of freedom as
energy is transferred to forward kinetic energy. The expansion takes a gas with a wide

speed distribution, centred on v = 0, and creates a narrow distribution, centred on v > 0.
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Were the collisions to continue for long enough the translational, vibrational and rotational
temperatures would eventually reach zero. However, as the gas expands its pressure and
temperature drop rapidly. As the pressure drops the mean free path increases until there
are no more collisions. At this point cooling stops, leaving the molecules with a non-zero
temperature.

The final speed of the beam is determined by the initial temperature of the gas and its
molecular mass. Heavier gases will travel more slowly. The use of a mixed-gas expansion
can vary the final speed attained by a supersonic beam. A mixed gas may also have the
advantage of preventing condensation [28]. Collisions between the gas molecules can cause
condensation nuclei, whereas mixing the desired molecules with a large volume of some
other gas inhibits this as the other gas (the ‘carrier’ gas) prevents these collisions.

A skimmer, located downstream of the valve, allows only those molecules with limited
transverse temperatures to pass, and thus can be used to create a supersonic, cold beam
of molecules.

Supersonic beams can be created both directly and indirectly. In the direct method
the desired molecules are prepared before the expansion, such as in [37], where a beam
of 5% CO and 95% Xe was made by supersonic expansion. In the indirect method, a gas
of precursor molecules is supersonically expanded, and then, during the expansion, takes
part in a reaction to create some product molecule. This product then forms a part of the
supersonic beam. This method was used to create a beam of YbF radicals in 2002 [38]. A
mixture of 5% SFg and 95% carrier gas (typically Ar or Xe) was expanded into a vacuum
chamber. Inside the chamber, located next to the valve nozzle was a target of solid Yb.
Very shortly after the valve opened, and while the gas was still expanding into the chamber,
a pulse from a Q-switched Nd:YAG laser was fired onto the Yb, ablating the surface and
causing a plume of hot Yb atoms. This hot plume intersected the supersonically expanding
beam and the Yb atoms reacted with the SFg to form YbF radicals. These radicals were

then entrained in the beam, travelling at a speed determined by the carrier gas.

Buffer gas cooling

A method for producing high densities of low temperature molecules is buffer gas cooling
[39]. This technique involves loading molecules into a magnetic trap, which is itself located
inside a cryostat. Molecules which experience an increase in energy in a magnetic field (a
positive Zeeman shift) will be trapped by a local minimum of magnetic field. A cold buffer
gas present in the cryostat can then be used to cool the molecules in the trap. Colder
buffer gases offer more cooling, although this is limited by the associated reduction in
vapour pressure. SHe maintains a large vapour pressure until very low temperatures, and
can be used to cool trapped molecules down to around 240 mK [39]. The first buffer-gas

cooled molecule was CaH [40], which was magnetically trapped in a cryogenic cell filled
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with 3He, and cooled to about 400 mK.

Buffer gas cells can be used to produce beams of cold molecules. In this case the
molecules are not magnetically trapped, but simply formed in a cell located in a cryostat.
They can be loaded into the cell through a capillary (such as in [41]), from an external
beam [42], or can be created by laser ablation inside the cell (such as in [43]). The buffer-
gas cooled molecules can then leave the cell through an aperture in one of the walls, and
can be guided out magnetically or electrically. The first molecular beam out of a buffer gas
cell was a beam of PbO, reported in 2005 [43]. The molecules were cooled in a cell cooled
by He to a typical temperature of 5 K. Measurements of the beam’s velocity profiles found
the transverse, longitudinal and rotational temperatures to be around 5 K, indicating full
thermalization inside the buffer gas cell. By varying the He density in the cell the forward
velocity of the beam could be varied between 40 ms~! and 80 ms™!.

Molecular beams cooled by buffer gas cells offer the possibility of cold, high density,
slow-moving beams, and are thus a very exciting prospect for experiments that use molec-

ular beams.

1.3 Motivation for this thesis

The purpose of the experiments reported in this thesis was to investigate the methods
of generating a slow, intense beam of heavy, polar molecules for the measurement of the
electron electric dipole moment (EDM), d., described in section 1.1.1. The experiment
currently uses a beam of Ar-carried YbF from a supersonic source travelling at a speed
of 600 ms~!. Tt can be shown [44] that the statistical error in the measurement of the

electron EDM in this experiment is given by
h 1 1
de = — 1.5
" ea(E)E /N (15)

(in units of e cm), where E is the magnitude of the applied field, a(F) is the enhancement

factor, 7 is the amount of time each molecule spends inside the experiment, and N is the
total number of molecules used in the experiment. The experiment is almost completely
automated and can run for long periods (several days) without needing to stop. The
current sensitivity is 7 x 1072 e cm/y/day [44]. This sensitivity can be improved by
increasing the number of participating molecules, N, and the time they spend in the
experiment, 7. The supersonic source used is currently the best method of creating a
high-flux beam of cold YbF molecules. There is an experiment at Imperial College to
create a buffer gas source of YbF molecules [45]. This promises to produce larger fluxes of
molecules in a slower moving beam, however, the supersonic source is currently the better
method.

Regardless of the source used it is important to find a method of coupling as many

molecules into the experiment as possible. For this reason, one of the goals of this PhD
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project was to investigate a method for transporting ground-state molecules from a source
to an experiment. This involved building a 1 m-long guide, capable of transporting
molecules from a high density source, such as a supersonic source or a buffer gas cell,
and delivering them to an experiment in such a way that maintains their phase-space
density. The properties of this molecular guide were extensively characterized, and the
results are described in chapter 6.

As well as increasing IV, the other method for reducing dd. is to increase the time the
molecules spend in the experiment. This requires finding a slower source of molecules, or
decelerating the current, fast-moving beam. The buffer-gas source promises a slower beam
of molecules, but this has not yet been demonstrated. The supersonic beam currently used
in the EDM experiment is Ar-carried, and travels at 600 ms~!. Heavier carrier gases will
reduce this speed. However, it has been found that these slower beams have smaller fluxes,
which reduces N in such a way that the Ar-carried beam is optimal. The best option for
increasing 7 is to decelerate the molecules. This has been the main objective of this thesis.
Two types of molecular decelerator have been investigated. These devices use a sequence
of time-varying electric fields to remove kinetic energy from the molecules. The results
are presented in chapters 5 and 7.

In order to distinguish a true measured value of the EDM from a false measurement
resulting from systematic effects, it is necessary to carry out many control experiments.
One important control method is to repeat the experiment with a different molecule that
has a much smaller enhancement factor. If this experiment still measures the same value
for the EDM then there is an error, and the measurement is not a value of the EDM. The
enhancement factor is found to be proportional to Z3. In YbF the valence electron that is
probed by the EDM experiment is strongly bound to the Yb nucleus, and it is the value of
Z for this nucleus that largely determines the enhancement factor. The molecule of choice
for the control experiment is CaF. This radical has a structure very similar to YbF, but
with a mass of 59 amu (compared with 192 amu for YbF), it is very much lighter. The Ca
nucleus has a proton number of 20, compared with 70 for Yb, giving it an enhancement
factor 43 times smaller than that of YbF. This is too small for the current experiment
to measure the electron EDM in CaF, and so it serves as a good system for measuring
systematic effects.

CaF was the molecule chosen to be decelerated in this PhD project. For a given beam
speed (determined by the carrier gas) CaF will be easier to decelerate than the much
heavier YbF radical. Thus CaF allows for an easier method of testing and calibrating
deceleration devices. CaF is very similar to YbF and is made in exactly the same way.
Thus, once an efficient method of decelerating CaF has been found, the experimental set-
up can easily be modified to decelerate YbF. As well as this, a slow beam of CaF is itself

useful in the determination of the electron EDM.
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This thesis describes experiments to guide and decelerate cold beams of CaF. In addi-
tion to these experiments, a further experiment to determine various molecular parameters
has been performed (chapter 4). As well as investigating the structure of CaF, this spec-
troscopic experiment also shows that CaF is a good candidate for laser cooling, a powerful

cooling technique applied so far only to atoms.



Chapter 2

Introduction to molecular physics

2.1 Basic diatomic molecular structure

There are many fine introductions to molecular structure, in particular Herzberg [46],

Bransden and Joachain [47] and Wang [48].

2.1.1 Born-Oppenheimer Approximation

A diatomic molecule consists of two nuclei, A and B (mass M4 and Mp respectively) sep-
arated by some distance ﬁ, and N electrons. The time-independent Schrédinger equation
for this system is

In+71.+ V| U(R,7) = EY(R,7), (2.1)

where Ty is the kinetic energy operator for the nuclei, 7. is the kinetic energy operator for
the electrons and V is the total potential energy of the system, comprising all Coulomb
interactions. FE is the total molecular energy. The variable written as 7; represents the
list of all the electronic positions, 7; = 71,72,...,7n. Expressed in terms of the reduced

mass, m, = MaMp/(Ms + Mp):

5 1 oy 5 o 12 =2

In = \Y T. = Vi . 2.2

N 2mr R> e ZZ_; 2me T ( )

Consider now the nuclei to have some fixed positions. The Schrodinger equation simplifies
to

T+ V] @y (B 7) = B, (B)2,(F: 7). (2.3)

Note the argument of the wavefunction: Risa parameter, not a variable. For a given

R there is a set of electronic eigenfunctions éq(ﬁ;ﬁ), with corresponding total energies
Eq(R).

26
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For a given R the wavefunctions ®, form a complete set, and so the total wavefunction

can be expanded in terms of ®:

U(R, ) = 3 Gy Ry, (B: 7). (2.4)

An equation for Gq(]:f) can be found in the usual way by premultiplying the total wave-
function by one of the electronic wavefunctions, @m(é; 7;) and then integrating over all

electronic positions:
3 / @, () [T+ T+ V — B Gy (B, (R = 0. (2.5)
q

There are four terms in equation 2.5. Consider now only the second to fourth terms (that
is, the energy terms (7, +V — E)). The operator 7, is a function of 7 only, and V and E

are numbers. Thus the orthonormality condition and equation 2.3 give

> / @, () (T 4V = B) Gy Ry, (R )i = (En(B) ~ B) Gu(R), (26)

where Em(ﬁ) is the energy associated with the electronic motion and all Coulomb inter-

actions. Substituting equation 2.6 into equation 2.5 gives

S [ O E TG (B (R = —(En(f) — E)GnlB)
h? q - Lo . .
—erz / OF (R; ) VEG(R)®g(R; 7)di; = —(Em(R) — E)Gm(R) (2.7)

—

This equation for the function G,,(R) is a differential equation coupled to all other Gq(ﬁ).
An analytical solution is not possible. To continue with this analysis the usual step is to
make the Born-Oppenheimer approximation in which the derivatives of ®q(é;ﬁ) with
respect to R are ignored. At this stage in the analysis nothing is known about the form
of the wavefunctions (IJQ(]:?:;FZ-) as the Schrodiner equation has yet to be solved. The
assumption that the functions ¢q(ﬁ; 7;) are insensitive to changes in R is a mathematical
guess. Only after solution of the Schrédinger equation can this approximation be known

to be good. The Born-Oppenheimer approximation results in the following simplification

Vi(Go(B@(F)) = Go(B)(VEy(Fs7)) + (VAG,(R)) @, () (28)
+2(VrGy(R)) - (V7))

~ (VRG(B))@,(Fs7), (2.9)

where the first and third terms on the right-hand side of equation 2.8 have been ignored.

The time-independent Schrédinger equation is now

—R2 . .
[ o V% + En(R) — E] Gm(R) = 0. (2.10)
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This is known as the nuclear wave equation. It looks like the time-independent Schrodinger
equation for a particle of mass m, moving in a potential Em(ﬁ), the R)fdependent elec-

-

tronic energy. The eigenfunctions, G,,(R) describe the relative motion of the nuclei.

2.1.2 Eigenstates of the nuclear wave equation

Equation 2.10 describes the motion of the nuclei in the potential created by the electronic
motion and all the molecular Coulomb interactions. The molecule investigated in this
thesis is the diatomic radical, CaF. For a diatomic molecule, the vector R describes the
separation of the nuclei and the orientation of the inter-nuclear axis. In the absence of an
applied field the electronic energy of a diatomic molecule will not depend on the orientation
of the molecule - only on the separation of the nuclei. Thus the electronic energy is a
function only of the internuclear separation. The potential term is now a function of
radial coordinates only: E,,(R). The nuclear wavefunction, however, is a function of both
radial and angular variables, and can be separated. The Laplacian operator can be written
V% = 19 <R28> - N—2, (2.11)
R20R OR R?
where N is the total molecular orbital angular momentum operator (comprising the nuclear
rotation and electronic orbital angular momentum operators).
Gm(é) can be separated into a radial and an angular part. Substitution of this into
the nuclear wave equation (equation 2.10) finds the separated function to be [47]:

1

Gm(R) = EgmN(R)YN,MN(H, ). (2.12)

Substituting the expression for the Laplacian operator (equation 2.11) into the nuclear
wave equation and then separating, the radial component of the nuclear wave equation is

found to be

—n? (d® NN +1)
dR? R?

E is the total molecular energy, E,,(R) is the electronic energy. The second term is

2m, ) + En(R) — E} gm.N(R) = 0. (2.13)

the separation term and is found from the solution to the angular equation. This term
relates to the rotational energy of the molecule. The first term relates to changes in
the internuclear axis length, and will be shown to relate to the vibrational energy of the

molecule.

2.1.3 Electronic States

A diatomic molecule has a strong electric field along the internuclear axis (unit vector
E) The component of the total electronic angular momentum, L along k is a constant of
motion, and so its quantum number, M} is a good quantum number and can be used to

denote electronic states. Reversing the direction of motion of all the electrons does not
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(to first order) affect the molecule’s energy, and so states of =My, are degenerate. States
are therefore labelled by the number A = |My|.
The term symbols used to denote these states are written in analogy to the atomic

states:

State: A = 0, 1, 2/ ...
Label: = X, I, A,...

The orbital motion of the electrons generates an internal magnetic field along the
inter-nuclear axis, B = Bk. Any molecular spin, S will interact with this field. The
resulting interaction Hamiltonian is proportional to L-S. The component of S along k is
(confusingly) labelled 3. For a given S there are 25 + 1 values of .

The total component of electronic angular motion along kis Q=A+3. The angular
momentum state of a given electronic state is denoted by 25t1Aq.

The electronic states are denoted by capital Roman letters. The ground state is X,

and successive excited states are generally labelled alphabetically, A, B, C.....

2.1.4 Vibrational States

To solve the radial Schrédinger equation (equation 2.13) consider the form of the effective
potential, E,,(R). The general form can be deduced from its physical construction: the
kinetic energy of the electrons plus all Coulomb interactions. For small R this energy will
be dominated by the Coulomb repulsion of the nuclei: E,,(R) drops rapidly with R. In
the limit of large R the nuclei are far apart and the energy approaches that of two distant
neutral atoms, E%°™. If in the intermediate region between these two limits the energy
E(R) drops below E¥°™ then a potential well is formed. The molecule’s equilibrium
internuclear separation is then Ry, the position of this minimum.

The potential around the minimum can be Taylor expanded and, to first order, con-
sidered as a harmonic potential. This turns out to be a good approximation for low-lying

states of most molecules. The effective potential is thus

1d?E,,(R
En(R—Ro) = En(Ro)+ 5o (p o2
R—Ry
1
= Em(RO) + iknuc (R - R0)2 . (2.14)

The second term of the right-hand side of equation 2.14 is the potential energy of a
harmonic oscillator.

Equation 2.13 can now be written:

—h? d?
— + L kpue(R — Ro)? +

h? N(N +1)
2m, dR?

o R2 + Ep(Ro) — E| gmn(R) =0. (2.15)
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Considering just the first two terms in equation 2.15 renders the Schrodinger equation for
a harmonic oscillator, whose eigenstates are E, = fiy/knuc/m.(v+ %), wherev =0,1,2, ...
is the vibrational quantum number. The radial wave equation thus becomes

h? N(N+1)
2m, R?

+ E, + En(Ro) — E| gmn(R) =0, (2.16)

where E, is the nuclear vibrational energy, and F,,(Rp) is the electronic energy at the

equilibrium inter-nuclear length.

2.1.5 Rotational energy levels

The second term in equation 2.13 contains information about the rotation of the molecule.
The above analysis of the vibrational motion identified an equilibrium bond length, Ry, and
approximated the motion about this position. As a further approximation, the rotational
motion can be analysed by considering the molecule to be a rigid rotor of length Ry. The
angular term thus becomes

72

440

r

which is indeed the energy of a rigid rotor in the Nth excited state. B is known as the

rotational constant.

2.1.6 The separation of molecular energies

The total molecular energy has now been separated into £ = E,,(Ry) + E, + E,, the
electronic energy, the vibrational energy and the rotational energy respectively. For a

given electronic state, m, the total molecular wavefunction is:

Un(B7) = Somn(R) X Yasy (6,0) x By (B )
= L0u(B) X Uy (6, 6) x B (R 7). (218)

where 1), is the vibrational wavefunction with vibrational quantum number v, YN a7y is

the rotational wavefunction and ®,,, is the electronic wavefunction.

2.2 Coupling angular momenta

The angular momenta associated with the nuclei and electrons are E, the total electronic
orbital angular momentum, ﬁ, the total nuclear orbital angular momentum, §, the total
electronic spin and J_: the total angular momentum.! All of these momenta can couple

with each other. By convention the sum of the electronic orbital angular momentum and

!'Nuclear spin is still, at this stage, being neglected.
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nuclear rotation angular momentum operators is defined as N=1L+ 7'\3,, and the sum of
this operator with the spin operator is J =N + 8. Of the many coupling schemes Hund
identified the five most important cases, labelled Hund’s cases (a) through to (e). Of these

(a) and (b) are the most common and are the two cases relevant to this thesis.

2.2.1 Hund’s case (a)

In this case the spin-orbit interaction energy is much greater than the rotational energy.
The electronic motion and spin are strongly coupled to each other and to the internuclear
axis. The basis states that describe a Hund’s case (a) molecule are |A)|S, X)|J, 2, M),

where the good quantum numbers are defined by:

LAY = AJA),
§2|sz = S(5+1)|5,%),

) (2.19)
) (2.
5215,%) = XIS, %), (
) (
) (
) (

20)

2.21)
J2J,Q,M)) = J(J+1)]J,Q, M), 2.22)
J |, Q My = QJ,Q,My), 2.23)
Jo| T, Q,My) = My|J,Q, My). 2.24)
Primes denote coordinates in the molecular frame (that is, the z’-component of an oper-
ator acts along the internuclear axis). From the definition of J above the total angular
momentum operator is J=L+S8+R. R acts perpendicularly to the internuclear axis
and so the component of J along the internuclear axis is J,» = L, + S/, from which it

can be seen that the quantum number Q = A + X.

2.2.2 Hund’s case (b)

In Hund’s case (b) the rotational energy is much larger than the spin-orbit interaction
energy. The electron spin is only weakly coupled to the internuclear axis. The basis that
describes a molecule in Hund’s case (b) is |A)|(V,S)J, M ). The quantum numbers are

defined by the following eigenvalue equations:

LAY = AJA) (2.25)
N?|(N,S)J,My) = N(N+1)|(N,S)J, M), (2.26)
S?|(N,S)J,M;) = S(S+1)|(N,S)J,M,), (2.27)
J2|(N,S)J, My) = J(J+1)|(N,S)J, M), (2.28)
J|(N,S)J,My) = M;|(N,S)J, My). (2.29)



CHAPTER 2. INTRODUCTION TO MOLECULAR PHYSICS 32

2.3 Molecular transitions

2.3.1 Electric dipole matrix element

Electric dipole transitions can be treated analytically by applying the dipole operator D
to the total molecular wavefunction. The transition probability amplitude from an initial
state with quantum numbers {m, v, J, M;} to one with {m/,v’, J', M/} is given by the

matrix element

N
— 1 =, = = —
(DY) = e / / 7200 (R)U gy (0, 0) @00 (16 7%) (ZARHZBRB—Z?%)

)

Xy (R)YN, My (0, 0) By (R; ) ARAF;. (2.30)

The integral [ dR is over all nuclear coordinates, and [ d7; is over all electron coordinates.
Consider the first two terms in the above integral. Performing first the integral over all

electronic positions, dr;, gives:

1 * * * (D, = > >
6/ ﬁd};/(R)w;\f’,M}V (9, qb)q),/rn/ (R, T‘Z') (ZARA + ZBRB)
XY (R)UN, iy (0, 9) B (B; 7)dT
= {/ @gl(ﬁ;ﬂ)ém(ﬁ;ﬁ)dﬁ} x 7;-independent terms

= Opy m X Ti-independent terms.

For an electronic transition this term is thus zero. Consider now the remaining term
in equation 2.30. To solve this equation, the coordinate system is rotated such that the
rotated z-axis, 2/, points along the inter-nuclear axis. The dipole operator in the lab frame

is related to that in the molecular frame by the elements of the 3 x 3 rotation matrix:

N 3 N )
Y T =) Dow(0, ). (2.31)
i k=1 i

It should be noted that the electronic wavefunctions, ®,,,, are eigenfunctions defined with
stationary nuclei, whereas the position vectors, 7;, are defined in the lab frame. The
electronic wavefunctions should therefore be described in the rotated frame, in which the
coordinates, 77, are referenced to the inter-nuclear axis.

The Born-Oppenheimer approximation was based on the assumption that the elec-
tronic wavefunction, @m(ﬁ;ﬁ), is relatively insensitive to changes in R. Applying that
assumption to the remaining term in equation 2.30 it is possible to extract the electronic
wavefunction from the integral over nuclear coordinates and define a separate electronic

integral: 561 = —ef@’;r’;, (Zl 7:’1) <I>mdr7i. The angular and radial parts of the matrix



CHAPTER 2. INTRODUCTION TO MOLECULAR PHYSICS 33

element can now be separated:
3
W|Blw) = 3 [ / a1 (0. 6) Do, )65y (6,9) sim 66

k=1

<D [ W3Ry (R)AR|. (2.32)

Of course ﬁel is a function of ﬁ, because the electrons’ coordinates are in part determined
by the positions of the nuclei. However, given a weak dependence of the electronic wave-
function on R it is possible to write an expansion for (v’ |ﬁ]§'> in R. In this case equation
2.32 is the first term in this expansion. It is important to consider the eigenfunctions
contained in equation 2.32. In the case of the rotational and electronic wavefunctions,
each respective wavefunction forms part of a complete set. In the case of the electronic
wavefunctions this was defined in the nuclear wave equation (equation 2.4). The rota-
tional wavefunctions are spherical harmonics, which form a complete set. Consequently
the integrals for these (properly normalised) wavefunctions will yield selection rules, which
determine whether a transition can or cannot take place. The vibrational wavefunctions
for different electronic states, however, do not form a complete set. This integral there-
fore measures the overlap of the two vibrational wavefunctions. This overlap is known as
the ‘Franck-Condon factor’. It determines the strength of any transitions allowed by the

selection rules.

2.3.2 The hyperfine interaction

Nuclear spin has so far been neglected. Let the two nuclei have respective nuclear spin
vectors I; and I. These couple to give the total nuclear spin vector, I=1+ fg, which
can have the following quantum numbers, [ = (I} + I2),(I1 + 12 — 1),...,|I1 — I2|. The
energy of interaction of the nuclear spin with the other angular momenta of the molecule is
usually much weaker than the rotational and spin-orbit energies. Consequently, its place
in the coupling scheme is last: it couples with J to give the total angular momentum
vector, F = J + I, with quantum numbers F = (J+I),(J+I-1),...,]J—1].

2.3.3 Selection rules for electronic transitions

The selection rules for electric dipole transitions will be dictated by the coupling case into
which the molecule in question falls. It is worth noting that Hund’s cases are limiting
cases - often very good approximations. This renders most selection rules approximate.
The strictness of the rules varies. The following rules will not be derived; the derivations
can be found in many sources, such as [50].

There are two over-riding selection rules which apply regardless of the angular mo-

mentum coupling scheme. Firstly, the total angular momentum quantum number must
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vary as follows over a transition: AF = 0,+1, with the stipulation that if the initial state
is F = 0, then the final state must have F' # 0. This selection rule results from the
conservation of angular momentum.

The second general selection rule states that the parity of the state must change during
an electric dipole transition. It is worth noting that for a 3 state, if the total spatial angular
momentum (everything except spin) is even/odd, the parity is +/—. For all other states
(A # 0) the state is doubly-degenerate. This manifold is made up of the symmetric and
anti-symmetric superpositions of states with My = 41, with one state having positive

parity, and the other negative.

2.4 The Stark effect

When a heteronuclear molecule is exposed to an applied electric field E (z,y,2) the field
polarises the molecule, creating a molecular dipole, d = >, @iTi, where the sum is over
all the electrons and nuclei, and 7; are the coordinates of these charged particles. The
Hamiltonian of the interaction between the applied field and the dipole is H, = d-E (z,y,2).
The resulting energy shift is the Stark shift, Ws(x,y, z), which can be used to affect the
molecule’s motion.

To investigate the Stark shift further consider a diatomic molecule with Hamiltonian,
Hy, and field-free states |m, v, J, Mj), where m and v are the electronic and vibrational
quantum numbers respectively, J is the total angular momentum quantum number, and
My is the quantum number of the z-component of the total angular momentum. In
the presence of an applied electric field the total Hamiltonian is H,oy = Hy + Hs. The
eigenkets of Hy,+ can be written as a linear sum of the field-free eigenkets. The Stark
shift is found by diagonalizing the matrix of elements <m’,v’,J’,M}|J- Elm,v,J, My),
where for now the spatial argument of E is omitted for brevity. Let E point along
the z-direction. The molecular dipole, dj points along the direction of the internuclear
axis, I;', which makes an angle # with 2. The matrix elements can thus be rewritten as
E(m/ v, J M|d.|m,v,J,My). Consider now the operator d, in a rotated coordinate
space (X' Y' Z"), where Z' is parallel to the internuclear-axis. This is the molecular
frame. In this frame d, = cidx’ + cady’ + c3dy/, where c¢1, ¢ and cg are elements of the
rotation matrix, which have only an angular dependence. The electronic and vibrational
states have much greater energy intervals than the rotational states and so it is possible to
neglect the mixing of different electronic and vibrational states by the Stark interaction.
Therefore, only those matrix elements in which (m’,v") = (m,v) contribute significantly

to the Stark shift. The dipole terms have only radial dependence. c¢1, ca and c3 have only
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angular dependence. Thus the matrix elements can be separated:

(m,v, J', M |crdx: + cadyr + csdgiim,v, J, My) = (m,v|dx/|m,v){J", M}|ci|J, My)
+(m, vldyr|m,v)(J", Mjca| J, M)
+(m, v|dz |m, v)(J', Mj|es|J, My).

(2.33)

In the frame of a diatomic molecule there can be no component of the dipole perpendicular

to the internuclear axis, and so (m,v|dx:|m,v) = (m,v|dys|m,v) = 0. This leaves
(myv, J', MY |esd g \m,v, J, My) = (m,v|dzg|m,v)(J, M}|cs|J, M) (2.34)

The first factor in equation 2.34, (m,v|dz/|m,v), is the body-fixed molecular dipole mo-
ment, which shall be referred to as p henceforth. Consider now the second factor. For a
diatomic molecule the rotation matrix element, c3, is simply cos#. It will be useful later
on (below, and in chapter 5) to write this as a component of the rank 1 spherical harmonic
operator, C'q(l) = \/%Yq(l). In this case cos 0 = C’él).

In all calculations of the Stark shift considered in this thesis only diatomic molecules
will be considered, and they will be treated as rigid rotors. This is a good approximation
for X states of diatomic molecules in which there is no spin-orbit interaction, and so the
rotational energies dominate. A field-free rigid rotor is described by the states |N, M),
which are eigenstates of the total rotational angular momentum operator, N 2 and its
z-component, N,. The matrix elements of the Hamiltonian for the interaction of a rigid
rotor with an applied electric field are (N, M/]C’él)|]\7, M).

Spherical tensors can be defined by two general commutation relations [49], one of
which states that the commutation between a spherical tensor operator and a z-component
angular momentum operator is [NZ, C’ék)} = hqé’ék). It follows from the commutation

relation that:

(N', M| [N, G| = naC{PIN, My) = 1 (Mf = My — ) (N', My |C{|N, M)
= 0. (2.35)

Consequently (N’, M;V|C'ék)|N, Mpy) = 0 unless M)y = ¢ + My. In the case of the Stark
interaction with an electric field along the z-direction, ¢ = 0, and so the interaction mixes
states of different IV, but the same M.

In zero field the states are labelled by the quantum numbers {N,M}. When the
electric field is applied IV is no longer a good quantum number. However, in this case
the states are labelled by {N, M}, where N is equal to the rotational quantum number
of the zero-field state that the Stark-shifted state becomes when the field is reduced to

zero adiabatically. Figure 2.1 shows the energy levels of a rigid rotor as a function of
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Figure 2.1: The Stark shift of a rigid rotor as a function of applied electric field. The
Stark shift is given in units of the rotational constant, B. The field is given in terms of
the dimensionless parameter A = pFE/B. The perturbed states are labelled by {N, M}
where N = N when the field is reduced adiabatically to zero.

applied electric field. The ground state has relatively simple behaviour in an electric field:
the energy is always reduced by the Stark interaction. In the limit of very low field the
energy decreases quadratically with E, whereas in the limit of strong field the Stark shift
is linear in E. Such a rigid rotor will tend to regions of strong-field, and as such is known
as a strong-field (SF) seeker. The excited states exhibit more complicated behaviour. In a
given N manifold the sub-levels with the same value of |My| experience the same Stark
shift. This shift can have the same form as the ground state. Alternatively the Stark shift
can increase with F, making the rotor a weak-field (WF) seeker. In the limit of very weak
electric field the Stark shift is again quadratic in F. A rigid rotor will be a weak-field
seeker only to a finite field, beyond which, as E is increased the gradient of the Stark
shift flips and the rotor becomes a strong-field seeker. In a sufficiently strong field these
‘flipped’ Stark shifts will become linear in E. The field at which this WF—SF turn-over
occurs increases for increasing N.

In a given N manifold, with A/ > 0, the state with My = 0 always experiences
the greatest positive Stark shift. Figure 2.2 shows the electric field, E,..., at which
the state |N, My = 0) experiences a maximum of electric field (after which the state
becomes strong-field seeking) for 0 < A < 9. Also shown is a quadratic fit of the form
pEmaz/B = fN?. With f = 2.46 the fit matches the points quite well?. This quadratic

relationship will prove useful when discussing perturbations to the Stark-shifted rigid rotor

2In this thesis, B is an energy, rather than an angular frequency
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Figure 2.2: The electric field, E,,q:, at which the Stark-shifted state |N, My = 0) expe-
riences its maximum Stark shift for 0 < A < 9 (blue points). Also shown is a quadratic
fit (red line) of the function uEn./B = fN?, where f = 2.46.

states.

The Stark shift can be described in terms of a field-dependent ‘effective dipole moment’:

peff(E) = —defs. In the limit of very strong field pi.rs tends towards the value of the

body-fixed dipole moment, u.

2.5 Stark Deceleration

The energy change resulting from the Stark interaction between a polarized molecule
and an applied electric field, E (x,y,z) can be used to affect the molecule’s motion. As
a molecule traverses an inhomogeneous field there is a force exerted on it equal to the
spatial derivative of the Stark energy, ﬁ(:c, y,z) = =VWs(x,y, z).

Consider the set-up shown in figure 2.3. A weak-field seeking molecule is travelling
along the z-direction with kinetic energy Ej and total internal energy (energy associated
with electronic and nuclear motion and interactions), W. At some point along z are two
oppositely polarised electrodes, positioned symmetrically about the z-axis. Approaching
the electrodes along z the field increases until it reaches a maximum between the electrodes.
Continuing along z after this point the E-field decreases.

As the weak-field seeker approaches the E-field maximum the Stark shift increases its
total internal energy. By the conservation of energy it pays for this increase by losing
kinetic energy — it decelerates. Once the molecule has reached the peak of this Stark
potential hill it is at its slowest. Continuing along z the molecule ‘rolls down’ the potential

hill, regaining its original kinetic energy. There has been no net loss of kinetic energy.
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Figure 2.3: A schematic diagram showing the general structure of a Stark decelerator.
The decelerator comprises an array of electric field stages along and about the beam-
line (z-axis), here shown as a sequence of electrode pairs. At a given moment in time
half the field stages will be grounded (white electrodes in the figure) and the other half
charged at high voltage (red electrodes), with the field stages alternating between these
two states along the length of the decelerator. A charged pair is polarized such that one
electrode is at positive high voltage, and the other negative high voltage. The figure shows
the decelerator in one configuration. Below the electrodes the form of the electric field

magnitude along the beam-line is shown.
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Consider now what would happen if the field were switched off with the molecule at the
top of the potential hill. The field drops rapidly to zero, and so does the Stark shift. So
what happens to the potential energy? Is it transferred back to the molecule’s kinetic
energy? Is there a difference between allowing the molecule to roll down the potential
hill and ‘forcing’ the molecule to lose potential energy by turning off the field? To answer
these questions consider the following mechanical analogy. Consider a bowling alley (figure
2.4). Tt is covered in a thin, flexible, elastic membrane. At some point along the alley is
a piston set in the floor. The piston is controlled by a hydraulic line. With the piston at
its lowest it is flush with the floor: the bowling alley is completely flat. Flicking a switch
in the hydraulic system causes the piston to rise out of the floor rapidly, stretching the
membrane, and creating a hill in the membrane.

Consider bowling a ball along the alley with the piston in the ‘up’ position. It moves
forward with total energy equal to its kinetic energy, Ey. Encountering the raised mem-
brane it travels up the hill, gaining gravitational potential energy and losing the same
amount of kinetic energy. Once at the top of the hill the molecule is travelling very slowly.
If it rolls down the hill it regains its kinetic energy. However, consider what happens if,
with the ball on top of the hill, the hydraulics switch is flipped and the piston is allowed
to fall: the hill collapses. Let the piston fall on a time-scale much shorter than that of
the motion of the ball over the potential hill. The ball is sitting on top of the piston, ex-
erting a downwards force on it. As the piston falls the ball falls with it, pushing down on
the piston: it is coupled to the piston/hydraulics system. The ball transfers its potential
energy to the hydraulics. It does not regain its original kinetic energy.

This is exactly the method used by a Stark decelerator. A weak-field seeker enters the
field between two electrodes and climbs a potential hill. With the molecule at the top
of the hill the field is switched off: the electrodes discharge to ground. The molecule is
coupled to this system and transfers its potential energy to the electrical circuitry, and so
continues along z with reduced kinetic energy.

A more quantitative argument for the deceleration mechanism can be found by consid-
ering the force exerted on the molecule by the deceleration stage. As the molecule climbs
the potential hill it experiences a retarding force, Fje..; = —0W,/0z, the rate of change
of energy with respect to space. When the molecule is at the top of the hill and the field
is switched off, the Stark shift changes in time, not space and there is no force associated
with this change. The molecule is decelerated only when it moves in a spatially-varying

electric field.
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Figure 2.4: A mechanical model of a Stark decelerator. The model comprises a bowling
alley, the surface of which is covered in an elastic membrane (shown in blue). At some
distance down the alley is a hydraulically controlled piston, which has two states: ‘up’ and
‘down’. In (a) the piston is in the ‘up’ state, in which it sticks up through the alley floor,
stretching the membrane and thus creating a gravitational potential hill. A ball bowled
down the alley loses kinetic energy as it climbs this hill and then gains it as it rolls down
again. In (b) the bowling ball is at the top of this hill with reduced kinetic energy, at an
instant before it has started to roll down. In (c) the piston has just returned to its ‘down’
state. The piston fell down on a faster time-scale than the motion of the ball over the hill.
The ball has transferred its gravitational potential energy to the piston/hydraulics system

and continues along the bowling alley with reduced kinetic energy.
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2.6 Focussing a molecular beam

In order to decelerate a divergent molecular beam it will be necessary to confine its trans-
verse motion about the beam-line. It is possible to use the same electric fields that de-
celerate to guide the molecules. Much work was done on the theory of guiding molecular
beams by Auberbach, Bromberg and Wharton [51].

In order to guide a diverging molecular beam along a beam-line it must be possible
to apply a focussing force towards this axis. Consider using an electric field to apply this
force, by means of the Stark interaction. To achieve static confinement two criteria must be
met: firstly there must be no transverse force along the beam-line; secondly everywhere in
transverse space around the beam-line the force must be restorative. Choosing a coordinate
system in which the off-diagonal elements of the dyadic force gradient, VF (7) are zero
(2
confinement is that V - F(¥) < 0. However, it will be shown (chapter 6) that, although

= 0;j, 1 = x,y, 2), it can be seen that a necessary but not sufficient condition for static

static guiding is not possible when V - F (¥) > 0, it is possible to vary the field along the

beam-line in such a way as to achieve dynamic guiding.



Chapter 3

Making and detecting CaF

3.1 Overview

The experiments discussed in this thesis concern pulsed beams of CaF radicals. The
molecular beam is created in a chamber under high vacuum. The beam passes through
a skimmer into a second high vacuum chamber which can contain a high voltage device
to decelerate or guide the beam. Downstream of the device the molecules are detected
by laser induced fluorescence (LIF) with a probe beam at 606.3 nm and a photomultiplier
tube (PMT) used either in photon-counting or current mode. The photosignal is then
acquired by a data acquisition (DAQ) card and analysed in Mathematica.

In this chapter the experimental apparatus concerned with the production and detec-
tion of beams of CaF will be described. Experimental details of the high voltage devices

acting on the beam will be described later in the relevant chapters.

3.2 Producing a molecular beam

The molecule used throughout this project was the radical CaF. These molecules are
created by laser ablation and supersonic expansion (see figure 3.1) in a source chamber
(which is maintained below 10~ mbar when the valve is closed). In the centre of the
end flange of the source chamber is a solenoid valve. Outside the vacuum chamber, on
the high pressure side of the valve is a 4 bar mixture of 98% inert carrier gas (typically
Ar, Kr or Xe) and 2% SFg. Inside the vacuum chamber, close to the valve opening, is a
steel wheel of radius 50 mm. The rim of this wheel is covered in a roughly 2 mm-thick
layer of calcium, glued into place with Torr-seal. The wheel is positioned such that the
calcium surface is located around 2 mm away from the valve opening. To create a pulsed
beam of CaF the valve is opened for between 100 us and 200 us. The high pressure gas
mixture expands supersonically into the source chamber. After a short delay (typically
390 ps — this will be discussed in section 3.2.1) light from a Q-switched Nd:YAG laser

42
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Figure 3.1: Schematic diagram of the creation and detection of pulsed beams of CaF. The
beam is created by supersonic expansion of a carrier gas and SFg, and ablation of a Ca

target. The beam travels along the z-direction.

ablates the surface of the calcium next to the valve, resulting in a hot plume of Ca atoms
around the ablation spot. The Nd:YAG laser has a wavelength of 1064 nm, a 10 ns pulse
duration, 50 mJ maximum pulse energy and a 10 Hz repetition rate. The plume intersects
the expanding gas mixture, and the hot Ca atoms react with the SFg to form, amongst

other things, CaF radicals. The source is typically operated at a repetition rate of 10 Hz.

3.2.1 Supersonic Expansion
Basic theory

The 4 bar carrier gas expands supersonically into the vacuum chamber. A full description
of supersonic expansion is very complicated and will not be given in detail here. For more
details see [52].

The basic dynamics of supersonic expansion can be considered with the following model
which closely resembles the experimental set-up. The system comprises two chambers, the
valve and the vacuum chamber, initially separated by a wall. On one side of the wall there
is a high pressure ideal gas with no net flow (said to be in the stagnation state). The
pressure and temperature are {pg, Tp}. On the other side the temperature are {p;, T1}.
This second chamber is at much lower pressure: p; < pg.

The first law of thermodynamics states that the change in total internal energy of
a system is equal to the heat added to the system minus the work done by the system
(AU = AQ — AW). Enthalpy, H, is defined as follows: the change in enthalpy is the heat
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transfer during a quasistatic process:
AH =AU+ A(pV). (3.1)

Although enthalpy is better thought of in terms of a change in heat, a total enthalpy can
be defined: H =U + pV.

If a small opening is made in the wall joining the two subsystems the ideal gas will flow
through into the low pressure subsystem, with macroscopic flow speed v. In a supersonic
expansion no heat is added to the system (AQ = 0), whereas work is done (AW =
p1V1 —poVo) and the total energy changes (AU = Uy + %thQ —Uy), where Uy is the total
internal energy of the gas in the left-hand subsystem and U; the total internal energy in
the right-hand subsystem. m; is the total mass of the gas flowing into the low-pressure
chamber.

Assembling these changes in the first law gives:

= Hy— H;

= %1}2 = hg — h1, (3.2)

where h = H/m, is the specific enthalpy.

The heat capacity of an ideal gas at constant pressure is defined as C, = (g—?) b Now,
combining equation 3.1 with the first law of thermodynamics gives dH = dU +pdV +Vdp =
dQ + Vdp. A change in enthalpy at constant pressure is thus equal to the change in heat:

(dH), = (dQ),. Thus
o= (or),~ (o), o

The heat capacity of an ideal gas at constant volume is defined to be Cy = (%)V The
first law shows that when volume is kept constant (d@),, = (dU),,. The heat capacity at

constant volume can thus be written:

o (9),-(5),

If these thermodynamic quantities (Cy, Cp, U etc.) are defined for some mass m of gas,
then dividing the quantities by m leaves what are known as the “specific” thermodynamic
quantities. These are written in lower case letters. Equation 3.3 shows that the specific
enthalpy, h, and specific heat capacity at constant pressure, c,, are related differentially
by

dh = cpdT. (3.5)
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This allows equation 3.2 to be rewritten

v= \/2 </OT0 cpdT — /0T1 deT> - \/2 /:0 epdT = \/2¢, (Ty = T1),  (3.6)

where ¢, has been assumed constant. The temperature inside the source region, 77, relates

to the translational motion along the beam-line axis. The temperature associated with
transverse motion is different from this longitudinal temperature.

Consider the heat capacity of an ideal gas consisting of N molecules. The ideal gas
law is pV = NkgT, from which it follows that (%)p = Nkpg/p. Tt is also known for an
ideal gas that the total energy is a function of temperature only, and so (%)V = (g—g)p.

Combining these ideal gas characteristics gives:

Cp = <8U) —i—NkB
p

oT
8U)
= | =] +Nkp
(57),
Cp
= Cy+ Nkp = 7+Nk:B
_ Nkpy
=C, = o (3.7)
where v = C,/Cy. If the molecules in this ideal gas have mass M, then dividing
both sides of equation 3.7 by Nmy,, gives the specific heat capacity: ¢, = %.

Substituting this into equation 3.6 gives

_ 2kpy(To —Th)
v = (= 1) (3.8)

as the final longitudinal jet speed of a gas of translational temperature T} expanding from
a valve at temperature T into an evacuated chamber.

The speed of sound in an ideal gas with longitudinal translational temperature T} is
Vg = \/m [52]. The ratio of the gas jet speed to the speed of sound is defined as
the ‘Mach number’, M = v/vs. This definition of M is given in terms of thermodynamic
quantities. However, it is also possible to derive an expression for M by solving the hydro-
dynamic state equations for supersonic expansion, which correspond to the conservation
of mass, momentum and energy. This definition of Mach number is a function of position
inside the source chamber, M (z,y, z). It is independent of thermodynamic quantities, and
so can be used as an independent parameter in the equation for the beam’s temperature.
By substituting in the Mach number, equation 3.8 can be rearranged to give the beam

longitudinal temperature as a function of position:

z,y, 2)? -1
Ti(z,y,2) = Tp (M(’;”)(y 1)+ 1) . (3.9)
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Knowing that the beam speed increases as the molecules travel through the source cham-
ber, M (x,y, z) must also increase proportionally. Equation 3.9 thus shows that the beam
temperature drops along the longitudinal coordinate, z. However, the final beam temper-
ature might not correspond to the final beam speed. This is because as the beam expands
its density decreases, until the mean free path of the molecules is sufficiently great that
there are no collisions between molecules in the beam or with the chamber walls. When
this point is reached the beam’s longitudinal translational temperature is then effectively
constant. This temperature can be obtained from the time-of-flight profile. The speed dis-
tribution of a supersonic beam with central longitudinal speed vy can be modelled in terms
of a Gaussian distribution [38]. In this distribution the molecular flux in the longitudinal

speed range between v and v + dv is

_ RY
f(v)dv = Av3exp [ mm;lk(]:T %) ]dv, (3.10)

where A is a normalizing parameter and T is the longitudinal translational temperature.
Assuming an infinitely short pulse at the source, the resulting time-of-flight profile mea-

sured a distance L downstream of the source can be modelled by [38]:

4 _ 2
h(t) = AL b [ Mol

7 (t — t0)2] , (3.11)

where tg = L/vy and it has been assumed that the times in the distribution are very close

to to: (t — to)/to ~ 1.

Experimental details

The CaF radicals produced in the ablation source are entrained in the supersonic expan-
sion. 70 mm downstream of the valve the source chamber ends in a wall, in the centre
of which is a skimmer with a 2mm diameter orifice. Those molecules that are able to
pass through the skimmer enter the second chamber (referred to henceforth as the ‘main
chamber’).

Because the beam is predominantly composed of the carrier gas the beam speed is
determined by equation 3.8, where m,,,; is the atomic mass of the carrier gas species.
The three carrier gases used (Ar, Kr and Xe) are all monatomic, and so v = g The
temperature of the expanded gas can be assumed to be considerably smaller than the
temperature of the valve, which is at room temperature (Tp = 293 K > T3). The axial
speed of the resulting beams in the three cases are then calculated to be 304 ms~! for Xe,
380 ms~! for Kr and 550 ms~' for Ar.

The time-averaged effect of the supersonic expansion is that the source chamber’s
pressure raises from 10~ mbar to around 10~* mbar when the experiment is running at

10 Hz. This pressure can be varied by controlling how far back the valve poppet is pulled.
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This can be controlled directly by varying the solenoid voltage and opening duration. It
was found empirically that the signal is maximized when the valve voltage and opening
duration are set such that the source chamber pressure is between 2 x 10~* mbar and
4 x 10~ mbar when running at 10 Hz.

The investigation of experimental parameters to produce the desired molecular beam
fluxes, speeds and temperatures was performed by Darnley [53]. An important parameter
which determines properties of the molecular beam is the Nd:YAG pulse energy. The
pulse energy can be varied by two experimental parameters: by varying the delay between
the laser’s flashlamp trigger and its Q-switch trigger (the ‘flash-to-Q’ delay), and by a
variable infra-red filter on the output of the laser. Darnley [53] found that with the flash-
to-Q delay set to 150 us the maximal filter transmission gave a pulse energy of 35 mJ. The
pulse energy that maximizes the molecular flux varies with the quality of the Ca target.
The usual method of varying the pulse energy is to leave the flash-to-Q delay constant
and change the transmission of the variable filter. Typical pulse energies used are 25 mJ.

The other main parameter that affects the molecular beam’s properties is the delay
between the valve opening and the Q-switch trigger, known as the ‘valve-to-Q’ delay.
Firing the Nd:YAG when the carrier gas density is at its greatest next to the Ca target
maximizes the CaF beam flux. For example, for a beam with Ar carrier gas Darnley
[53] found that a valve-to-Q delay of 340 us maximized the CaF beam flux. This delay
corresponds to the time response of the solenoid valve; it is the delay between trigger and
the valve being most open. However, it was also found that the valve-to-Q delay affects
the beam’s longitudinal speed and temperature. A valve-to-Q delay of 390 us was found
to minimize the temperature. Given that molecular signal was rarely a problem in these
experiments the valve-to-Q delay was chosen so as to minimize speed and temperature of
the beam.

Figure 3.2 is a photograph of the vacuum chamber used in the experiments described

in this thesis.

3.3 Detection

3.3.1 Detection overview

The molecules are detected in the main chamber by laser-induced fluorescence (LIF). The
main detection apparatus can be located either 810 mm or 1215 mm downstream of the
source. At one of these points a 606.3 nm cw laser beam enters the chamber orthogonally
to the molecular beam through a Brewster-angled window (figure 3.2). The laser intersects
the molecular beam and drives the A2H%(v’ =0) — X 22T (v = 0) electronic transition.
By varying the laser frequency the molecules in selected rotational states can be detected.

The photons emitted by the decaying molecules are then detected by a PMT, operated
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Figure 3.2: A photograph of the vacuum chamber.

either in photon-counting or current mode. In current mode the PMT signal is sent to a
pre-amplifier with a given gain. The pre-amplifier converts the PMT current, integrated
over a time constant of about 1 us, to a voltage which is then sent to the DAQ card. The
pre-amplifier output voltage, Ve, was calibrated by scattering probe beam light onto
the PMT photocathode. For a given light intensity the pulsed photon counting PMT
output rate, R,., was measured with a counter and then V,,. was measured. For PMT
signal strengths of the magnitude obtained in measuring laser-induced fluorescence a linear

relationship was found between R,. and V,:
Rye = 1.33Vpe + 2.02, (3.12)

where R,. is measured in kHz and V.. in mV. The photon-detection system can be
operated with resolution as fine as 1 us. However, in this limit the resolution of a time-of-
flight profile is limited by the transit time of a molecule through the laser probe beam: the
uncertainty in a molecule’s position in the laser probe beam when it is detected creates
uncertainty in its time of detection. Consider a beam of CaF radicals travelling around
600 ms—!'. With a probe beam width of 2 mm, and assuming that the molecule has an
equal probability of being detected anywhere in its transit of the probe beam (this will be
discussed in more detail in chapter 4), then the uncertainty in the the time-of-flight profile
is 2mm/600ms~! ~ 3us. This uncertainty rises for slower beams.

Figure 3.3 shows a recorded time-of-flight profile for CaF seeded in an Ar carrier,
with a source-to-detector distance of 1215 mm. The Q-switch of the ablation laser defines

the zero of time. The data were fitted to the function given in equation 3.11. This fit
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Figure 3.3: An example time-of-flight (TOF) profile for CaF in an Ar-carried beam (blue
points) detected 1215 mm downstream from the source. The data are fitted to the Gaus-
sian function given in equation 3.11. The resulting fit (red line) gives a longitudinal
translational temperature of 2.6 K and a central speed of 2005 us. The signal is an av-
erage of approximately 500 shots with the laser on resonance with the QH(%) transition

from the F' =1 ground state hyperfine level.

yields a longitudinal translational temperature of 2.6 K and a peak time of 2005 us. This
peak time corresponds to a central speed of 606 ms~'. This is greater than predicted by
equation 3.8. Analysis of TOFs for beams with Xe and Kr carrier gases also find central
speeds approximately 10% greater than predicted. Various reasons have been suggested
for this. Tarbutt et al. [38] suggest that heating by the solenoid in the valve causes
T1 to be greater than room temperature. However, it is found that gas temperatures of
around 350 K would be necessary to bring the theoretical prediction into line with the
measured speeds. Another factor (although a minor one) is that the expanding gas is not
just noble gas, it is also 2% SFg. With many degrees of freedom one molecule of SFg can
transfer much more energy to longitudinal jet kinetic energy than a monatomic noble gas
molecule. Inclusion of this in the theoretical analysis will increase the predicted speed,
but only negligibly as SFg makes up such a small proportion of the expanding gas. Other
suggestions for a greater-than-predicted speed are cluster formation of noble gas during
expansion (a process which releases heat) and the possibility that during the expansion
the CaF does not come fully into thermal equilibrium with the carrier gas and so will not

travel at a speed entirely dictated by the latter.
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3.3.2 The probe laser

The probe laser is a ring cavity Coherent 699 dye laser, using rhodamine 6G. It is pumped
by an Argon Ion laser (Coherent Innova 310). For a typical pumping power of 6 W and a
fresh batch of dye the dye laser outputs around 250 mW at 606.3 nm. Single longitudinal
mode operation is achieved by the use of a birefringent filter and a thin etalon in the
laser cavity. The longitudinal mode frequency is stabilized against mechanical jitter by a
piezo-driven thick etalon. A beam-splitter picks off a small fraction of the laser output
and directs it to a confocal reference cavity. The laser frequency can be locked to the
transmission signal of the reference cavity by the use of a high-frequency piezo-mounted
mirror and a scanning Brewster plate, both inside the laser cavity. Tilting a galvo-plate
inside the cavity (which scans the optical path length of the cavity) scans the laser output
frequency. A -5 V to +5 V signal controlled by a PC is used to scan the laser frequency.
The Coherent 699 claims a maximum scan width of 30 GHz, but in practice it has been
found that mode-hopping limits the scan width to under 10 GHz.

The laser frequency-stabilised beam then traverses beam-shaping optics and a 750 MHz
confocal reference cavity. This second cavity is used as a secondary method of locking the
laser frequency as the cavity mentioned above suffers from thermal variations over the
course of several minutes, causing the laser frequency to drift by several MHz. At various
points in the experiments an acousto-optic modulator (AOM) was also used both for the
purposes of frequency fine-tuning and intensity control. This will be discussed in more

detail in the relevant chapter.

3.3.3 Electronic transitions in CaF

In all experiments in this thesis the molecules probed were in the ground electronic (X 2%1)
and vibrational (v = 0) state, and were excited to the first excited electronic state (A 2IT 1
v' = 0). By varying the probe laser frequency it was possible to measure an extensive
spectrum of transitions between different rotational states in these two manifolds.

The ground electronic state is a 2%+ state, described well by Hund’s case (b). The
component of the orbital angular momentum along the inter-nuclear axis is zero, A = 0.
The total spin, S (magnitude S = %) couples with the rotational angular momentum, N
to give J = N + 5. The basic analysis of rotational energy levels in chapter 2 shows
that for a given vibrational state the rotational energy levels are given by BN (N + 1),
where B is the rotational constant. This analysis ignores the non-rigidity of the diatomic
molecule as well as some smaller interactions that occur within the molecule. Consider
the first point: the rotation of a non-rigid rotor causes the internuclear axis to stretch, an
effect known as the ‘centrifugal distortion’. This stretching increases the moment of inertia

which affects the rotation frequency. The second point concerns additional interactions so
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far ignored. Of these the most important is the spin-rotation interaction, 7]\7 . S. This
is the interaction between the magnetic dipoles associated with the electron spin and the
molecule’s rotation. It is reasonable to assume that the magnitude of the interaction
energy will increase with N and will also be affected by the centrifugal distortion. The
sign of the energy shift is dictated by the orientation of S relative to N. When J = N + %,
the state is labelled ;. When J = N — %, the state is labelled F5.

The approach to dealing with these interactions is to write the energy of a given
electronic and vibrational state as a polynomial in N (N 4 1). Much work on the spectrum
of CaF was performed by Kaledin et al. [54]. The expressions used by Kaledin for the

electronic ground state energies (in vibrational state v) are

Fi,(N) = Ty+ By(N(N +1)) — Dy(N(N 4 1)) + Hy(N(N +1))3
+3 (0 + 70, (N(N + 1)))N (3.13)

Fo,(N) = Ty+ By(N(N+1)) — Dy(N(N +1))* + H,(N(N +1))*
—3(0 + 0, (N(N + 1)) (N +1). (3.14)

The first term, Ty, is the vibrational energy (T,—o = 0). The next three terms in equations
3.13 and 3.14 represent the rotation with centrifugal distortion. The final two terms in each
equation represent the spin-rotation interaction, which includes a centrifugal distortion of
its own. The sign of the spin-rotation shift is positive/negative in the F;/F, states.
Interactions involving nuclear spin are not yet included.

The state excited by the probe laser is the 2H1/2(v’ = 0, f) state'. It is described
well by Hund’s case (a). Both L and S are strongly coupled to the internuclear axis.
The component of J along the internuclear axis is either 2 = % or () = %, where the
energies of these two states are split by the spin-orbit interaction. These two states are
described approximately by the pure Hund’s case (a) states, |*II 1 ) and |2H%>: the spin-
orbit interaction Hamiltonian is diagonal in this basis, however, the molecular rotation
energy is not. The two states are thus described by linear superpositions of |2IT %> and

2 .
*11s):

Fi = H0L) + d&)°10s) (3.15)
2 2
Fy = C’I’PH%HC’Q’?H%), (3.16)

where the term amplitudes are determined by the relative strength of the spin-orbit inter-

action and rotation energies.

IThe state is made up of a superposition of states with A = 1 and A = —1. The letter f in the term

notation denotes that this is the superposition with negative parity.
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In addition the centrifugal distortion and spin-orbit interaction couple different elec-
tronic states. Kaledin et al. found that to describe the system well required the inclusion
of only one more excited state, the second excited state, BQEJ{. The new basis set for
describing the excited state is thus {|2H%>,|2H%>,|22%>}. KaleQdin et al. modelled each
matrix element in the Hamiltonian in terms of expansions and then used experimental
data to deduce the value of all the expansion coefficients. Finding the eigenstates of this
matrix with these coefficients gives the energy levels of the system. One of the effects of
the interactions between different electronic states is to lift the degeneracy of symmetric
and antisymmetric superpositions of A = +1 (‘A-doubling’). In these experiments tran-
sitions are driven only to the antisymmetric state, f, because it has negative parity, and
the ground NV = 0 state has positive parity. Despite the mixing of states, the excited state
shall be referred to as the A2H1 (v/ = 0, f) state, because the coefficient of the |A2H1>
state is close to 1. The Vlbratlonal quantum number and parity term will be omitted When
they are not needed.

Using the constants quoted in [54] the energy level structure of CaF has been con-
structed. Figure 3.4 shows the first four rotational levels of the X X+ (v = 0) state and
the first four rotational states of the AZH%(UI = 0) state (all of the latter are Fj states).
The hyperfine interaction has not been included in the calculations and hyperfine split-
tings are not shown in figure 3.4. The figure also shows a number of allowed transitions.
The relevant electric dipole selection rules are AJ = +1,0 and that parity must change.
Defining AJ = Jexcited — Jground the transitions are labelled as follows: if AJ =1 it is an R
transition; if AJ = 0 it is a Q) transition; and if AJ = —1 it is a P transition. A transition
from a state F; to state F; is labelled with the subscript 7j, where the indices can be 1
or 2. Finally, the value of J of the initial state is shown in parenthesis. For example, the
transition from X 257 (v =0,J = £, %) to AQH%(UI =0,J" = 3) is labelled Py (3).

Figure 3.5 shows spectral lines in CaF recorded by LIF. The data were taken in three
sections: a continuous spectrum from 494486 GHz to 494453 GHz, a second from 494449
GHz to 494481 GHz and a third from 494479 GHz to 494492 GHz. Each of these sections
is the mean of a number of smaller, overlapping scans, typically between 3 GHz and
10 GHz wide. The central frequency of each scan is known from a wavemeter reading
(accurate to 500 MHz). Transmission fringes from the 750 MHz confocal cavity provide a
relative frequency scale and allow individual scans to be joined together accurately. The
overlapped scans were binned into 20 MHz sections, and the mean signal found for each
bin. This is what is plotted in figure 3.5.

It is worth noting that many overlapping scans were recorded and so each spectral line
shown in figure 3.5 is the mean of several scans. Flux variations due primarily to Ca target
degradation will cause the constituent lines in each average to have different amplitudes.

Thus the final mean amplitude is determined not only by the theoretical line strength,
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Figure 3.4: The first four rotational levels of the X ?Y ¥ (v = 0) and A 21l (v/ = 0) states.
2

The spin-rotation splitting in the X state has been magnified by a factor of 10 for clarity.

The A-doubling in the A state has not been magnified. Also shown are a number of

allowed F; — Fj transitions (solid lines) and F, — Fj transitions (dashed lines). States

with positive parity are shown in red, and those with negative parity are shown in blue.
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Figure 3.5: Experimental spectrum of CaF measured by laser induced fluorescence. The
lines are identified by dashed grey lines and match the frequencies predicted from the

Hamiltonian and constants given by Kaledin et al. [54].
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Figure 3.6: (a) A schematic diagram showing the effect of the spin-rotation and hyperfine
interactions on the N = 4 state. (b) The Q11(3) and Roi(3) lines originating from the
N = 4 state of CaF. The lines have been numbered from 1 to 4 in order of increasing fre-
quency. The splitting between lines 1 and 2 and lines 3 and 4 comes from the spin-rotation
interaction, whereas the splitting within each of those pairs comes from the hyperfine in-
teraction. The lines correspond to transitions from states with F' =5 (line 1), F' = 4 (line
2), F =3 (line 3) and F' =4 (line 4).

but by variations in the molecular flux. It should also be noted that these three sections
were taken at different times during this project, and under different conditions. The first
and third spectra were taken with the PMT operating in photon counting mode, while the
second was taken in current mode. In addition the probe beam shapes and intensities were
different in the three spectra (210pW, 1654W and 315uW respectively). Consequently it
is difficult to compare the signal strengths in these three spectra. For clarity the set have
been scaled such that their background signal levels match. For these reasons the relative
line strengths are not comparable. The purpose of this spectrum is to identify the lines
and confirm the molecular constants found by Kaledin. Very good agreement was found
between the lines in figure 3.5 and those predicted from the constants in [54].

Figure 3.6 (a) shows the effect of the spin-rotation and hyperfine interactions on the

N = 4 state. As a result of the spin-rotation interaction, N and § couple to give J.
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The hyperfine interaction then couples in the nuclear spin, leading to states described
by the total angular momentum quantum number, F' = I + J. Figure 3.6 (b) shows
a scan over the Qll(%) and R21(%) lines. The excited state hyperfine splitting is much
smaller than any of the observed structure in the ground state, and is not resolved?. The
four spectral lines in figure 3.6 result from the spin-rotation and hyperfine interactions
that split the N = 4 rotational state. The Hamiltonian for these interactions is ﬁmt =
S N +bI-S+c(I-k)(S-k)+CI-N [55], where S is the total electronic spin operator, I
is the total nuclear spin operator and k is the unit vector along the internuclear axis. The
constant, v, b, ¢ and C have been determined for CaF by Childs and Goodman [56]. The
spectral lines are numbered from 1 to 4 in order of frequency. Diagonalizing the above
Hamiltonian with a large basis of field-free rigid rotor eigenstates identifies the lines as
follows: lines 1 and 2 correspond to transitions from the F; state with J = %; lines 3 and
4 correspond to transitions from the other spin-rotation state, the F» state with J = %
Lines 1 and 4 correspond to states where the nuclear spin z-component is added positively
(F=J+ %), giving states with F' = 5 and F' = 4 respectively; and lines 2 and 3 correspond
to states where the nuclear spin z-component subtracts (F = J — %), giving states with

F =4 and F = 3 respectively.

2The excited state hyperfine splitting is measured in chapter 4 to be 4.8 + 1.1 MHz



Chapter 4

Measuring molecular parameters

4.1 Motivation

This chapter describes the measurement of molecular parameters of CaF by the saturation
of laser-induced fluorescence (LIF). By measuring the amplitude and width of two spectral
lines as a function of probe beam power the Franck-Condon factor of the A-X (0-0)
transition was measured to be Z = 0.987f8:8£, and the hyperfine interval and lifetime of
the 2Tl state were measured to be A, = 4.8+1.1 MHz and 7 = 19.24 0.7 ns respectively.

Thése measurements are important for several reasons. Firstly, the value of the Franck-
Condon factor is very important in determining whether laser cooling is possible for CaF.
Laser cooling of molecules is generally regarded as impractical, because of the many possi-
ble dark states into which a molecule can be pumped, especially in other vibrational states.
However, there are molecules for which the transition probabilities to other vibrational
states are small enough to make laser cooling feasible [57]. Laser cooling of molecules
is extremely desirable, with several applications for molecular beams. Firstly, transverse
cooling can be used in the source chamber to increase beam flux. Secondly, longitudinal
cooling can be used to bunch the molecules into a narrow velocity group, vastly increasing
the number of molecules that can be loaded into the travelling potential well of a Stark de-
celerator (see chapter 5). Laser cooling could also potentially be used to decelerate a beam
directly, and then cool molecules in a MOT to ultracold temperatures. The efficiency of
laser cooling is determined by the number of photons scattered before the molecule enters a
dark state. A Franck-Condon factor close to unity reduces the probability of the molecule
entering a dark state in another vibrational state, and increases the number of scattered
photons. For example DeMille [58] has investigated the potential for laser cooling SrF. It
was found that, with an A-X (0-0) Franck-Condon factor of 0.98, a laser cooling scheme
with a repump laser out of the X (v = 1) state can scatter around 150 photons per
molecule. Calculations with Franck-Condon factors for transitions to higher vibrational

states shows that adding just one more vibrational repump laser increases this to around

o7
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10° photons per molecule. The measurement of the A-X (0-0) Franck-Condon factor in
this chapter indicates that CaF is a good candidate for laser cooling.

Secondly the measurements serve as an experimental test of theoretical calculations of
molecular parameters. In particular a recent theoretical study of CaF by Pelegrini [59]
found the A-X (0-0) Franck-Condon factor to be 0.964 and the 2II 1 state lifetime to be
19.48 ns, both in very good agreement with the measurements presented in this chapter.

Thirdly, these measurements allow for the determination of the mean number of pho-
tons scattered by each CaF molecule in the detection region, which is needed for an
accurate measurement of the molecular flux created in the beam machine.

The experimental procedure used to make these measurements is very simple, involving
only a single cw probe beam. This is considerably simpler than the usual method of
measuring these molecular parameters. Franck-Condon factors are typically measured
by absorption or emission spectroscopy. For example, Anderson [61] measured Franck-
Condon factors of PO by driving a B—X (0-0) transition and then using a monochromator
to detect fluorescence to the v” = 0,1, 2 states. The CaF Franck-Condon measurement
presented in this chapter involves a much simpler experimental set-up, with detection
of only the (0-0) fluorescence necessary. The usual method of measuring state lifetimes
involves driving a transition to an excited state with a fast pulsed laser beam, and then
measuring the resulting fluorescence with a fast, high-temporal-resolution detector. For
example, Dagdigian [60] measured the lifetime of the TI 1 state in CaF to be 21.9£4.0 ns
by driving the X 2X 1A 211 1 transition with a 5 ns pulsed laser beam, and then measuring
the decay fluorescence with a fast photomultiplier. The measurement presented in this

chapter is more precise than that of Dagdigian.

4.2 Saturation mechanisms

Consider a two-level molecule irradiated by a laser beam. The molecule traverses the
width of the laser beam in time 7". The laser drives the transition from the ground state,
|1), to the excited state, |2). The molecule then decays to the ground state, emitting
a photon, and can then be excited again. If the excitation rate, R, greatly exceeds the
decay rate, I', then the fluorescence saturates: supplying a greater flux of photons will not
increase the fluorescence because the rate of the excitation—decay cycle is limited by the
decay rate. This will be referred to as ‘saturation of the first kind’.

Now consider a three-level molecule in the same circumstances. The excited state can
decay to the ground state with probability, p. However, it can also decay to the third
state, |3), with probability (1 —p). When a molecule enters state |3) it no longer interacts
with the laser beam. The decay to state |3) is the last transition that the molecule will

make in this system, and the photon associated with this transition is the last photon it
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will emit.
Assuming a light detector than can detect photons from either decay route (|2) — |1)
or |2) — |3)) how many photons on average will a molecule emit during a long transit

time in the laser beam? The expectation is given by

Expectation = Z(z photons)
i

x (prob. of returning to the ground state i — 1 times)

x (prob. of going into state |3) on the last decay)

= > #1-p)

= (1-p)[14+2p+3p> +4p° +...+np" ' +.. ]
1
R (4.1)

The fluorescence from this three-level system will saturate when RT > ﬁ. This

will be referred to in full as ‘saturation of the second kind’; however, unless otherwise
stated ‘saturation’ will henceforth refer to this kind.

Saturation of the second kind is the more common in molecular beam experiments
with cw probe lasers, because there is always a readily accessible state |3). The degree
of saturation in the wings of a transition is less than on resonance because R decreases
away from resonance. This leads to spectral line broadening - an effect known as power
broadening. Controlling other sources of broadening (Doppler broadening in the case of
this experiment) and measuring power broadening as a function of laser intensity allows
the natural linewidth to be inferred from the shape of the data in limit of low power.
In addition, measuring how the saturation varies with intensity gives information on the
probability, p, in a three-level system. CaF is such a system in which decay to |3) rep-
resents all possible decays from the excited state to other vibrational levels (v # 0) in
the ground electronic state and other rotational states within the ground electronic state
v = 0 manifold. The probability p associated with the A — X (0 — 0) Q11(3) line can thus
be used to determine the Franck-Condon factor of the A — X (0 — 0) transition.

4.3 Summary of what is to come

The purpose of this experiment is to determine properties of the excited state, |A2IT %>
by investigating the saturation of laser-induced fluorescence. In particular, to measure
the Franck-Condon factor of the A — X (0 — 0) transition and the excited state lifetime
and hyperfine splitting by investigating the amplitude and width of a spectral line as a
function of probe laser intensity. This measurement requires careful control over the laser

beam properties, careful linearization of the laser frequency scans, and elimination of the
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Figure 4.1: Schematic diagram of the energy levels of CaF relevant to the measurement
of fluorescence saturation in this experiment. The probe laser excites QH(%) from the
ground state (v = 0, N = 0). The allowed decay channels to the ground electronic levels
with v = 0 are labelled from (a) to (e). Also shown is the decay channel to all other states,
i.e. those with v > 0. The inset shows the four possible excitation channels available over

the hyperfine levels of both the ground and excited states.

effects of a slowly drifting source flux. The following section describes the experimental
technique, including how these control measures were implemented. Then the data are
presented, followed by a description of how the experiment was modelled. Finally, the
model is compared with the experimental data, and the above molecular parameters are

determined.

4.4 Measuring spectra

4.4.1 Transitions

The probe laser beam was used to excite transitions from the ground state, X 2% F (v" =
0, N = 0) to the first excited state, AQH%(U’ =0,J = %, f). Interaction of the respective
total angular momenta, j, of these states with the total nuclear spin, I = %, leads to each
state having a new total angular momentum, F =J+1I A state with a given J can give
two values of F', F = J £ %

Figure 4.1 shows the levels of interest in the study of fluorescence saturation. The
two ground state levels, corresponding to N = 0,F = {0,1} are split by the hyperfine
interaction, with an interval of 123 MHz. The hyperfine splitting of the excited state has
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the same form as that of the ground state, but the splitting energy is very much smaller
and is not shown in the main body of figure 4.1.

The probe laser beam drives the Qll(%) transition as shown in figure 4.1, the inset of
which shows a schematic of the hyperfine sub-levels and the allowed transitions from the
four ground-state sub-levels when driven by a plane-polarized laser whose electric field is
along z (as in this experiment).

Once in the excited state the molecule has many decay channels available. Transitions
to the ground electronic states in the vibrational ground state (v = 0) can occur with
branching ratio Z, whereas decay to any other vibrational levels in the X 2% state has
branching ratio 1 — Z. Within the first ground vibrational states transitions can occur
that obey the usual selections rules: parity must change and AF = +1,0, where F = 0
cannot go to I’ = 0. Figure 4.1 shows the five decay channels in the X 2% state that
obey these rules. The transitions are labelled from (a) through to (e). Note that no
transitions can occur to the N = 1 manifold because these states have negative parity. It
might seem that transition (e) should not be allowed as AJ = 2. However, J is no longer
the total angular momentum and so the J selection rule no longer holds rigorously. The
hyperfine interaction Hamiltonian is not diagonal in J and so the level written as having
{J = 5, F = 2} should be described by a state vector that is a linear combination of the
two [N = 2, F = 2) states. That is, the state described as {J = 5, F = 2} is in fact of
mixed J character. The stronger the hyperfine interaction the greater this mixing and the
‘more allowed’ transition (e) is.

The branching ratios for all the transitions from the excited state to the X X (v = 0)

state are derived in [62]. For reference they are given in appendix A.

4.4.2 Experimental set-up

The experimental set-up is exactly as described in chapter 3: CaF radicals are produced
in a supersonic source, pass through a 2 mm skimmer, and are detected by laser induced
fluorescence 810 mm downstream from the source. The optics form an image of the
molecular beam at the PMT photocathode with a magnification of 2. A rectangular mask
is placed in front of the PMT photocathode. Measuring 20 mm along the molecular beam
direction (z-direction) and 9 mm along the transverse direction in which the probe beam
travels (z-direction) this mask limits the visible part of the molecular beam to a region
4.5 mm wide along x. A molecule that has a component of velocity along = experiences a
Doppler shift in its interaction with the laser beam. The Doppler shift in terms of angular
frequency is dw = —2mwvx/AD, where v is the forward beam velocity in the z-direction,
x is the position along the z-axis in the probe beam (z = 0 is located on the molecular
beam-line axis), A is the laser wavelength and D is the distance from the valve to the

detection region. The PMT mask limits the Doppler broadening in the LIF signal to 5
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Figure 4.2: An example beam profile taken vertically along the centre of the probe beam.

The profile was fitted to the function defined in equation 4.2.

MHz in this experiment.

For this experiment, careful measurements of the probe laser power, divergence and
beam profile are important because it is necessary to know the absolute intensity in the
detection volume. The probe beam is shaped such that it has a top-hat profile with a
nearly circular cross-section. Figure 4.2 shows an example beam profile, measured with
a linear array of 61 100 pm-wide CCD pixels. A mirror was used to reflect the probe
beam through 90° just before it passed through the Brewster-angled window, into the
vacuum chamber. The beam profile shown in figure 4.2 (and all other beam profiles used
in this experiment) was measured at exactly the same distance away from the mirror that
the beam would have travelled from the mirror’s position to the centre of the detection
volume, were the mirror not there. In this way the profile measures exactly the shape that

the laser beam has in the detection volume. The beam profile is fitted to the function

tanh(% + L) — tanh(% — &
I(y,2) = 20 ¥ a) — tanh(y = ) (42)
tanh(g)

where r = \/m . L describes the size of the beam, € the roundness, and d the slope
of the profile edges. Typically L = 1.5mm, ¢ = 1 and d = 0.4mm.

The laser beam is polarized along z. The power is measured just before the beam
enters the chamber. The transmission of the Brewster window was measured and so the
probe beam power inside the chamber was calculable.

The laser is locked to a tunable reference cavity. Scanning a galvo-plate in this cavity
allows the laser frequency to be scanned. The laser also passes through an AOM which

can be used for fine-tuned frequency scanning over tens of MHz as well as frequency or
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amplitude modulation, as will be discussed later.

The laser is scanned over the A — X (0 — 0) Q11(3) transitions from the two hyperfine
sub-levels of the ground state. These levels, with F' = {1,0}, are separated by 123 MHz.
These spectral lines resulting from transitions from these two hyperfine states shall be
known as the ‘F = 1’ and ‘F = 0’ peaks. The two spectral lines are scanned for a range
of laser intensities. The laser scan is non-linear in frequency due to a non-linear response
of the galvo-plate in the lock-cavity. A portion of the laser beam traverses an evacuated
confocal cavity with free spectral range 250 MHz and finesse 2.1. Its transmission is
measured simultaneously with the spectral data. The resulting fringe pattern can then
be used to linearize the frequency scan. The linearization method is described below with

reference to an example spectrum.

4.4.3 Linearization

Figure 4.3(a) shows a scan over the F' = 1 and F' = 0 transitions to the excited state. The
PMT signal is shown against the voltage sent to the lock-cavity. In theory a scan from
-5V to +5V covers a range of 1 GHz in laser frequency. The lower part of the figure shows
the cavity transmission data (red points) taken simultaneously with the spectral scan. It
can be seen that the fringes are not ideal Airy-fringes as the laser frequency does not scan
linearly with applied voltage.

In order to linearize the scan it is necessary to know exactly what sort of fringes would

be expected were the scan to be linear. The Airy function has form
B

2 (z—z0)\’
1+ F'sin (W%)

y(z) = yo + (4.3)

with parameters yg, B, which relate to the fringe amplitude and offset, F', which relates
to the finesse, xg, which is an arbitrary frequency offset, and dx, which is the free-spectral
range (FSR). The FSR is known from design and from previous calibration to be 250 MHz.
F' is known to be 1.93. To characterise the ideal fringe pattern as a function of the scan
voltage sent to the laser the parameters yg, B and dx are needed. dx cannot be deduced
directly from the scan because of the non-linearity. However, as the scan is normalised to
laser power the fringe amplitudes are unaffected by power variations. The signal voltage
of the fringe peaks (Ymaz) and troughs (ym:n) can be found directly from the data. It
can be readily shown from the turning points of an Airy function that y,ne. and ym,i, are
related to ygp and B by
Ymin(L + F) = Ymax

Yo = 2 (4.4)
_ (1 =+ F)(ymax - ym'm)
B = e (4.5)

With the measured values of ymin and yma, the form of the ideal fringe pattern is now

known in frequency space. An Airy function with all parameters held fixed except x¢ and
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Figure 4.3: An example of scan linearization. (a) The initial, non-linearized scan (taken
with a probe beam intensity of 97.6 Wm~2) and the associated cavity data. The cavity
data are shown with an Airy function whose maxima and minima match the data. This
Airy function is for illustrative purposes only and is not used in the linearization. (b)
The linearized scan and cavity data. The scan has been fitted to a double-Lorentzian
function and the cavity data show the same Airy function as (a), but now in frequency
units. This Airy function is not a fit of the linearized data, but shows the good agreement
found between an Airy function and the linearization fringe data. (¢) The inverted Airy

function which gives the frequency as a function of scan voltage.
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dx can be fitted to the cavity data to illustrate the expected shape of the linearised scan
fringes. The lower part of figure 4.3(a) shows such a fit. The error in dz from this scan
will affect the shape of this function, however this fit is for illustrative purposes only and
does not form a part of the linearization analysis. It was found that, for the data taken
in the molecular parameter measurement experiment, the scans were fairly linear in the
centre, but were extremely non-linear near the start and end.

The Airy function can be inverted to give x as a multi-valued function of y. The
transmission signal from a given data-point in the cavity data can thus be related to a
frequency. The scan voltage from this datum can be compared with the frequency found
by the inversion of the Airy function with ¥, and ymq:. Performing this operation for
the entire data-set shows how the scan voltage relates to frequency over the scan. Figure
4.3(c) shows this data for the example scan. If the scan were completely linear then
these data should fall on a straight line. It might be expected that the linearization is
now complete. However, it is not. Figure 4.3(c) shows gaps. These correspond to scan
data around the turning points of the fringes which fall outside the region bounded by
Ymin aNd Ymae. For these signals the Airy function cannot be inverted and so these data
are missing. These points arise out of noise in the transmission signal and any errors in
choosing 4min and Ymaz- The points which do fall within 9,,;, and y;,q: can in theory be
matched to a frequency exactly. However, this is not done for two reasons. Firstly, there
is signal noise in the cavity data; a point-by-point linearization ignores this and assigns
every transmission signal to a frequency, resulting in an artificially clean linearized Airy
pattern. Secondly a point-by-point linearization misses out all the points which lie outside
Ymin and Ymar. Instead of a point-by-point analysis the calibration data in figure 4.3(c)
have been fitted to a high order polynomial (20th order). This fit is then used as the
calibration between scan voltage and frequency.

Figure 4.3(b) shows the results of the linearization of this example scan. The lower
part shows the linearized cavity data. Also shown is the same fit as shown in the lower part
of figure 4.3(a), except now scaled to frequency space. Although this fit was performed
only for illustrative purposes, it is pleasing to note the good agreement between the form
of the expected Airy function and the linearized cavity data. The upper part of 4.3(b)
shows the linearized PMT signal data. The data are fitted to a double-Lorentzian function
in which all peak parameters are floating, and there is one background offset. The data
fit well and crucially fulfill the acid test for linearization: the linearized peak separation
is found in this case to be 123.9 + 1.6 MHz, in good agreement with the known value of
123 MHz.

Errors in this linearization arise from a number of sources, such as the selection of
Ymin and Ymaez and the high order polynomial fit. It was found that the selection of ¥,in

and Ymqr dominated the error on the linearization. Consequently, for every scan a range
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Figure 4.4: The RF power transmitted to the AOM (red points) and the laser power in
the AOM first order beam (blue points), both as a function of VCO frequency. The laser
power is measured in volts by a photodiode; the absolute power is not needed as the

variable under investigation is the relative response of the AOM as frequency is varied.

of reasonable values for ymn and e Were found and the linearization analysis was then
run over all possible combinations of these two values. In the case of the scan shown this

analysis resulted in a mean peak separation of 124.2 + 1.7 MHz.

4.4.4 Frequency scanning with an AOM

The limit of low probe beam intensity is of great interest as it can be used to deduce the
natural linewidth of the excited state. However, the small peak widths also lead to greater
width errors because the peaks occupy only a narrow portion of the frequency scans. The
peaks occupy only a handful of shots in the overall scan, and cavity transmission signal
noise can cause large frequency noise over such a small frequency region. It was not
possible to increase the resolution of the scans as the non-linearity becomes much worse
the more the scan zooms in. In order to test the quality of the low-intensity linearized
data the laser beam was locked to its reference cavity and its frequency scanned by an
AOM. Before traversing the beam-shaping optics the laser beam was focussed through an
AOM with peak response at 100 MHz!. The first order beam was then retro-reflected
back through the AOM. The double-passed beam was then directed to the beam-shaping
optics. The frequency of the double-passed beam was varied with a voltage controlled

oscillator (vco). The vco signal was sent to an RF amplifier with variable gain.

IThis is actually the peak response of the RF amplifier coupled to the AOM. This will be discussed in

more detail below.
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Before using this AOM in the experiment, its frequency response was carefully deter-
mined. This calibration was performed with the beam making a single-pass through the
AOM, before being detected by a photodiode. Scanning the frequency of the vCo output,
the efficiency of the conversion of light energy into the first order dropped rapidly to zero
(see figure 4.4), with a full width at half maximum of roughly 20 MHz. To analyse the
reason for this behaviour the output of the RF amplifier was measured with a -20 dB
directional coupler (with the output still connected to the AOM), while the RF reflection
was measured with a -10 dB directional coupler. The RF amplifier output and AOM re-
flection powers were measured as the VCO frequency was varied between 91 MHz and 130
MHz. The AOM’s minimum RF reflection was found to be 1 mW and to lie at 112.5 £ 1
MHz. This is the optimal frequency for the AOM. However, the frequency response of the
AOM was found not to vary significantly over this range: at the edges of this scan the
AOM reflection power was approximately 10% of the incoming power. The RF amplifier’s
frequency response was the main contributor to the overall frequency characterstics of this
system. Its peak power output was found to be at 99 + 1 MHz, dropping away with a
FWHM of approximately 20 MHz. The RF amplifier output falls to 72% of its peak value
by 112.5 MHz, the AOM’s peak response.

Figure 4.4 shows the total RF power into the AOM (RF amplifier output minus AOM
reflection power) between 91 MHz and 130 MHz. Also shown is the measured power of the
1st order beam out of the AOM over this frequency range for constant laser input power.
The laser power follows the RF input very closely.

In order to keep the probe beam intensity constant while scanning the frequency a
portion of the AOM first order beam was directed to a photodiode whose signal was
sent to a differential amplifier which compared it with the photodiode voltage at peak
efficiency. The difference between these two voltages, the error signal, was sent (with
some variable gain) to the gain control of the RF amplifier. This feedback mechanism
allowed the amplifier to increase its gain away from the peak efficiency in order to keep
the probe beam power constant over a scan. This feedback mechanism was limited by the
gain of the RF amplifier, which limited the single-pass scan width to 25 MHz (between 95
MHz and 120 MHz). The data were taken with the AOM double-passed, allowing a scan
width of up to 50 MHz. Thus this scanning technique, although extremely linear, was
only applicable in the limit of very low intensities, where the power broadening is small.

This also limited the scan width, meaning that only one hyperfine line could be scanned.

4.4.5 Accounting for drifts in source flux

As well as the peak widths, the peak amplitudes were measured as a function of probe
beam intensity. In principle this should be trivial: scan over the two lines at a given

intensity and record the data; change the intensity and repeat. However, the difficulty in
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amplitude analysis was the molecular beam flux. The number of molecules in the beam is
determined by a number of factors, as discussed in section 3.2.1. However, the dominant
factor which determined the beam flux on the time-scale of a day’s data-gathering was the
quality of the Ca target. Ablation of the target soon degrades the area of the target being
ablated. There are two mechanisms for this: a long term degradation which is almost
certainly a chemical change due to build up of sulphates on the surface, and a short-term
degradation which might result from heating of the target. The exact mechanism is not
known. It was found experimentally that increasing the SFg concentration in the gas
mixture caused the target to degrade very quickly (over a few shots) and this was almost
certainly due to sulphate build-up on the Ca surface, which blocked the Nd:YAG beam.
This decrease in molecular flux is easily fixed by moving the target - the 100 mm-diameter
target wheel is able to rotate, thus exposing a fresh region of Ca surface to the ablation
beam. However this technique is entirely qualitative: the beam starts off strong and then
decays; moving the target increases the signal again, but it is impossible to compare the
measured LIF signal before and after a target ‘tweak’. A more quantitative analysis of
monitoring the molecular beam strength is needed. It is also necessary to determine the
time-scale of the target decay.

The general time-evolution of the molecular flux after the target is moved starts with a
huge spike in flux, after which the flux rapidly decays to a lower value and plateaus there.
This flux is then stable for several minutes, allowing a number of scans to be taken. After
this time the flux decays until the LIF signal becomes too weak to be of use. It is thus of
interest to take data while the flux is in the ‘plateau’ regime, and data were only recorded
under these circumstances.

As well as measuring the signal decay over a number of scans it was important to
measure any decay which occurred over the course of one scan, as this would affect both
the amplitude and width measurements. In order to measure the decay the ratio of the
F =1 and F = 0 peaks was investigated over time for a given probe beam intensity.
The F' = 0 peak lies 123 MHz higher than the F' = 1 peak and in the scans taken in this
analysis the laser frequency reached the F = 0 line around 30 seconds after the F' = 1 line.
Many scans were taken over both lines with the target in the plateau regime. The ratio
of the F' =1 to F' = 0 peak amplitudes was then compared between the scans and found
not to vary significantly, consistent with the target not decaying noticeably during a scan.
These data, however, might also be explained by a constant target decay, consistent in all
the scans. In order to measure any decay it is necessary to measure the amplitude ratio
simultaneously. This was achieved by using the AOM to modulate the laser frequency.
The AOM was driven such that its first order beam increased the laser frequency by 123
MHz. The AOM was operated in single-pass. A beam-splitter picked off some of the laser
beam before it entered the AOM. This unmodulated beam was then overlapped with the
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modulated beam. A fast mechanical shutter was used to switch the unmodulated beam
on and off, and the frequency-shifted beam could be turned on and off by switching the
AOM on and off. Thus it was possible to alternate the frequency of the probe beam by
123 MHz on successive shots. Variable filters were used to ensure that both the beams
had the same intensity. In this way scanning the laser frequency with the lock cavity
produced two interleaving spectra of the F' = 1 and F' = 0 lines, one taken at 123 MHz
above the other. Consequently the ‘AOM on’ scan recorded the F' = 0 peak at the same
time as the ‘AOM off’ scan recorded the F' = 1 peak. Thus the two peak amplitudes were
measured near-simultaneously. Analysis of the near-simultaneous amplitude ratios showed
good agreement with the ratios of peaks separated by ~ 30 seconds. It was concluded
that target decay over the course of a scan was not significant.

Satisfied that target degradation does not affect the signal amplitudes over the course
of a scan, the task of measuring the peak amplitudes as a function of probe beam inten-
sity required the degradation to be accounted for when comparing different scans taken
at different laser intensities. This was achieved by normalizing out the signal decay by
modulating the laser intensity using the AOM as an amplitude modulator. The AOM
was used in single pass and the zeroth order was picked off and sent to the beam-shaping
optics. With the AOM off the full intensity (minus some reflections at the crystal surfaces)
was transmitted. With the AOM on and driven with a certain voltage some of this inten-
sity was taken out of the zeroth order and shared among the higher orders. By varying
the driving voltage from the RF amplifier the intensity in the zeroth order beam could
be varied. When scanning over the two spectral lines the laser intensity was modulated
by turning the AOM on and off. The AOM driving voltage was set such that the probe
beam power alternated between a high intensity (AOM off) and a lower intensity (AOM
on). The low intensity could be varied by changing the AOM driving voltage (in practice
this was achieved by varying the gain in the RF amplifier). In this way it was possible
to vary the probe beam power while always having a near-simultaneous scan taken at a
constant intensity for all scans. These high-intensity scans serve as a normalization tool
as the only variable that can change between these reference scans is the molecular flux.
Linearizing the scans and setting the F' = 1 amplitude to unity for all the high intensity
scans allowed the corresponding F' = 1 and F' = 0 amplitudes in each lower intensity scan
to be normalized.

In practice the AOM was limited in how much energy it could transfer from the zeroth
order and so it was not possible to modulate from a very high to a very low intensity.
Consequently several reference intensities were used, with lower reference intensities used
to measure the low intensity peak amplitudes. Each reference intensity was compared
near-simultaneously with the next one up, and so all the data were in effect normalized to

one high intensity scan.
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4.4.6 Magnetic Field

The magnetic field in the detection region was measured by a fluxgate magnetometer (Lake
Shore 421 Gaussmeter) to be B, = —45 £ 5mG, B, = —212 + 2mG, B, = —143 £+ 1mG.
The resulting Zeeman splittings between the Mp = 41 sub-levels are calculated to be < 1
MHz in both the ground and excited states. In the ground state this is much smaller than
the hyperfine splitting (123 MHz), and so the Zeeman interaction causes negligible mixing
of the F-states (the Zeeman interaction is not diagonal in F').

It is also important to consider the effect of the magnetic field on the excited state.
The excited state hyperfine splitting, A., and lifetime had not been determined prior
to this experiment. However, the hyperfine splitting was not resolved in any recorded
fluorescence spectra indicating that it was unlikely to be greater than 10 MHz. The
lifetime had previously been measured by Dagdigian [60] to be 21.9 + 4 ns. It is possible
that the magnetic field could mix the two hyperfine states. However, the precession
frequency associated with the Zeeman interaction is much slower than the excited state
lifetime, and so the effect of any such mixing can be ignored. If the value of A, is near
its expected upper limit (~ 10 MHz) then it is greater than the Zeeman splitting and so
there is negligible mixing of the excited state F' = 0,1 levels.

For the above reasons the magnetic field in the detection region is ignored henceforth

and is not included in the analysis or the model.

4.5 Experimental results

Figure 4.5 shows examples of two linearized scans. Each scan is in fact the mean of several
scans, each of which was linearized before averaging. Also shown is an Airy function fit
to the cavity data for one of the scans. It shows that the linearization has worked well.
Each scan has two peaks: one at lower frequency is fluorescence from decay when the laser
is resonant with the transitions from the X (F = 1) states, and one at greater frequency
corresponding to fluorescence when the laser is resonant with the X (F = 0) states. The
scan labelled (i) was taken at a laser intensity of 11.5 W/m? and has peak widths (FWHM)
of 17 MHz (F = 0 peak) and 13 MHz (F = 1). The peak labelled (ii) was taken with a
laser intensity of 97.6 W/m? and has widths of 39 MHz (F = 0) and 28 MHz (F = 1). By
comparing the two scans the power broadening is obvious, resulting from saturation of the
second kind occurring at greater intensity in the wings than at the central frequencies. It
is also interesting to note the ratio of the F' = 1 peak amplitude to the F' = 0 amplitude.
The three-fold degeneracy of the F' = 1 states would suggest an amplitude ratio of 3,
whereas in these data (and indeed in all the other high power data) the ratio is close
to 4.5. This can be explained by the fact that when the laser is on resonance with the

transitions from the F' = 1 states there is a greater probability of a molecule returning
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Figure 4.5: Two linearized spectra taken with the probe beam laser scanning over tran-
sitions from the X (F = 1) and X (F = 0) states. The peaks are labelled according to
the ground state hyperfine level being driven by the laser. Below the spectra are the
transmission data of the 250 MHz FSR. cavity used in the linearization. In all cases, data
are shown as points and fits as lines. The spectra are fitted to a double Lorentzian and
the cavity data to an Airy function. The spectrum labelled (i) was taken with peak laser

intensity, Iy = 11.5 Wm™2, and the spectrum labelled (ii) at an intensity of Iy = 97.6
Wm 2.
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to its original state and scattering another photon than when the laser is tuned to the
F = 0 transition. To investigate this more quantitatively requires a thorough modelling
of all allowed transitions, including those to other vibrational states, and off-resonance
transitions in the limit of intense laser fields. This modelling was performed for all the
data, and is discussed in section 4.6. However, the amplitude ratio can be estimated by
assuming the limiting case in which the laser power is sufficiently great that saturation
of the second kind occurs during the transit time, but not high enough to drive any off-
resonant transitions. Transitions to states with v > 0 are also ignored. In this case the
number of photons scattered by a molecule is simply 1/(1 — p), where p is the probability
of returning to the same state (equation 4.1). It can be seen from the branching ratios in
matrix A.1 that for a molecule excited (i) to the A(0,0) state, p = 6/9; (ii) to the A(1, —1)
state, p = 4/9; (iii) to the A(1,1) state, p = 4/9. Using equation 4.1 it is found that each of
these excited states contributes, on average, 9/3, 9/5 and 9/5 photons respectively before
the molecule will enter a dark state. The same analysis for the A(1,0) state gives p = 2/9
and an average of 9/7 photons before saturation of the second kind occurs. Assuming
an homogeneous distribution among the magnetic sub-levels, there will be N molecules
in each of the sub-levels. Thus, with the laser resonant with the F' = 1 transitions there
would be on average (3 + 2 + 2)N = 23N photons scattered. With the laser tuned to
the F' = 0 transition there would be %N photons scattered on average. The ratio of the
F' =1 signal to the F' = 0 signal is thus % % = 5.1. This is close to the measured value
and is an overestimate as the analysis assumed a Franck-Condon factor of 1, which will
likely prove an overestimate, and it ignored the effect of off-resonant transitions, which
would allow a laser tuned to the F' = 0 line to excite molecules in the three F' = 1 states,
resulting in greater fluorescence at this frequency. The same occurs for a laser tuned to
the F' =1 transition, but it now has access to only one more state (the F' = 0 state) and
so its increase in fluorescence it comparatively smaller. Thus off-resonance excitations will
benefit the F' = 0 peak amplitude more than the F = 1 amplitude and cause the above
calculated ratio to decrease.

Note that, for a given intensity, the F' = 0 peak has a greater width than the F' =1
peak. This is a result of greater power broadening in the F' = 0 peak: the F' = 1 states
can scatter more photons than the F' = 0 state before reaching saturation of the second

kind, and so saturation occurs at a smaller intensity for the F' = 0 line.

Amplitude data

Figure 4.6 shows the experimentally measured amplitudes of the F' = 1 and F' = 0
peaks, all normalized to the amplitude of a high intensity F' = 1 peak (both data-sets are
normalized to the same peak).

It can be seen that for very small intensities, as [ is increased both peaks experience a



CHAPTER 4. MEASURING MOLECULAR PARAMETERS 73

101 ® g e 5 ¢ @(} o
g o © °
0od e
. @%% om 0.8 1, 3 e
§
0.8
0.6
2] %@@ » éﬁ“’
.%) 4
2 3
5 ) o4
= 0.6’@ :
= 3
g (g 02 ¥ i #e P it '
Ky L3

S 0a? 0ol”
% ’ 0 20 40 60
©
o ® . S LK) °

0.2 .2 ° f‘i. Qoo ® ° s ° [} o o ® ]

LY
0'00 200 400 600 800
Intensity (W/m?)

Figure 4.6: Relative peak height versus peak laser intensity for the F' = 1 peak (blue
points) and the F' = 0 peak (red points). The inset shows the low intensity data for both
peaks in more detail. The peak amplitudes for both data-sets have been normalized to a

reference /' = 1 amplitude at a high intensity.

rapid increase in amplitude. This is because in the limit of small I the excitation rate, R is
very small and so RT < 1. Saturation is a long way off and so including more photons in
the probe beam allows more photons to be scattered, increasing the PMT signal. As the
intensity is increased further the resonant molecules in the beam are increasingly scattered
to other, non-resonant states; consequently the slope of amplitude increase with intensity
decreases. It can be seen from the inset of figure 4.6 that this saturation occurs at smaller
intensity for the F' = 0 peaks than the F' = 1 peaks. This is because, as discussed above,
a molecule in the F' = 0 state, when interacting with the probe beam resonant with the
transition from the F' = 0 state, is less likely to return to its original F' = 0 state and
scatter again. The F' = 0 state saturates more quickly than the F = 1 states.

Figure 4.6 also shows that even at the greatest intensities used in this experiment, the
amplitudes were still not saturated: the peak amplitudes are still increasing at the upper
intensity limits in the graphs. The reason for this is off-resonant excitation. When the
probe beam has very great intensity it is able to excite molecules in the other hyperfine
state. A given state doesn’t have one exact energy, it has a spread of energies; for example
at the central energy of the F' = 0 state the F' = 1 states’ energy distributions have a
small but non-zero amplitude. An intense enough laser beam tuned to the transition from
the F' = 0 state can also excite the F' = 1 states at this energy and drive transitions from
them. It can be seen from figure 4.6 (although not easily at first!) that the fractional

increase in peak amplitude with intensity in the limit of great intensity is greater for the
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F = 0 peak than the F' = 1 peak. This is because there are more F' = 1 states for
the laser to drive ‘off-resonantly’ when tuned to the F' = 0 transition than vice versa.
Increasing the intensity further will eventually saturate the amplitudes when the laser
(tuned to a given resonance) is intense enough to drive molecules out of both ground
hyperfine states and achieve saturation of the second kind. However, it was found from
simulations that the required intensity is around 20 times as great as was used in the
experiment. It is interesting to calculate the number of photons scattered per molecule
in this limit: assuming the Franck-Condon factor has value Z = 1 the total number of

scattered photons per molecule is 1/(1 — %) =3.

Width data

Figure 4.7 (a) and (b) shows the results of the measurements of the widths of the F' = 1 and
F' = 0 peaks measured by scanning the laser and linearizing. The data show an increase
in width with increased intensity, exactly as would be expected from power broadening.
The slope of the width data drops as the intensity increases. This is a result of saturation
of the second kind. It can be seen that the broadening is greater for the F' = 0 peak than
the F' = 1 peak, and that the F' = 0 peak width saturation starts at a smaller intensity.
This is exactly as discussed above: the F' = 0 state is more likely to be emptied by the
probe beam at lower intensity and so the F' = 0 peak amplitude saturates earlier. The
wings of the peak, however, are still rising with intensity when the centre has saturated,
thus increasing the peak width.

Note that there are fewer data in the width analysis than the amplitude analysis. This
is largely because the linearization process is a very strict analysis - if a peak suffers from
a particularly bad non-linearity in the scan, or even a frequency glitch, linearization will
not be possible. However, often in these cases it is possible to fit the peak and ascertain
the amplitude, which will not be affected by the non-linearity (unless the non-linearity is
so strong that the data cannot be fitted).

Figure 4.8 shows the linearized width data of the F' = 1 peak in the limit of small
intensity. Also shown are F' = 1 widths measured directly by the AOM. The linearized
widths show very good agreement with the direct width measurements, which gives con-
fidence that the linearization procedure works well, even in the limit of thin peaks, which
are the most difficult to linearize with reasonable errors. Note that the frequency response
of the RF-driver limited the AOM to scanning over only the F' = 1 peak and only at small

intensities where the peak width was small.



CHAPTER 4. MEASURING MOLECULAR PARAMETERS 75

(a) 100
80 | ]

60 | ; ]

0 line (MHz)

Width of F

0o 100 200 300 400 500 600
(®) 100

80 r 1

60 - 1

1 line (MHz)

B

40’ 0] 4

Width of F

0 100 200 300 400 500 600
Intensity (W/m?)

Figure 4.7: The linearized widths (FWHM) of the (a) F = 0 and (b) F' = 1 peaks as a

function of probe beam intensity.
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Figure 4.8: F' = 1 peak width measured at various weak laser intensities. The figure
shows the results of spectra taken by scanning the laser and linearizing (red points) and
by scanning the laser frequency with an AOM (blue points). The linearized widths show
very good agreement with the widths measured directly by the AOM.

4.6 Model

The probe beam was plane-polarized along the beam axis direction, z. It drives the
transitions shown in the inset in figure 4.1. Each sub-level in the ground state can be
driven to only one sub-level in the excited state. In the following analysis the sub-levels
in the excited state are labelled by j and in the J = % electronic ground state by i. The
excited state can decay to five different states in the (v = 0) ground state and many
others in the v > 0 states. It is known [59] that decay to the v > 0 states is very unlikely
compared with decay to the v = 0 states. All the possible states that the excited state can
decay to (including those with v/ > 0) are labelled by k (this includes the subset of J = 3
states, i.) The coherences reach steady state on the time-scale of the excited state lifetime,
7, which was known [60] prior to this experiment to be far smaller than the molecules’
transit time through the probe beam. Consequently the experiment can be modelled in

terms of rate equations.

4.6.1 Rate Equations
The laser excitation rate is found to be (see appendix B):

5202 I

__ 2 _
14485 T2 1448 I

[Slls!

R(5) , (4.6)
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where I' is the excited state spontaneous decay rate, § = wy, — wj; is the laser detuning
(wr, is the laser angular frequency) and 2 = E,z;;/h is the Rabi frequency for intensity
I= %ceoEg. Zij = <z]cf Z|7) is the matrix element coupling the states i and j by the
electric dipole operator, d (% is the unit vector along z-direction — the direction of the
laser light’s polarization). I, is the ‘saturation intensity’; it is defined by I/l = 202 /T?
and is the characteristic intensity for saturation of the first kind (section 4.2).

The total spontaneous decay rate of an excited state, |b), in some general atomic or

molecular system to all possible decay states, |a), is (see, for example [64]):

1
I = } : 2 _7\[2 4.
371'607103 . WhaMpgs ( 7)

where M2, = [{(a|d]b)|2. Consider now the transitions from the excited states labelled
j. According to the matrix of branching ratios (A.1) given in appendix A, each j state
has several decay channels in which Am = 0, and the radiation is plane polarized along
the laser polarization direction, 2. As well as these channels it has a number of other
transitions in which the resulting radiation is not polarized along Z. It can be seen from
the branching ratios in matrix A.1 that the radiation from many decays from the j states
will be isotropic. The rotational structure of higher vibrational states (in the ground
electronic state) will be the same as in the v = 0 ground state. Decay from the j states
to states with v/ > 0 will thus also be isotropic. It is thus exact, in this case, to replace
the general matrix element in equation 4.7, My, with the matrix element for z-polarized
radiation, zj, and multiply through by a scaling factor of 3 to account for the other two

polarization directions. The equation for the decay rate of the j states thus becomes:

1 2 .2
I = p— zk:wjkzjk. (4.8)

In order to come up with an expression for Iy in terms of parameters relevant to
this experiment an approximation will be made: all the possible decay transitions have
frequencies that differ only by a part in 10%, and so it will be assumed that all these
frequencies are equal: w;, = 2me/A. Combining these approximations in equation 4.8 with

the expression for intensity, I = %ceoEg gives

whel Dk ng-k

3 2
A 2

I, =

. (4.9)

It is possible to define the branching ratio of transitions from j to the original ¢ states:
r=y Mfz /> e M ].Qk, where My, is a general matrix element linking states labelled a
and b through the dipole operator, in which the radiation polarization vector has some
general direction, R. As the decay radiation is isotropic all Cartesian components of the

total matrix element count equally. r can thus be written just as well in terms of only
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the transitions with z-polarized radiation: r =), ,2]2Z /> z]zk. Equation 4.9 can thus be

written

; _mh' 13,2
STy zfj '

(4.10)

For a given j state there is only one allowed decay with z-polarized radiation (matrix

A.1 and inset to figure 4.1). Thus 3. 22 /212] = 1. It can readily be seen from that the

i i
branching ratio, r, is the Franck-Condon factor, Z, multiplied by the sum of ratios in
matrix A.1 in which Am = 0, which gives » = 2Z/3. Thus I can be expressed in terms

of " and Z
B ﬂthi

SN 277

Comparing equations 4.6 and 4.11 it can be seen that the excitation rate, R(J) has now

(4.11)

been expressed in terms of the parameters I' and Z.

With these definitions it is now possible to write the rate equations that govern the
dynamics of the i states (X state with N = 0) and the j states (A states with J' = 3).
These are the 8 states shown in the inset of figure 4.1. In writing the rate equations
only these states need to be considered. The probe laser in this experiment was always
sufficiently weak and far-detuned to avoid driving transitions between other levels.

The symmetry between the (1,1) and (1,-1) levels in both the X and A states allows
just one rate equation to describe each pair. The populations in the ground (0,0) and (1,0)
states are labelled Nyo and Ngi respectively; the sum of the populations in the ground
(1,£1) states is labelled Ngo. The ground state hyperfine splitting is labelled A,. The
excited states are labelled in exactly the same manner, except g is replaced with e. The
laser detuning, 4, is referenced to the X (F = 0, Mg = 0) — A(F’ = 1, M}, = 0) transition.

The rate equations are thus:

v R(E)Na ~ No] + ST [Nex + Noo (4.12)
v% = R0+ Ag+ A¢)[Neo — Ng1] + gF[NeO + Neo] (4.13)
v% = R(6+ Ay)[Ne2 — Ny2| + gF[Q (Neo + Ne1) + Nea) (4.14)
v = R+ Ay + A) [Nyt — Neo] ~ TNeg (4.15)
v = R©)[Nyp — Nl - TN (4.16)
vdﬁl\? — R(0+ A,)[Ny2 — Neg] — TNy (4.17)

By means of an explanation of the rate equations consider as an example the equation
for the rate of change of the population in the ground (1,0) state, Ny (equation 4.13). The
total rate of change of Ny as a molecule traverses the probe beam has four contributing

mechanisms. The first term on the right-hand side of equation 4.13 is the rate of increase in
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Ng1 through stimulated emission from the excited (0,0) states. The second term represents
the loss of population through excitation to the excited (0,0) state. Note that these are
the only transitions that the laser can drive because of its polarization. The third and
fourth terms lead to increases in Ny from the spontaneous decay of the excited (0,0) state
and the combined spontaneous decays of the excited (1,1) and (1,-1) states. In all cases
the decay rate is clearly proportional to the excited state decay rate, I'. The rates are
also scaled by the branching ratio, r (defined above), which accounts for the probability
of decaying to the v > 0 states and the (v = 0, N > 0) states. Each of the excited states
(7 states) has three decay channels available to the original ground states (i states), each
occurring with equal probability. Consequently the branching ratio to the ground (1,0)
state is r/3.

The rate equations model the population of the ground and excited states as a function
of a molecule’s position in the probe beam. They are parameterized in terms of the three
molecular properties of interest: the excited state decay rate, I', the Franck-Condon factor,

Z, and the excited state hyperfine splitting, A..

4.6.2 Molecular population dynamics

Figure 4.9 shows the population probability of the (0,0), (1,0), and (1,41) levels of the
ground and excited states as calculated by solving the rate equations (equations 4.12 —
4.17) with the parameters Z = 0.96, I'/(27) = 8 MHz and A, = 0. In the simulations the
laser beam was tuned to the transition from the X state F' = 0 level to the A state F’ =1
level. In figure 4.9 (a) and (b) the intensity was weak, I = 0.02[s, whereas in figure 4.9
(c) and (d) the beam was very strong, I = 4I;. In the following section the ground states
will be labelled X (0,0), X (1,0) etc., and likewise the excited states with A.

Consider first the effect of a weak probe beam (I = 0.02I;) on a molecule traversing
the detection region. Figure 4.9 (a) shows that as the molecule traverses the probe beam
the X (0,0) state population drops steadily and is pumped into the A(1,0) state. Conse-
quently figure 4.9 (b) shows the A(1,0) population rises rapidly and peaks by the time
the molecule is in the region of peak intensity. The A(1,0) population then drops through
decay (including stimulated emission). Some of this decay will be to the X (1,4+1), and
figure 4.9 (a) shows this in a steady increase in the X (1,41) states’ populations. Once in
this state the molecule is out of resonance with the laser and so remains in these states
for the rest of the transit time. The transition from the A(1,0) to the X (1,0) state is not
allowed and so the X (1,0) state population does not change.

Now consider the limit of a very strong laser beam (I = 4I;). Figure 4.9 (c¢) shows
that as soon as the molecule begins to enter the probe beam the X (0,0) population drops
rapidly to zero. The A(1,0) state population rises sharply and peaks when the molecule
is still on the edge of the laser beam. After this point it decays rapidly. Decay to the
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Figure 4.9: Fractional state populations of a molecule traversing the probe beam (shown
shaded in grey) as calculated by solving the rate equations with Z = 0.96, T'/(27) = 8
MHz and A, = 0. Figures (a) and (c) show the ground state populations and (b) and
(d) the excited state populations. In all figures the (0,0) population is shown by the solid
lines, the (1,0) population by the dashed lines, and the (1,£1) populations by the dotted

lines. The populations in figures (a) and (b) were calculated with peak laser intensity (see

equation 4.2) Iy = 0.02I; and (c) and (d) with Iy = 4.
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X (1,4+1) states shows an increase in the population of these states - a more rapid increase
than in the above example. However, the laser is now intense enough that it can excite
transitions from the X (F = 1) levels, despite being tuned to the transitions from the
X (F =0) levels. Through this mechanism the X (F = 1) population can be driven to the
A(1,£1) and A (0,0) states, although at a much slower rate than the populations transfer
from the X (F = 0) state. This is reflected in figure 4.9 (d) as a slow increase in the
A(1,£1) populations, whose total magnitude follows the probe beam intensity.

The number of scattered photons in each of the above examples is calculated by mul-
tiplying the total excited state population by the scattering rate, I' and then integrating
over the beam transit time. The total decay radiation is isotropic. Consequently the PMT
signal is proportional to the total number of photons emitted. It is found in the above
examples that with I = 0.021; a molecule will scatter on average 0.28 photons during its
transit time; and with I = 41, it will scatter 0.82 photons. If the laser is tuned to the
transitions from the X (F = 1) states these numbers increase to 1.07 when I = 0.02]; and
1.89 when I = 41;.

4.6.3 Running the model

To model the experiment the rate equations (4.12-4.17) are solved for a large array of
transverse molecular positions in the detection region, {x,y}, for a given laser frequency
and intensity. This step is necessary to account for Doppler shifts and the spatial varia-
tion in the laser intensity integrated along the molecule’s path. This calculation is then
repeated over a range of frequencies to produce a spectrum. The spectrum is then fitted
to the same double-Lorentzian function that is used with the experimental data. The
amplitudes and widths of the two peaks are determined. The process is then repeated
for a range of laser intensities. This entire process is performed over an array of values
for I', Z and A.. Every time a simulation is performed with a given set of values for
these three parameters the simulated widths and amplitudes are plotted against intensity
and compared with the experimental data. In order to quantify how well the simulation
results match the experimental results, the value of x? is calculated using the errors on the
experimental data points as weights. The particular simulation which minimizes the value
of x? simultaneously for both the amplitude and width data gives the central values of
the three parameters. Following standard statistical procedures, statistical errors on these
values are found by determining the volume of parameter space that leads to a change in

x? of one.
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Figure 4.10: Relative peak heights versus peak laser intensity for the F' = 1 peak (blue
points) and the F' = 0 peak (red points). The inset shows the low intensity data for both
peaks. The peak amplitudes for both data-sets have been normalized to a reference F' = 1
amplitude at a high intensity. Also shown are the results of simulations (black lines) solved
with I'/(27) = 8.29 MHz, Z = 0.987 and A, = 4.8 MHz.

4.7 Comparing the model with experimental data

Figure 4.10 shows the measured amplitude data for the F' = 1 and F' = 0 peaks as a
function of probe beam intensity. Also shown are the simulated amplitude curves found
by the procedure described above and with the optimal parameters that minimize x?:
I'/(2r) = 8.29 MHz, Z = 0.987, and A, = 4.8 MHz (errors will be discussed later). The
model and data show striking agreement.

Figure 4.11 shows the width data of (a) the F' = 0 peak, and (b) the F' =1 peak as a
function of probe beam power. The results of the rate equations are also shown, calculated
with the same optimal parameters as in figure 4.10. As with the amplitude data very good
agreement is found between the experimental data and the results of the rate equation
modelling. This indicates that the rate equations are a good model of the light-matter

interaction in this experiment.

4.8 Evaluating the molecular parameters

All three parameters, I, Z and A, are found by comparing the model results with exper-
imental data. It is both satisfying and instructive to explain physically the effect of these
parameters on the experimental data.

In the limit of saturation of the second kind the number of photons scattered is de-
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Figure 4.11: The width of (a) the F' = 0 peak, and (b) the F' = 1 peak as a function of
probe beam intensity. The solid lines show the simulated widths, found by solving the

rate equations with the same parameters as for the amplitude data (figure 4.10).
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termined by Z (equation 4.1), the Franck-Condon factor, which is the probability of the
molecule remaining in the v = 0 manifold when it decays. Thus the form of the peak
amplitude versus intensity data is largely determined by Z. The form of the amplitude
data is also dependent on the mechanism of saturation of the first kind, but to a much
lesser degree. This saturation is determined by I, which can be expressed in terms of
I (see equation 4.6 and the succeeding paragraph). In this way the peak amplitudes are
weakly dependent on I'. The peak widths, however, are largely determined by T'.

It can thus be seen how I and Z can be inferred physically from the experimental data.
A, is unresolved in the spectral scans and so its effects are more subtle. The most obvious
effect that A, has on the data is that is broadens the F' = 1 peak and not the F' = 0 peak,
as the X (F = 1) states are driven to both excited hyperfine states, whereas the X (F = 0)
is driven only to the A(F’ = 1) state (see inset of figure 4.1). A more subtle effect is on the
amplitude data. The effect of the excited state hyperfine splitting is that the excitations
from the three X (F = 1) states do not occur at the same frequencies. The centre of the
F = 1 peak does not correspond to all three transitions being on-resonance. Thus at
this frequency the laser is driving transitions that are slightly off-resonance. This slightly
decreases the excitation rate and so the photon scattering rate is slightly reduced by the
hyperfine splitting. As a result it will take a slightly greater intensity to achieve F' = 1
amplitude saturation. A, thus has the capability to decrease the low intensity saturation
gradient in the F' = 1 peak data, but not in the F' = 0 data. By these mechanisms the
width and amplitude data are both slightly affected by A..

The best-fit parameters were found to be Z = 0.987 + 0.012, I'/(27) = 8.28 £ 0.08
MHz and A, = 4.8 + 0.4 MHz.

As a first order assessment of the validity of the simultaneous fit the amplitude data
and width data were also fitted separately. As discussed above, the Franck-Condon factor,
Z, largely determines the amplitude data, and fitting the model to just this data-set gave
Z = 0.98. The width data were largely determined by I', and fitting the model to just the
F = 0 width data rendered I'/(27) = 8.0 MHz as the best-fit natural linewidth. Fitting
just to the F' = 1 width data rendered I'/(27) = 8.5 MHz. These ‘separate fitting’ numbers

agree well with the parameters obtained from the simultaneous fit.

4.8.1 Systematic errors

The statistical errors result from the errors in the experimental amplitude and width data
combined with the error in finding the best-fit model. In addition to these errors are
several systematic errors in the experimental apparatus.

Firstly, the measurement of beam intensity has two sources of error. The power-meter
calibration has a 5% error. Including this in the model is found to lead to a +0.2 MHz

error in I'/(27), but not to affect the other parameters significantly. In addition there was
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a 10% error in the diameter of the probe laser beam. This was found to give an error of
+0.14 MHz in T'/(27), but again not to affect the other two parameters significantly.

Another source of systematic error is the degradation of the molecular beam flux during
a scan. The AOM frequency-modulated data were used to measure the variation of the F' =
1 to F' = 0 peak amplitude ratio both over the course of a scan and (near-)simultaneously.
Analysing this for many scans revealed a shift in amplitude from beam flux degradation
consistent with zero, and having an upper limit of 1.5%. This contributes an error of fg:gig
to Z, £1 MHz to A, and a negligible error to I'.

The model includes Doppler broadening by accounting for each simulated molecule’s
transverse position in the detection region. The mask in front of the PMT photocathode
and the detection optics’ magnification of x2 limit the detectable region to a beam width
of 4.5 mm. An error in the magnification, mask width and mask alignment will change
the Doppler broadening and lead to an error in the model. It is difficult to measure this
quantitatively, but a very conservative estimate places the error in the Doppler width at
+20%. However, within these errors the Doppler width is still always less than the natural
linewidth. Reducing the photocathode mask width by 20% is found to reduce the value
of I'/(2m) by only 0.2 MHz. Increasing the mask width is found to have two possible
effects depending on the intensity regime. In the limit of small intensity, increasing the
mask width increases the width of the spectral peaks, due simply to increased Doppler
broadening when the more divergent portions of the molecular beam are included in the
PMT signal. However, in the regime of high intensity the effect of increasing the mask
width is more subtle and counter-intuitive. At high intensity the central part of the
spectral peak is saturated, and the wings less saturated, as has already been discussed.
This is power broadening. Increasing the mask width increases the beam divergence. This
reduces the average number of photons scattered by each molecule. It takes more power
to saturate a more divergent beam. Thus, the effect of an increase in the photocathode
mask when at high intensities is in fact to reduce the peak widths. It was found in this
regime that increasing the mask width by 20% decreases the best-fit value of I'/(27) by
0.2 MHz.

A further potential source of error in the width comes from the linearization procedure.
Statistical errors associated with the choice of cavity data parameters (ymaz and ypmin) and
the fitting procedures have already been included in the error bars in the data, and the
model accounts for these. The linearization technique was known to be good from the
consistent agreement between theory and post-linearization data in the F' = 1/F = 0
hyperfine splitting (123 MHz). Any further systematic source of error has been eliminated
by comparing the linearized data with the data in which the AOM scanned the laser
frequency.

Combining all these sources of errors renders the following final values for the molecular
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parameters: Z = 0.98770013, T'/(27) = 8.29 & 0.30 MHz, and A, = 4.8 + 1.1 MHz. The
inverse of the excited state decay rate gives the excited state lifetime to be 19.2 + 0.7 ns.
These results are consistent with the theoretically derived values from [59]: Z = 0.964,
7 = 19.48 ns and with the previous, less accurate, lifetime measurement [60], 7 = 21.9 +4

ns.



Chapter 5

Decelerating weak-field seeking

CaF molecules

5.1 Motivation

One of the principle aims of the research presented in this thesis is the deceleration of heavy
molecules, in particular CaF radicals. Techniques for the Stark deceleration of molecules
in weak-field seeking states are well-developed. Although the Stark shifts of weak-field
seeking states are typically smaller than for the strong-field seeking ground state, weak-
field seeking molecules are easier to guide. Consequently it is possible to obtain a high
throughput of molecules through long Stark decelerators with many field stages.

This chapter describes the experimental set-up used to decelerate CaF radicals in the
excited rotational state, N = 4, M = 0). The effects of non-adiabatic transitions caused
by the switching electric fields inside the decelerator are discussed. Such transitions have
a considerably detrimental effect on the molecular flux emitted by the decelerator, and a

method for successfully inhibiting these transitions is reported.

5.2 Brief review of Stark deceleration of weak-field seeking

molecules

The first deceleration of weak-field seeking molecules by the Stark effect was reported
by Bethlem et al. in 1999 [37]. In this experiment a 35 cm-long Stark decelerator was
constructed from an array of 63 deceleration stages. Each stage was composed of two
oppositely polarized rod-shaped electrodes. Axial electric field strengths of up to 100
kV/cm were used to decelerate a pulsed beam of metastable CO. Molecules were slowed
from an initial longitudinal speed of 225 ms™! down to 98 ms~'. In 2000 the same group

reported the Stark deceleration of deuterated ammonia, ND3, from 280 ms™—! to 13 ms™!,

87
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Figure 5.1: A cross-section of two deceleration stages, looking down the decelerator. The
upstream deceleration stage (shown in blue) is vertical, and the downstream stage (purple)
horizontal. Each stage consists of a pair of rod-like electrodes (circular cross-section,
diameter 3 mm) with hemispherically-rounded ends (radius 1.5 mm). The successive
deceleration stages create a square aperture of side 2 mm around and along the molecular

beam-line.

which molecules were then trapped in an electrostatic trap [65]. Since then many other
molecules in weak-field seeking states have been Stark-decelerated, such as OH [66, 67],
NH [68], HoCO [69], SO [70], and LiH [71].

5.3 Experimental details

5.3.1 The decelerator

A 100-stage decelerator for weak-field seeking molecules was built. Each of the 100 decel-
eration stages consists of two parallel stainless steel rod-like electrodes, lying in a plane
perpendicular to the molecular beam-line. The electrodes have circular cross-section, with
diameter 3 mm, and have hemispherically-rounded ends of radius 1.5 mm (see figure 5.1).
The separation between the closest surface of the two electrodes is 2 mm. The decelera-
tion stages are arranged such that each stage is rotated about the beam-line through 7/2
compared with the stages immediately before and after it. The molecules pass through the
resulting square aperture of side 2 mm. The centre-to-centre distance between successive
deceleration stages is 6 mm. There are 200 electrodes in total. Each electrode is held in
place by one of four 16 mm-diameter, 594 mm-long stainless steel support rods (see figure

5.2). The support rods run the length of the decelerator and are held in place at each end
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Figure 5.2: Two images of the 100-stage decelerator, showing how the electrodes, support

rods and support rings are assembled.
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Figure 5.3: Three photographs of the 100-stage decelerator.

by a stainless steel support ring of inner diameter 80 mm and thickness 25 mm. The rods
are attached to the support rings by an 80 mm-long, 18 mm-radius insulating alumina
stand-off. Figure 5.3 shows three photographs of the decelerator after construction and
cleaning, and prior to its installation in the vacuum chamber.

Inside the vacuum chamber the decelerator was held in a cradle. The cradle was held
in place by two sets of spring-loaded vertical and horizontal pushers - one set nearer the
skimmer, the other nearer the detection region. The pushers could be moved with a
precision of about 10 pm by feedthroughs. This allowed for the decelerator to be aligned
with the beam-line. This alignment was checked with a theodolite looking down the
beam-line: with the source chamber removed the theodolite could be used to image light
with variable focus down the beam-line axis. Cross-hairs centred on the beam-line at the
skimmer-end and the far-end of the main chamber allow the theodolite to be aligned with
the beam-line. By varying the focus between the front end and far-end of the decelerator
and varying the pushers the decelerator’s alignment could be carefully monitored. The
distance between the source and the centre of the first deceleration stage was 132 mm,
and between the source and the centre of the detection region was 810 mm.

High voltage is applied to each of the decelerator’s four support rods by four spring-
loaded high voltage feedthroughs. Each feedthrough pushes into a hole drilled several

millimetres into one of the support rods. The feedthrough is pressed onto the suport rod
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and kept under tension such that good electrical contact is maintained even when the
decelerator is moved (which happens only during alignment). Pressing the feedthrough
into a several-millimetre deep hole keeps the feedthrough in position and stops it from
‘springing out’ and losing contact. Applying high voltage to a feedthrough charges the
support rod onto which it is pressing, and thus charges all the electrodes attached to that
support rod.

The molecular beam was made and detected as described in chapter 3. The PMT
was used in photon-counting mode. The beams used were Xe-carried, with typical mean

speeds of around 365 ms™!.

5.3.2 Electric fields and high voltage electronics

Figure 5.4 shows a schematic side view of three deceleration stages, numbered n, n + 1
and n + 2, where n is an odd number. The odd-numbered stages (shown in red) consist
of electrodes pointing into the page; the even-numbered stages (shown in blue) consist of
electrodes pointing along the page. The decelerator is switched between two high voltage
states. In state 1 all the odd-numbered deceleration stages are held at ground and all the
even-numbered stages are polarized to high voltage, V. In state 2, the odd-numbered
stages are at high voltage, Vi, and the even-numbered stages are grounded. In the upper
part of figure 5.4 the electrodes are shown in state 1. The lower part of figure 5.4 shows
the electric field along the beam-line axis with the decelerator in state 1 (blue line) and
in state 2 (red line), with Vir = £15 kV. The fields were calculated by a finite element
analysis. Consider the decelerator in state 1. The axial field is periodic in y, with maxima
at the centre of even-numbered stages and minima at the centre of odd-numbered stages.
A weak-field seeking molecule travelling along the beam-line will acquire an increased
Stark potential as it enters an even-numbered stage. At a time when the molecule is a
certain distance into an even-numbered stage the electrode polarities are switched into
state 2. The axial electric field is now the one shown in red in the lower part of figure 5.4,
and the molecule finds itself at the bottom of another Stark potential hill.

It is important to note that in figure 5.4 the coordinate axes are changed from all
previous analysis in this thesis. The reason for this is that in section 5.8 there is a detailed
analysis of the interaction between the molecules and the applied fields when the fields are
switching from one state to the next. This analysis involves a rotating transverse electric
field, and the analysis is easier in a rotating frame in which the rotating field points along
z. For now it is important to note that in this chapter the coordinate axes are defined
such that y points along the beam-line axis, rather than z which is the convention used
everywhere else in this thesis.

Figure 5.5 is a schematic of the circuitry used to switch the four decelerator support

rods, each of which holds 50 electrodes. The rods are labelled from 1 to 4. At a given
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Figure 5.4: Upper part: A schematic diagram showing three deceleration stages of the 100-
stage decelerator. The electrodes are numbered, with n an odd number. The decelerator
is shown in state 1, in which the even-numbered stages are charged to +Vy; and the
odd-numbered stages are grounded. Lower part: The calculated field along the beam-line
in state 1 (blue line) and state 2 (red line) when Vi = 15 kV. The field is shown as
a function of longitudinal position, as well as a function of a phase angle, which will be

defined in section 5.6.1
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Figure 5.5: The circuitry used to switch the voltage applied to each of the four rods of
the 100-stage decelerator from the ‘high’ state, Vg, to the ‘low state’, Vio. S1, S2, S3
and S4 are TTL-controlled high voltage switches; S5 and S6 are manual switches. HV1

and HV2 are high voltage supplies (maximum output 20 kV), and LV1 and LV2 are lower
voltage supplies (maximum output 2 kV). R1 = 2.2 kQ, R2 = 100 M, R3 = 1.4 kQ, R4
= 800 2, and C1 = 0.5 uF. The values of Cy, and Ry, are discussed in the text.
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time one set of 50 electrodes will be charged to positive high voltage, Vy;, and the 50
opposite electrodes will be charged to —Vpr. The 100 electrodes held by the remaining
two support rods will be grounded, as described above, or can be held at some voltage,
Vio much lower than V. The reason for holding them at Vi will be described later.
In a given switching state the two charged arrays of 50 electrodes act as the two sides of
a capacitor. The total capacitance of the two arrays and the braided high voltage cables
that supply them was measured to be Cyeee; = 100 pF. In a given switching state the two
charged electrode arrays can thus be considered as the two sides of a 100 pF capacitor.
The four TTL-controlled high voltage switches (Behlke HTS 201-03-GSM) S1, S2, S3 and
S4 switch the rods (1, 2, 3 and 4 respectively) between high and low voltage.

The following discussion describes the charging and discharging of rods 1 and 3, whose
(oppositely polarized) electrodes form 50 deceleration stages. It can be seen from figure
5.5 that when S1 is in the ‘up’ position rod 1 is connected to the output of a high voltage
power supply, HV1, supplying voltage Vi;. HV1 is kept on permanently and is in parallel
with a 0.5 uF capacitor, the purpose of which will be explained shortly. At the same time
S3 connects rod 3 to high voltage supply, HV2, (and 0.5 uF capacitor) with output — V.
The potential difference across the gap between the rods is thus 2Vy;. After some delay
S1 and S3 flip simultaneously. Both rods can now discharge through one of two possible
routes, chosen by manual switches, S5 and S6. Both positive rods (rods 1 and 2) discharge
through the same route, controlled by switch S5, and both negative rods (rods 3 and 4)
discharge through the same route, controlled by S6.

Consider for now the case in which S5 and S6 are both set to ground. Discharging
to ground reduces a rod’s voltage from +Vy; exponentially with time constant 2.2k} x
100 pF = 220 ns. With S5 and S6 connected to ground, switching S1 and S3 simultaneously
and in phase thus switches the potential difference across the gap between rods 1 and 3
between 0 V and 2Vy.

Switches S2 and S4 are switched in phase with each other, but 7 out of phase with
S1 and S3, such that when rods 1 and 3 are connected to high voltage, rods 2 and 4 are
grounded, and vice versa. The effect of all four switches is to switch the axial electric
field between states 1 and 2 shown in figure 5.4. The switching is sufficiently fast that
the two high voltage power supplies, HV1 and HV2 are not able to supply the required
charging current. The current is in fact supplied by the 0.5 yF capacitors in parallel with
the power supplies. These are charged to +Vpr and —Vp respectively, and are able to
supply the required current to charge the rods quickly. In one shot each rod is switched
between ground and Vi 50 times, known as a ‘burst’.

Figure 5.6 (a) shows the recorded voltages of two oppositely polarized rods correspond-
ing to the same deceleration stages. The voltages were measured at the feedthroughs

supplying the rods by a fast high voltage probe ( Tektroniz P6015A). In this case the rods
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Figure 5.6: (a) The measured voltage of the two oppositely polarized electrode arrays cor-
responding to one set of 50 deceleration stages. (b) The first two voltage pulses measured
at the positive voltage feedthrough. This ‘zoomed-in’ figure shows the lag introduced by
the high voltage probe.
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were charged to +14.0 kV, and S5 and S6 were connected directly to ground. The mea-
sured peak voltage doesn’t quite reach +14.0 kV for two reasons. Firstly, the frequency
compensation circuit of the probe is adjusted for the fastest time response, and the price
paid for this high temporal resolution is some lag in the measured voltage on the longer
time-scale of the pulse duration. In calibrations in which the voltages were switched more
slowly the measured voltage did indeed reach the applied voltage. For the same reason the
measured voltage doesn’t quite reach zero when the electrodes are grounded. Secondly,
it can be seen that the peak voltage drops by approximately 3% over the course of one
burst. This is because the 0.5 pF capacitor, which effectively supplies the high voltage,
discharges slightly each time it charges a rod. This voltage drop will affect the deceleration
as the fields at the end of the decelerator will not be as great as those at the beginning,
but this effect is considered to be negligible. Figure 5.6 (b) shows the first two voltage
pulses measured at the positive voltage feedthrough. The rise and fall times are seen to
be about 500 ns, and the time lag in reaching the correct voltage level, introduced by the
probe, is clearly seen.

The second discharge route available to the positive and negative rods occurs when the
switches S5 and S6 are connected to the output of the high voltage power supplies LV1 and
LV2 respectively, both of which are in parallel with a resistor, labelled Ry,, and capacitor,
labelled Cy,. The values of Cf, and Ry, are chosen to be identical in both discharge circuits.
In this case it is desired to switch the electrodes not to ground, but to the outputs of
LV1 and LV2, Vi o and —V o respectively. The rods held high at Vg are switched down
to Vio, and those held high at —Vy; are switched to —Vp. Consider discharging rod
1 with S5 connected to the output of LV1. The discharging current cannot be passed
through LV1, which is unable to sink the positive current and effectively acts as a diode,
and so the current travels to ground through Ci, and Ry. What happens to the charge?
Consider first the case when LV1 is set to 0 V. The capacitance of Cp, is chosen to be
much greater than that of the decelerator. Thus, when the rod discharges the charge
stored at high voltage on the decelerator is transferred to Cr,, which is at a much lower
voltage. During one discharge the voltage across Cr, increases by AV = Vi IC%LCEZ. During
one burst the decelerator discharges 100 times, and so the voltage across Cy, increases by
AVigo = 100Vy Ic%fel. During the time, 7.¢p,, between the end of one burst and the start
of the next, Cy, will discharge through Ry,. If the voltage is Vi, at the end of one burst, it
will have dropped by

AV =V x (1 — exp [;Tgp D (5.1)
LYL

by the start of the next burst. After a few bursts a steady state will be reached in which
the voltage gained during one burst will equal that lost in between bursts: AVz, = AVigp.
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The equilibrium voltage across Cr, at the beginning of each burst will then be

Cdecel 1
o (1-ew |72

The experimental parameters used were: .., = 200 ms, C;, = 1uF and Ry, = 660 k(.

Vi =100Vgr (5.2)

These values result in an equilibrium voltage across Cy, of V" = 0.038Vp;. During a
burst the decelerator switches between Vy; and 0.038Vyy, with a small increase in the
baseline voltage of AVigg = 0.01Vgr by the end of the burst. This increase is very small
and is neglected in the analysis of the decelerator. The equilibrium voltage, V;*", is
reached within only a few bursts.

Consider now the case in which LV1 is turned on and Vzo > 0. If Vo < V%" then
the situation is identical to LV1 being off: LV1 neither supplies nor sinks any current. If
Vio > Vi%" then LV1 charges Cr,. It does this quickly since the output impedance of LV1
is low. The voltage across Cr, still increases by AVigg during a burst, but it will discharge
back to V7o in less than 7.y, and the equilibrium baseline voltage is V0.

The baseline voltage of the decelerator is therefore either 0.038V 1, or the value of Vo
set by the power supply LV1, whichever is greater. The maximum output of the supplies
LV1 and LV2 is 2 kV. Thus, for a value of Vg of 18 kV, Vo can be varied between 680
V and 2 kV.

Figure 5.7 shows the measured voltage of the same two rods as shown in figure 5.6. In
this case switches S5 and S6 were switched such that the electrodes discharged onto the
capacitors Cy, and resistors Ry,. The power supplies LV1 and LV2 were turned off and so
the baseline voltage was simply that of the charged capacitors. The measured equilibrium
baseline voltages are shown by the dashed lines in figure 5.7. The positive baseline voltage
starts at 900 V, and by the end of the burst this can be seen to have risen to 1.17 kV.
This increase is 1.9% of Vg, slightly greater than the prediction of 1%. This disparity
is most likely due to an error in the measurement of the decelerator’s capacitance. The
results are similar for the negative pulses shown, and for the measured voltage pulses of
the other two rods.

The reason for the 200 ms delay between successive deceleration bursts is that there
is a third polarity state that the decelerator can be in. In this state all four high voltage
switches are held in the high voltage state throughout the transit time of the molecules
through the decelerator. In this case, known as the ‘DC guiding state’, the decelerator
acts as a guide for weak-field seeking molecules. The experiment is run with a repetition
rate of 10 Hz. After every deceleration shot (taken in ‘burst mode’), a DC guiding shot
is taken. The reasons for this are two-fold. Firstly, the molecular beam flux slowly varies,
due mostly to variations in the quality of the Ca surface exposed to ablation. In order to
normalize out signal drift due to this flux variation the PMT signal from each deceleration

shot is compared with that of a near-simultaneous DC guiding reference shot. The DC
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Figure 5.7: The measured voltage of the same two rods as in figure 5.6, but no longer
switching to ground. In this case switches S5 and S6 cause the rods to discharge to the
resistors Ry, and capacitors Cr,. For these measurements the power supplies LV1 and LV2
were off and so the measured baseline voltages (initially 900 V for the positive electrodes
and -800 V for the negative electrodes) are caused by charging the capacitors Cy. The
initial baseline voltages are highlighted by dashed lines. Over the course of one burst both

baseline voltages can be seen to increase by around 1.9% of V.
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guiding shots are all taken under identical conditions (whereas the deceleration shots are
taken with varying parameters, such as phase angle), and so any signal drift between two
DC guiding shots must originate from flux variation. Comparing a deceleration shot time-
of-flight profile with that of its succeeding (or preceding) DC guiding shot gives a scaled
time-of-flight profile that is unaffected by flux variation. Secondly the LIF signals acquired
with DC guiding are very large and are thus useful signals for keeping the laser parked on
the chosen resonance.

The high voltage switches are controlled by a TTL pattern sent from a computer via
four optical links. The exact switching timings of a given burst are determined by the
computer. For a given molecule, in a given rotational state and with a given applied
voltage, the switching pattern is calculated to decelerate molecules from a chosen initial
speed. The pattern is designed such that a molecule with this initial speed, and that enters
the decelerator when the pattern starts, is in the same position in each deceleration stage
when the fields switch. This molecule is known as the synchronous molecule, and it loses
the same amount of kinetic energy in each stage (this is discussed in more detail in section
5.6.1). An overall time delay, that determines when the switching pattern begins, is also

a free parameter that can be tuned in the experiment.

5.4 The Stark shift and the hyperfine structure

The Hamiltonian for the 2X state of CaF in an electric field is
H=BN?>-jp-E4+~S-N+bl-S+cl,S,+CI-N, (5.3)

where N is the total rotational angular momentum operator, S is the total electronic spin
operator, I is the total nuclear spin operator, I » and Sz are components along the inter-
nuclear axis, ji is the electric dipole moment operator, and E is the electric field. BN?2
corresponds to the rotational energy of a rigid rotor (as discussed in section 2.1.5). /i - E
is the Stark interaction. ’yS’ . N is the electron spin—rotation interaction. bl -8 +cl o S'Z/
is the interaction between the magnetic dipoles associated with electron spin and nuclear
spin. CI - N is the nuclear spin-rotation interaction. The last three terms are referred to
as the hyperfine interactions.

In the presence of a strong electric field the first two terms dominate, and the molecule
can be treated as a rigid rotor. Figure 5.8 shows the Stark shift of the N' = 4 sub-levels
in the presence of electric fields typical of those created inside the decelerator. It can be
seen that the My = 0 sub-level experiences the greatest Stark shift. Indeed, for a given
value of N, the sub-level with My = 0 always experiences the greatest Stark shift. At
the greatest field strengths practically achievable inside a decelerator (around 200 kV /cm)
CaF experiences the greatest positive Stark shift in the [N = 4, My = 0) state. The

decelerator was thus used with CaF radicals in this rotational state.
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Figure 5.8: The Stark shift of the A/ = 4 states of CaF. The sub-levels are numbered in

terms of |My|.

In regions of low-field the molecule is described by the full Hamiltonian in equation
5.3. In this case the molecular states are described by the angular momentum quantum
numbers, N, S, J, I, ' and Mp. In the experiment the molecules are detected in a region
of zero applied field. Careful analysis must be performed to identify the field-free states
that correspond to the [N =4, My = 0) rigid rotor state.

The four field-free states belonging to the N' = 4 manifold are |[F = 5,J = 3),
[F=4,J=1%), |F =3,J = I)and |F = 4,J = ). These are discussed in section
3.3.3, and a spectrum of transitions from these lines to the %Il excited state is shown
(figure 3.6). Within these four F' states are contained a total of 36 M states. The Stark
shift does not mix states of different Mp (section 2.4) and so Mp is a good quantum
number in the presence of an electric field.

In a strong electric field, in which the Stark shift dominates over the spin-rotation
and hyperfine interactions, the N = 4 state has five magnetic sub-level groups, with
Mpy =0,£1,42,43,£4. The sub-levels with the same value of |My| are degenerate.
Mapping which field-free Mg levels correlate to which rigid rotor My states can be per-
formed simply by knowing the relative energies of the field-free F' = 5,4, 3,4 states, which
is shown in section 3.3.3 (figure 3.6), and by applying the rule that, in the transition
from field-free to rigid rotor state, states of the same Mp cannot cross. Figure 5.9 is a
schematic representation of the mapping of the 36 Mp states of the four field-free states
under consideration to the 36 My states of the 5 rigid rotor magnetic sub-level groups.
Table 5.1 shows how the field-free states correlate to rigid rotor states in the presence of

an applied electric field.
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Figure 5.9: A representation of the mapping of the 36 Mg states of the four field-free states
(F = 5,4,3,4) to the five Stark-shifted rigid rotor magnetic sub-level groups (|My| =
0,1,2,3,4). The colouring scheme indicates the states of different Mp: Mp = 0 is shown
by a turquoise line, Mr = 1 by a dark green line, My = 2 by a dark yellow line, Mp = 3
by a red line, Mr = 4 by a purple line, and Mg = 5 by a blue line.

Table 5.1: Magnetic sub-level components of the field-free states

Field-free state (peak number)  Number of states from | N, My)
4,00 [4,1) [4,2) 14,3) |4,4)

F =5 (peak 1) 3 2 2 2 2
F =4 (peak 2) 1 2 2 2 2
F = 3 (peak 3) 0 3 2 2 0
F = 4 (peak 4) 0 1 2 2 4
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Figure 5.10: Two scans over the Q11(3) and Ra1 (%) lines of CaF, taken with the decelerator
off (blue points) and with £13 kV applied (red data). Also shown are quadruple-Lorentzian
fits to the two data-sets. The peaks are labelled from 1 to 4, in accordance with the sheme
used in figure 3.6. Also shown is a diagram showing the coupling of rotational, electronic
spin and nuclear spin angular momenta to form the four field-free states which correspond

to the four spectral peaks.

5.5 Transverse focussing of weak-field seeking molecules

Of the rigid rotor states of CaF, the I[N = 4, My = 0) state experiences the greatest
Stark shift in the typical fields applied in the decelerator. As the detection is performed
in a field-free region, it is thus necessary to deduce which field-free state has the most
IN' = 4, M = 0) character in a strong electric field. This relationship is given in table
5.1. To investigate this experimentally the decelerator was operated in DC guiding mode.
For a given applied voltage the probe laser was scanned over the four transitions from the
four field-free states. Figure 5.10 shows the spectrum acquired with the decelerator turned
off (blue data) and with the decelerator charged to £13 kV in DC guiding mode (red data).
This is the same spectrum as shown in figure 3.6, where the lines were numbered from 1 to
4. The same numbering scheme is used in this analysis, where peak 1 corresponds to the
transition from the |J = J, F = 5) state, peak 2 to the transition from the |J = 3, F = 4)
state, peak 3 to the transition from the |J = %, F = 3) state, and peak 4 to the transition
from the |J = %,F = 4) state. It can be seen that the peak 1 signal strength is vastly
increased by the applied field, the peak 2 and 3 signal strengths are increased but to a
lesser extent, and peak 4 is largely unaffected. The slight offset between the position of
peak 3 in the zero volts and £13 kV scans is simply a result of the nonlinearity of the

laser frequency scan.
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Figure 5.11: Measured signal ratios of the Q11(3) and Ri2(%) lines. The lines correspond
to transitions from the |J = §,F = 5) state (peak 1 — blue points), the |J = §, F = 4)
state (peak 2 — red points), the |[J = I, F = 3) state (peak 3 — gold points) and the
|J = I, F = 4) state (peak 4 — green points). The error bars are derived from errors in

the fits.

The spectrum of the four peaks was recorded over a range of applied voltages. For each
recorded scan the peaks were fitted to a quadruple-Lorentzian function. For each peak
the measured amplitude at a given applied voltage was divided by the amplitude acquired
with no voltage applied to the decelerator. This quotient is known as the ‘signal ratio’, and
has the advantage of measuring the strength of the guiding in such a way that normalizes
out flux variations in the molecular source. Figure 5.11 shows the measured signal ratios
of the four peaks as a function of electric field. The transition from the |J = %, F =5)
state (blue points) shows the greatest signal ratios, still rising by the greatest applied
voltage (14 kV). The transitions from the |J = 3, F =4) and |J = I, F' = 3) states show
similar behaviour, both having signal ratios that rise with voltage, but not as much as
the |J = %,F = 5) transition. The transition from the |J = %,F = 4) state appears to
be mostly unaffected by the electric field, maintaining a signal ratio of approximately 1
for all applied voltages. The explanation for this behaviour can be found by considering
the guiding efficiency of the different M states in each F' state. Assuming that the fields
inside the guide are always great enough such that the rigid rotor approximation is good,
the guiding efficiency of an M state depends on the Stark shift of its associated strong-
field rigid rotor state. For example, consider the field free state |J = %, F =5). Table 5.1
shows that this state consists of 11 Mp states which, in the presence of a strong electric
field, are divided among the rigid rotor states as follows: 3 M states correlate to the state
IN =4,My = 0) and 1 Mp state correlaes to each of the 8 states |[N = 4, My = £1),
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Figure 5.12: The mean trapping frequencies of the magnetic sub-levels of the N = 4 rigid
rotor state as a function of voltage applied to the 100-stage decelerator operated in DC
guiding mode. The trapping frequency is a measure of the depth of the transverse Stark

potential created by the DC fields inside the decelerator. The states are labelled by |My|.

IN =4, My = +2), [N =4, My = £3) and |N = 4, My = £4) respectively. It is possible
to calculate how strongly molecules in these states are guided by the decelerator, using
the electric field geometry of the decelerator and the relevant rigid rotor Stark shifts. The
electric field was calculated using a finite element model. Within a deceleration stage
the electric field magnitude as a function of transverse position has a minimum along
the beam-line axis. This corresponds to a potential well, the depth of which varies as
a function of the longitudinal coordinate. Directly in between the electrodes there is a
steep potential well with a large associated trapping frequency, whereas in between two
deceleration stages the well is much shallower, with a much smaller associated trapping
frequency. It is possible to calculate a mean trapping frequency over the length of the
decelerator. This frequency is a function of the applied voltage and the rigid rotor state of
the molecule in question. Figure 5.12 shows the mean trapping frequencies for CaF in the
various | M| states of NV = 4, calculated for the geometry of the 100-stage decelerator. A
positive frequency corresponds to trapping and a negative frequency to anti-trapping. A
greater trapping frequency means that the decelerator can transmit molecules with greater
transverse speeds, and so it would be expected that the number of molecules transmitted
should increase as the trapping frequency increases. The states with |My| = {0,1} both
experience positive frequencies that increase approximately linearly with applied voltage.
The My = 0 state has the greatest trapping frequency because it has the largest Stark

shift. The states with |My| = 2 have a positive frequency that increases with voltage until
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Figure 5.13: The total trapping frequency of all the guided rigid rotor states associated
with the measured Q11(3) and Ria(%) lines (figures 5.10 and 5.11). The frequencies are
calculated at a given electric field by weighting and summing the mean trapping frequencies
(figure 5.12) by the populations in table 5.1. The colouring scheme is the same as for figure
5.11: peak 1 (blue), peak 2 (red), peak 3 (gold), peak 4 (green).

approximately 10 kV when it starts to decrease with voltage. This turnover corresponds
to the field strengths being great enough for these states to become strong-field seeking, as
indicated in figure 5.8. The states with |My| = {3,4} both experience negative trapping
frequencies that decrease with applied voltage because they are strong-field seekers at all
fields. These states are thus not guided by the decelerator and will not contribute to the
measured fluorescence signal when voltage is applied to the decelerator. Molecules in the
other states will contribute to the signal as long as the electric field is not so great that
they become strong-field seekers.

A qualitative understanding of the guiding data can be obtained by considering the net
trapping frequency for molecules in each state. This net trapping frequency is calculated
as follows: for a given electric field the trapping frequencies associated with the rigid rotor
states are weighted by the populations shown in table 5.1, and then summed. Contribu-
tions from the states |4, 3) and |4,4) have been neglected as these states do not contribute
to a guided beam. The results, shown in figure 5.13, agree qualitatively with the form of
the experimental data. The states associated with peak 1 in the fluorescence spectrum
experience large trapping frequencies which rise with electric field, but the slope begins to
decrease around 13 kV. The states associated with peaks 2 and 3 both experience roughly
the same trapping frequencies, which display the same behaviour as peak 1, but always at

lower trapping frequencies. The states associated with peak 4 experience the weakest net
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trapping frequencies, which rise slowly with electric field, and begin to turn over around
12 kV. The data from peak 4 are the only ones that disagree with the form of the net
trapping frequency, with the experimental data showing very little change over the range
of applied voltages. The calculated net trapping frequencies are only a rough indicator of
the guiding efficiency of the decelerator, but they nevertheless explain the physical basis
for what is observed.

The rigid rotor sub-level in the A/ = 4 manifold which experiences the greatest Stark
shift in the fields produced in the decelerator is the My = 0 sub-level. This state is
thus the easiest to guide and to decelerate. The field-free state whose magnetic sub-levels
contribute the most to |4, 0) in the presence of an electric field is |F' = 5). This is thus the
state that was chosen to be probed by LIF, corresponding to peak 1 in figure 5.10.

5.6 Longitudinal focussing in a Stark decelerator

Chapter 2 gives an introduction to the principles of Stark deceleration. Having shown
in the above section how the 100-stage decelerator can guide and focus molecules in the
transverse directions, it is now necessary to understand how it can bunch and decelerate
a group of molecules in the longitudinal direction. This section starts with a general
description of the longitudinal dynamics of molecules in a Stark decelerator. This is
then followed by a detailed analysis of the longitudinal dynamics inside the 100-stage

decelerator.

5.6.1 Phase stability in a Stark decelerator

A decelerator is composed of a sequence of field stages, each one removing an amount of
kinetic energy. The stages are separated centre-to-centre by L. At a given time during
deceleration the field stages are alternately charged and grounded (see figures 2.3 and 5.4).
In this arrangement the electric field is periodic along z with period 2L, reaching maxima
in the centre of the charged stages and minima in the centre of the grounded stages. A
molecule travelling through this periodic electric field thus experiences a periodic Stark
potential.

The motion of a molecule in this periodic potential can be expressed in terms of a
phase angle, ¢ = 7wz/L, where ¢ = m/2 is at the centre of a charged stage and ¢ = 37/2
is at the centre of a grounded stage.

The analysis in section 2.5 considered one ball moving with kinetic energy, E;. In
practice a Stark decelerator is used with pulsed beams of molecules with a distribution of
longitudinal speeds and positions. However, a given field switching sequence can be used
to decelerate molecules with only one initial speed.

Consider decelerating a molecule in the beam with initial longitudinal speed, vsync.
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The fields are switched in such a way to remove a constant amount of energy from this
molecule in each stage. To achieve this, when the fields are switched the molecule must be
at the same position up the Stark potential hill in each stage. The molecule is at the same
constant phase, @gync, in each stage when the fields are switched, where 0 < ¢gync < 7/2
for deceleration. This molecule is known as the ‘phase-synchronous’ molecule. As the
molecule slows down it will take longer to reach ¢4y, in each successive stage. This delay
is denoted AT and increases along the decelerator. To compensate for this the switching
pattern slows down as the synchronous molecule travels along the decelerator. It should
also be noted that ¢syne and vgeyne are not continuous variables: they are defined only at
the instant that the fields are switched.

Consider now the motion of a molecule which enters the decelerator slightly ahead
of the synchronous molecule and with slightly greater longitudinal speed. It starts with
phase, ¢, slightly greater than ¢y, and speed, v, slightly greater than vey,.. After
one field stage this molecule will have travelled up slightly more potential hill than the
synchronous molecule and so will have decelerated slightly more than it. This will continue
in successive field stages until v < vgyne and ¢ < Pgyne. The molecule then experiences
less potential hill in a field stage and so is decelerated less than the synchronous molecule.
The synchronous molecule decelerates relative to the asynchronous molecule in question:
the latter then catches up until v > vgyne and ¢ > @gyne. In this way molecules with
phase and speed close to that of the synchronous molecule oscillate about ¢yne and vy,
in longitudinal phase space (v-¢ space).

To analyse this motion more quantitatively consider the energy change experienced
by molecules in one deceleration stage. A decelerator switches between two electric field
states (see figure 5.4 for example). In a given state the Stark shift profile along the beam-
line, expressed in terms of phase, Ws(¢), can be expanded as a Fourier series [72]. The
phase has been defined such that Ws(¢) is antisymmetric about ¢ = 0. W(¢) is thus an

odd function and so its expansion comprises only sine terms:

Wa(9) = $Ws(0) + Y ansinng. (5.4)

n=1
The difference in Stark energy between a given instantaneous phase, ¢, and the phase
half a period away, (¢ + 7), can be evaluated using the Fourier expansion for the Stark

potential along the length of the decelerator (in one field state):

AWi(¢) = D an(sin(ng) — sin (ng — ))

n=1
= 2 Z ap sin (ng). (5.5)
n=1

Bethlem et al. [72] observed that when the spacing between two adjacent field stages is

similar to the spacing between the electrodes of a field stage the first term in equation 5.5
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dominates. Consider for now only this first term. The kinetic energy lost by the phase

synchronous molecule in one deceleration stage is

AWS(¢sync) - Ws(‘bsync) - Ws(qssy’rw - 77) ~ 2CLI Sin ¢sync~ (56)

In a given decelerator field state the synchronous molecule travels a constant distance,
L, the end-point of which is chosen by the choice of ¢syne, Which is constant for a given
deceleration sequence. The overall effect of the decelerator on the synchronous molecule

(mass, My, ) can be modelled in terms of a continuously—acting, average force:

_AWs(qbsync) _2&1

Fsync = T = T sin gbsync
d2Z m lL d2
= Mmol dt2 = %W(bsync- (57)

Now consider a slightly non-synchronous molecule with longitudinal speed v,s and phase
¢ns. The differences between the instantaneous phase and speed of the synchronous
and non-synchronous molecules are very small: Av = v,5 — Vsyne K Vsyne and Ag =
Ons — Psyne < m. Consequently it can be assumed that during one field state the non-
synchronous molecule travels a distance almost equal to L. The effective average force
exerted on this molecule over the length of the decelerator is

. AWs(d)ns)

F’I’LS L

Q

2a1
I Sin Gps

mmolLd2¢ns
— Dmon® e (5.8)

Subtracting equation 5.7 from equation 5.8 yields the equation of motion of the non-

synchronous molecule relative to the synchronous molecule:

mmolL i2
T dt?

—2(11
L

Ap = (sin (Gsyne + Ag) — sin ¢sync). (5.9)

For small A¢ equation 5.9 simplifies to

mmolL iz
T dt?

—2a1 cos (Psync)
L

A¢ =

Ag. (5.10)

Equation 5.10 describes harmonic oscillation of the non-synchronous molecule’s phase

about ¢gyne, with harmonic angular frequency w = \/ 27a1 €08 (Psync)/Mme L?. For a given
synchronous phase there will be an area of longitudinal A¢-Awv phase-space for which any
molecule falling inside this area will oscillate about the phase-synchronous molecule.

To investigate this phase-space stability more thoroughly consider the equation for
energy loss per stage (equation 5.5) with all the expansion terms. Combining the equations

of motion for a synchronous and non-synchronous molecule as was done for equations 5.7
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and 5.8 renders the following equation of motion for the non-synchronous molecules relative

to the synchronous molecule:

Mot L d 2 1
™ @A¢ - L (AWS (¢ns) — AW, (¢sync) )
— _% G, [sin (n@sync + nAP) — sin (ngbsync)} . (5.11)
odd n

Analytical solutions to this equation can be found [44] by noting that the speed of the

nonsynchronous molecule relative to the synchronous one is Av = % (%Aqﬁ) and that:

Ld dAddAv L2 dA¢ d?
Av = —a A= TR Ta T w2 dbede™?
d2 2 dAv

Equation 5.11 can thus be rearranged and integrated:

/TrmmOlAv dAv + / 2 Z ap [sin (NPsync + NAP) — sin (ngync)] dAd = 0

odd n

2 1
= %mmolAvQ - = Z Gn, [n 08 (Nsync + NAP) + Agsin (nosync) | = Winie.  (5.13)
odd n

This equation describes the relative longitudinal motion of a non-synchronous molecule
that enters the decelerator with total longitudinal kinetic energy, Wi,;:. Equation 5.13
shows that the total longitudinal energy of a non-synchronous molecule (relative to that of
the synchronous molecule) is shared between kinetic energy and and an effective potential

energy:

2 1 .
Wpot = - %: an [n cos (N@sync + NAQ) + A sin (ndsync) | (5.14)
o] n

with the energy oscillating between kinetic and potential energy as the molecule oscillates
about the synchronous molecule in phase space. The stable trajectories confined by this
potential well have constant energy contours in phase space which circulate about the
{A¢, Av} = {0,0} origin. Figure 5.14 shows Wy (in GHz) for ¢gyne = 0, /6 and 7/3,
calculated with only the first term in the Fourier expansion (n = 1) and with a; = —23.9
GHz, which is a realistic expansion coefficient for a weak-field decelerator (see section
5.6.2). The n = 1 potential energy has turning points at A¢ = 0 and A¢ = 7 — 2dsync. A
negative value of a; makes the A¢ = 0 turning point a minimum and the A¢ = 7™ —2¢4ync
turning point a maximum.

Figure 5.14 shows that as ¢gyn. is increased the potential energy well depth decreases,
with the maximum at A¢ = 7 — 2¢4yn. becoming less prominent. This makes sense
physically. The argument for phase-space stability relies on a molecule at some phase
ahead of ¢syne being decelerated down the Stark potential hill back towards the phase

stable molecule. However, as the phase stable molecule is located higher up the Stark
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Figure 5.14: Longitudinal effective potential energy, Wy, calculated with n = 1 and
a1 = —23.9 GHz for ¢sync = 0 (blue), 7/6 (red) and 7/3 (green).

potential hill, there is less room between the phase synchronous molecule and the top of
the potential hill. By the time the fields are switched more of the molecules ahead of
the phase synchronous molecule will have gone too far and have passed this peak, after
which they will be accelerated down the other side of the potential hill, away from the
phase synchronous molecule. When ¢4y, = m/2 all non-synchronous molecules will be
accelerated away from the phase synchronous molecule. In this case the turning point in
Wyot at A¢ = 0 is no longer a minimum, it is a point of inflection.

The phase-stable molecules circulate around the phase space origin, on contours of
constant total energy. The area of phase space that contains all the possible stable lon-
gitudinal trajectories is bounded by the threshold contour, known as the ‘separatrix’. A
molecule that reaches the effective potential maximum at A¢ = 7 — 2¢4y,. With zero
relative speed lies on the separatrix. Substituting in Av = 0 and A¢ = 7 — 2¢4yn. into

equation 5.13 gives the total molecular energy associated with the separatrix to be:
Wiy = > 3 n |~ o5 (ndyne) + (7 — 26syn)sin (bnd) [ (5.15)
sep — ? Gnp ECOS n sync (7T (bsync s n¢sync . .
odd n
Substituting W, into the right-hand side of equation 5.13 gives the equation of the
separatrix:

2 1
i moA 2 - n[*( sync A snc>
SMmal Av® + 770(%1@ - cos (N@sync + nA@) + cos (ndsync)

+(A¢ + 20syne — 77) sin (mﬁsw)} —0  (5.16)

The molecules are trapped in a travelling effective potential well defined by the switch-
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Figure 5.15: (a) The axial Stark shift profile experienced by CaF radicals in the N = 4
state with £15 kV applied to the decelerator in state 1 (blue) and state 2 (red). The
maximum Stark shift, 31.8 GHz, is acquired in the middle of a charged deceleration stage.
(b) The difference between the Stark profiles in (a) (purple line). Also shown is a fit to
this difference profile of the first two terms of the Fourier expansion given in equation 5.5
(dashed blue line).

ing electric fields. Deceleration is achieved by varying the switching period such that the

potential well slows down, and adiabatically decelerates the trapped molecules.

5.6.2 Longitudinal dynamics in the 100-stage decelerator

The basis of all the equations in the above section is the shape of the axial Stark shift
profile, and its expansion as a Fourier series. In particular, the shape of the difference
between the Stark shift profiles in electric field states 1 and 2 is of interest.

Figure 5.4 shows the axial electric fields in states 1 and 2 of the 100-stage decelerator
with an applied voltage of 15 kV. The resulting Stark shift potentials and their difference
are shown in figure 5.15 (a) for CaF in the |4, 0) state, with 15 kV applied to the decelerator.
Only the first two terms of the Fourier expansion (equation 5.5) are necessary to provide
a sufficiently good description of the energy difference between the two profiles. Figure
5.5 (b) shows the energy difference, as well as a fit to the first two terms of the Fourier
expansion. The expansion used in the fit was exactly the same as in equation 5.5, except
that the factor of 2 was, in this case, included in the expansion coefficients. These were
found to be a; = —23.9 GHz and a3 = 6.6 GHz. In all the following analysis the difference
between the two Stark profiles is taken to be (in GHz):

AWs(¢) = a1 sin (¢) + as sin (3¢) = —23.9sin (¢) + 6.6 sin (3¢) (5.17)

Equation 5.13 describes the motion of non-synchronous molecules relative to the syn-
chronous molecule. Figure 5.16 shows three solutions to this equation calculated with
the decelerator charged to +15 kV, and using the above expansion (equation 5.17). Fig-

ure 5.16 (a) shows solutions to the relative motion equation with a synchronous phase of
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¢syne = 0. This corresponds to no overall deceleration of the synchronous molecule. The
closed trajectories around the origin correspond to the oscillation of molecules that are
confined by the effective longitudinal potential well (figure 5.14). The symmetry of this
effective potential about A¢p = 0 when ¢yn. = 0 leads to trajectories that are symmetric
about the line A¢ = 0. The thick black line in figure 5.16 (a) shows the solution of the sep-
aratrix equation (equation 5.16) - this line bounds the area of phase space that contains all
the confined, stable longitudinal trajectories. Trajectories that lie outside the separatrix
correspond to molecules that do not oscillate about the synchronous molecule. These tra-
jectories are modulated by the effective potential, but are not bound by it. The separatrix
bounds a phase-space area between A¢ = £ (relative position 3 mm). At relative po-
sitions greater than this the figure shows new separatrices, bounding trajectories centred
on A¢ = 2. There are in fact many such separatrices, centred on A¢ = +2n7, where
n =0,1,2,.... These other separatrices define areas of phase space which correspond to
molecules that are confined longitudinally by the switching Stark potential, but not in the
same potential well as the synchronous molecules. The periodicity of the decelerator allows
for molecules to be confined by the deceleration stages ahead of and behind that occupied
by the synchronous molecule. In the case of ¢4yn. = 0 each separatrix is joined to its near-
est neighbours. Figure 5.16 (b) shows the solutions of the relative motion equation with
Gsync = - In this case the effective potential is no longer symmetric about A¢ = 0 (figure
5.14) and is shallower, providing less of a potential barrier for A¢ > 0. There are thus
fewer stable trajectories, as can be seen by the smaller area bounded by the separatrix.
The separatrix now covers a smaller range of relative positions, as those molecules far away
from the synchronous molecule at the moment of switching will be accelerated towards
another potential well and thus repelled from the synchronous molecule’s position. The
trajectories outside the separatrix show exactly this behaviour: the molecule’s phase-space
trajectory can make a “sling-shot” around the phase-space origin, but when the molecule
is accelerated towards the synchronous molecule it overshoots towards the next potential
well along. This effect is increased further at higher synchronous phase angles. Figure
5.16 (c) shows the solutions to the relative motion equations with a synchronous phase of
Gsync = 5. The central separatrix is now considerably smaller than in the previous two
cases, leading to relatively few confined trajectories. The effective potential is now very
shallow. At a synchronous phase of 7/2 the synchronous molecule is at the top of the
Stark potential hill when the fields are switched. All the non-synchronous molecules are
accelerated away from the peak of the Stark potential and thus away from the synchronous
molecule. The separatrix in this case is simply a point located at the phase-space origin.

For a given applied voltage and synchronous phase the number of molecules that can
be confined about the synchronous molecule is proportional to the area bounded by the

separatrix. This area, known as the longitudinal ‘acceptance’, is shown in figure 5.17
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Figure 5.16: Trajectories in phase space obtained by solving the equation of motion for
molecules relative to the synchronous molecule (equation 5.13). The equations were solved
with the fields generated inside the decelerator with +15 kV applied to the electrodes. The
synchronous phase is (a) ¢sync = 0; (b) ¢sync = §; (¢) Psyne = §. The thick, black lines are
the separatrices that bound the area of phase space containing those trajectories confined
by the effective longitudinal potential well, and that correspond to molecules oscillating

about the synchronous molecule in phase space.
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Figure 5.17: The longitudinal acceptance of the weak-field decelerator with +15 kV applied
to the electrodes. The acceptance is the area bounded by the separatrix, calculated at a

given synchronous phase by solving equation 5.16.

as a function of synchronous phase for the 100-stage decelerator charged to +15 kV.
The acceptance was calculated by solving the equation of the separatrix for a range of
synchronous phases, and then integrating to find the bounded area in each case. As
expected the acceptance is maximal when ¢gy,. = 0, decreases as the synchronous phase

is increased, and reaches zero at ¢sync = 3.

5.7 Preliminary deceleration results

Figure 5.18(a) shows recorded time-of-flight (TOF) profiles for a Xe-carried beam of CaF.
The data were taken with the decelerator switching between DC guiding mode and burst
mode on a shot-to-shot basis, with the DC guiding signal serving as a reference signal.
The decelerator was operated with Vi = 14 kV and Vo was ground. The black time-of-
flight profile is the DC guiding signal. It has been scaled such that it has unity amplitude.
A gaussian fit finds the central profile time to be 2194 us, corresponding to a central
peak speed of 369 ms~!, and the width to correspond to a longitudinal translational
temperature of 5.1 K. The blue profile is the burst signal, scaled by the same factor used
to normalize the DC guiding profile. For these data the high voltage switching pattern
was calculated for vgy,. = 370 ms~! and ¢sync = 0. This phase angle corresponds to
no overall deceleration. The switching electric field will thus guide molecules travelling
at 370 ms—!, as well as all the phase-stable molecules (those travelling close enough to

370 ms~! that their phase-space trajectories fall inside the separatrix). This is exactly
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Figure 5.18: (a) Experimental time-of-flight profiles measured with the decelerator used in
burst mode (blue line) and DC guiding mode (black line), with Vo =0, Vgr = 14 kV. In
burst mode the high voltage switching pattern was calculated for synchronous molecules
with an initial speed of 370 ms~! and a phase angle of 0°. Both profiles have been scaled by
the same factor such that the DC profile has unity amplitude. (b) Numerical simulations

of the experimental data shown in (a).

what the data show. The time-of-flight profile has a peak at 2183 us, corresponding
to a speed of 371 ms™!, with a width determined by the phase-stable non-synchronous
molecules. The profile also shows two smaller ‘satellite’ peaks around the central peak.
These correspond to molecules that have been trapped in the potential wells ahead of
and behind that of the synchronous molecule. The pulsed molecular beam is long enough
that there will be molecules travelling at the synchronous molecule’s speed entering the
decelerator before and after the entry time for which the pattern was calculated. These
molecules will still be trapped by the longitudinal effective potential, but in different wells
from the synchronous molecule. There are no other significant peaks in the measured
time-of-flight profile. The three peaks sit on a relatively small background, indicating
that the non-synchronous molecules which fall outside the separatrices are not strongly
guided. This is not as expected. These non-phase-stable molecules are not trapped in the
effective potential well, but should still be guided by the transverse electric field minimum
along the beam-line axis. In a very naive model it might be expected that the guided
signal from these molecules should be approximately one half the magnitude of the DC
guided profile. The reason for this is that when the decelerator is used in DC guiding mode
all the field stages are charged at the same time, whereas in burst mode, at a given time,
only half the stages are charged. Therefore, in burst mode the time-averaged electric field

along the transverse directions is approximately half as strong as in DC guiding mode,
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which reduces the depth of the Stark potential well.

In order to investigate the disparity between expectations and experimental results,
numerical simulations were performed that model the experimental procedure. The sim-
ulation starts with an ensemble of molecules at the source which are then propagated
through the skimmer and towards the decelerator. The molecules are then propagated
through the decelerator. The equations of motion of the molecules inside the decelera-
tor are solved, and any molecule that crashes into an electrode or leaves the decelerator,
never to return, is removed from the simulation. Those molecules that do make it out
are then propagated to the detection region, where their interaction with the laser beam
is simulated, with each molecule modelled as a three-level system (a simplification of the
model described in chapter 4). The number of molecules detected as a function of time
then makes up the simulated time-of-flight profile. Figure 5.18 (b) shows the results of
simulations that match the experimental conditions under which the data shown in figure
5.18 (a) were taken. The simulated DC guiding and burst mode profiles were both scaled
by the same factor that gives the simulated DC guiding profile a unity amplitude. Thus
figures 5.18 (a) and (b) are directly comparable. However, the two burst profiles show
a number of differences. The simulation predicts a central bunch of molecules arriving
around 2187 us, as measured. However, the simulated peak is larger than the experimen-
tally measured peak, with an area approximately 1.5 times greater. The same is true of
the satellite peaks, with the simulation predicting peaks much larger than the experimen-
tal peaks. The simulation also shows two further satellite peaks, further from the central
peak, neither of which was observed experimentally. However, the most striking difference
between the two figures is the signal from the non-phase-stable molecules. The simulated
time-of-flight profile shows two large, broad peaks away from the central phase-stable
peaks.

In addition to the above ¢gyn. = 0 data, deceleration data (for which ¢gyne > 0)
were also taken at this voltage. Figure 5.19 (a) shows the recorded time-of-flight profiles
measured under the same conditions as in figure 5.18 (a), except in this case the applied
high voltage switching pattern was for vsyn. = 350 ms~ ! and Gsync = 75°. When there is no
deceleration, molecules travelling at 350 ms~! should be detected at 2314 us. Deceleration
of this velocity class will thus deplete the measured time-of-flight profile around this time
and move the associated molecules to a later time. This was indeed observed. The arrow
in figure 5.19 (a) is at 2314 us, where a dip in signal can be observed. A small peak of
molecules is observed at 2415 us, corresponding to the decelerated molecules. The rest
of the measured time-of-flight profile consists of a small, broad peak of non-phase-stable
molecules guided by the decelerator. As in figure 5.18 (a) the measured non-phase-stable
signal is much smaller than expected. Figure 5.19 (b) shows the results of simulations of

this deceleration. The simulation shows a decelerated peak at 2426 us, which corresponds
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Figure 5.19: (a) Experimental time-of-flight profiles measured under the same conditions
as the data in figure 5.18 (a), except now the high voltage switching pattern used to acquire
the burst profile (blue line) was calculated to decelerate synchronous molecules of initial
speed 350 ms~! and with phase angle Gsync = 75°. The detection time of non-decelerated
molecules with speed 350 ms™! is identified by an arrow. Both profiles have been scaled
by the same factor such that the DC guided profile (black line) has a unity amplitude. (b)

Simulated profiles produced by numerical simulations of the deceleration shown in (a).

to a deceleration from 350 ms™' to 316 ms~!. The simulated deceleration peak arrives at
a slightly later time than the experimental peak. An explanation for this slight disparity is
given in section 5.10. However, as with the ¢y, = 0 data the greatest disparity between
experiment and simulation occurs for the non-phase-stable molecules. The simulation
predicts a signal from these molecules considerably greater than measured, with signals
almost as great as the DC guided signal for a wide range of times. Integration of the
simulated and experimental time-of-flight profiles shows that the simulation predicts a

total molecular flux seven times greater than measured.

5.8 Non-adiabatic transitions

So why are the recorded time-of-flight signals so much smaller than the simulations pre-
dict? The answer lies in the changing electric field inside the decelerator. As a molecule
travels along the decelerator it experiences a sequence of switching electric fields. In order
to maintain its orientation the fields must change slowly enough for the molecule to follow
the change adiabatically. If the fields change too rapidly they can drive non-adiabatic
transitions between different rigid rotor states. Additionally, if the fields are weak at some

position when they are changing, the magnetic sub-levels of a given rigid rotor state ap-
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proach degeneracy, and it is thus more likely that such a transition can be driven. As
has been discussed above, the electric field inside the decelerator has two alternating field
states, F1 and FEs. During the switch from one state to the next, the field associated
with one state decays exponentially, while the other rises, both changes occurring simul-
taneously, with the same time constant, 7. Not only does the field change in magnitude
during the switch, it also rotates. On the axis of the machine (the beam-axis), F; and E»
are orthogonal, and so the field must rotate through 90° when the switch is thrown. It
might be possible for the rapidly switching fields to drive non-adiabatic transitions from
the desired rigid rotor state to some other state, with a different Stark shift, possibly
even to a strong-field seeking state. These states might not be guided as efficiently as
the chosen state (the strong-field seeking states are not guided at all, they are repelled
away from the beam-line). This transition mechanism was considered a likely candidate
for the reduced measured signal. The simulations do not allow for the possibility of a
molecule changing state and so represent the ideal time-of-flight profiles. The following
analysis describes the physics of the switching fields and considers the likelihood of the

field driving non-adiabatic transitions.

5.8.1 The Hamiltonian in a rotated coordinate system

The Hamiltonian of a rigid rotor in the time-varying field of the decelerator is:

H(t) = BN? — uEy exp (—t/r)C8Y — “fE; (1 — exp (—t/7)) ( ) “iﬂ’) . (5.18)
where N2 is the rotation operator, the eigenstates of which are the field-free rigid rotor
states, and the last two terms are the Stark interaction terms (see section 2.4) associated
with the two electric fields. The Hamiltonian has been written in terms of components
of the rank 1 spherical harmonic operator, C’(gl) = %”}A/q(l) (as discussed in section 2.4).
The origin of time is defined as the moment that the switches are thrown. It will prove
instructive to write the time-dependent Hamiltonian in a rotated coordinate system such
that at time ¢ the electric field vector points along the z’-axis of the rotated frame. In this

case the Hamiltonian is
H'(t) = BN? — uE@t)CSY. (5.19)

The electric field rotates about the y-axis with angular rate w(t) = %&t), and at time t the
electric field vector has rotated through an angle, 5(¢). The two Hamiltonians are related
by the rotation operator, D = exp (—Nyﬁ(t)/h), through the relation H(t) = D~ H'(t)D.
Before the switch begins a molecule inside a deceleration stage is in some Stark-shifted rigid
rotor state [N, M). During the switch the molecule is in the time-dependent state |a)

(where the time-dependence is implicit). This state can be written as a linear superposition
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of the Stark-shifted rigid rotor states, with time-varying expansion coefficients, (N, My|«):
o) = Y [N, My)N, My|a). (5.20)

N, My
The time-variation of |«) is determined by the time-dependent Schrodinger equation. This
analysis is detailed in appendix C, resulting in a differential equation governing the evo-
lution of the above expansion coefficients (equation C.9). This equation is now rewritten
here, but, for clarity, the rigid rotor quantum numbers, {N, My} are now represented by

the index m, and the expansion coefficients are written ¢,,(t) = (N, My|a):

W (£) + > (| (w(t)Ny - %;ﬁ'(to Imyem, = ih%cm/ (t), (5.21)

where W, is an eigenenergy of H'(t), evaluated at time, ¢, and wgep = (W, — W) /b is
the angular frequency separation of any two rigid rotor states in the expansion. Equation
5.21 describes the effect of the field-switch in terms of the changing field magnitude and
the field rotation.

The effects of the two operators in the matrix element of equation 5.21 can be treated
using time-dependent perturbation theory. The expansion coefficients are expanded as a
power series:

en(t) =V + D)+ D) + ... (5.22)
The evolution of |a) can be treated approximately by considering only the first order term
in this expansion, c%l)(t). A standard result in first order time-dependent perturbation
theory (see [49] for example) is that, for a system perturbed by some interaction with
Hamiltonian, ﬁpe,nt(t), the time-evolution of the first order expansion term is given by:

i [t
(1) = % / exp (iwnit") Hi (t')dt, (5.23)
0

where |n) and [i) are the unperturbed eigenstates with energies E,, and E;, w,; = (E, —
E) /N, and Hy;(t) = (n|Hpers ()]).

In order to investigate analytically the effect of the two perturbing terms in equation
5.21 consider now the ‘worst-case scenario’ that occurs under typical operation of the
decelerator. This analysis will show, to first order, the relative scale and form of the

perturbations.

5.8.2 The effect of the changing field magnitude

Consider first the term associated with the changing electric field magnitude, — %I:[ "(t).

? Wsep

For a given rate of change of electric field the associated matrix element, which joins

states [N, My) and |N’, M};) (separated by hwsep) can, with the help of equation 5.19,

be written as
u dE(t) ~
i dEQ) a0) 7 pp. (5.24)

Wsep  dt

N, My |
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It is known from the properties of spherical tensors (section 2.4) that the above matrix
element is zero unless M), = My. Thus, this perturbation can only drive transitions

between states of different NV, but the same M. To analyse the effect of this perturbation

dE
’ dt lmazx

electric field inside the decelerator, and let the matrix element, (N/, M ]’V|C(()1)]N , My,

consider the typical time-variation of F ~ Emaz/T, where Epq, is the maximum
take its maximum value, which is 1. In this approximation of constant (but large) time-
variation of electric field, time-dependent perturbation theory can be used with a constant

perturbation that ‘turns on’ at time ¢ = 0. Integrating equation 5.23 thus gives:

(1) M Enaax ! . N g 11 Emaz . .
¢, (t) = e /0 exp (iwgept')dt’ = ha?, T [1 exp (zwsep(t)ﬂ. (5.25)

The probability of the molecule being transferred by the changing field magnitude from
some initial state, [N, Mn) to |[N’, M}) is thus given by the square modulus of ¢, (t):

Emax 2
1 = 2(3) 1t

sep
2
< 4<“E;”‘“”> . (5.26)
hwsepT

The voltage switching pattern used with the 100-stage decelerator was calculated to de-

celerate molecules in the |4, 0) state. It was shown in section 2.4 that the maximum Stark
shift of the states |N,0) follows roughly quadratic behaviour in N: Epu. ~ #/\/ 2
(figure 2.2). The smallest value of wge, between two states, |A,0) and [N”,0), occurs as
E — 0, and for N/ = N — 1; this angular frequency being wse, = 47BN /h. Putting
these expressions into equation 5.26 gives the probability of the changing electric field

magnitude driving a transition from state [N, 0) to [N — 1,0) to be

2
(1 ([ 2.46nh
CN-1) = (8712B7' . (5.27)
For CaF, B = h x 10.3 GHz. 7 has been measured to be around 500 ns. These values
result in a transition probability of order 1072, Consequently transitions driven by the

changing electric field magnitude can be ignored, and are not the cause of signal loss along

the decelerator.

5.8.3 The effect of the electric field rotation

Consider now the rotation of the electric field. A standard result from angular momentum
theory [49] is that the angular momentum ladder operators are diagonal in N, but not in
Mp:

(N', My|N<|N, My) = h/(N F My) (N + My + 1)0nn0ar, (5.28)

Mpytq-
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The rotation of the field is described by the operator, Ny = %(NJF — N_). The matrix
elements associated with the rotating field are thus those of the ladder operators, which
are standard results.

Using the expansion in terms of field-free rigid rotor states,

W, My) =Y IN, Ma){(N, My |N, My), (5.29)
N

the matrix elements are found to be:

" ih
N My £ 1NN, My) = 55 > V(N F My) (N £ My + 1)
N
X(N,MN:E1|N,MN:|:1><N,MN|N,MN>. (5.30)

The effect of the rotation is described in the same manner as above: evaluate the first
order perturbation term at a given rotation rate, w. It will be shown below that transitions
are more likely to occur in regions of weak field when the magnetic sub-levels are closely-
spaced. In this regime the Stark interaction is weak and so the mixing of different N
states is weak. Thus the sum in equation 5.30 is dominated by a single term, the one with
N = N, for which the expansion coefficient (N, My|N, My) ~ 1. For a given angular
rotation rate, the equation for cg, which links some initial state, [N, My) to a final state,
WV, My + 1) (separated by hwsep), is thus found to be:

(1) e
1

Tiwsep (N, My + 1|Ny|/\/, Mn) [1 — exp (iwsept)] . (5.31)

The transition probability between two magnetic sub-levels, [N, My) and |N, My + 1)
therefore satisfies:

w2

2
sep

11 (N FMy) N +£My+1). (5.32)

Equation 5.32 shows that when the rotation rate is comparable to the splitting of two
adjacent magnetic sub-levels there is a sizeable probability of driving a transition between
them.

Figure 5.20 shows the calculated angular rotation rate of the electric field, w, on the
beam-line axis at five positions in longitudinal phase-space. The phase angle is defined as
¢ = mwz/L, with an origin as shown in figure 5.4. The rates were calculated as a function
of time, with the origin of time being the start of the field switch, the decelerator charged
to +£15 kV, and a switching time constant of 7 = 500 ns. Also shown is the calculated
angular frequency separation, wsep, of the |4,0) and |4, 1) states during the switch at these
five longitudinal positions. Figure 5.20 (a) shows w and wge, at the position ¢ = —m/2.
At this position, before the switch the electric field magnitude is small (see the electric
field profile, Eq, in figure 5.4). After the switch the field magnitude is large (profile Es
in figure 5.4). Figure 5.20 (a) shows that the rotation rate is at its greatest during early
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Figure 5.20: The angular rotation rate, w, of the electric field inside the decelerator when
charged to £15 kV (orange line). The rotation rate was calculated as a function of time,
where the origin corresponds to the beginning of a field switch, and the time constant was
7 = 500 ns. Also shown is the angular frequency separation, wgep, of the |4,0) and |4, 1)
states as a function of time (blue line). The frequencies were calculated at the following

longitudinal phase-space positions: (a) —7/2, (b) —7/4, (c) 0, (d) /4, and (e) 7/2.
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stages of the switch, when the field magnitude is small. As the field is weak during this
time the Stark shift is small and so the separation of the magnetic sub-levels is small.
Thus, at ¢ = —m/2, during the initial stage of a switch the rotation rate is great (around
10% rads~!) and the frequency separation of the two states under consideration is small
(around 107 rads™!). As the frequencies evolve after the switch, wse, begins to rise as
the total field magnitude increases, and w falls as the field rotation slows down. After
15 ns the two frequencies cross-over and continue to diverge as time progresses. Thus,
for at least the first 15 ns there is a high probability of the quickly-rotating field driving
a transition from the |4,0) state desired for deceleration (the state for which the field
switching pattern has been generated) to the state |4,1). This latter state experiences a
different (smaller) Stark shift from the former and thus will not be decelerated and guided
as efficiently as the former. Figure 5.20 (b) shows the frequencies calculated at ¢ = —7 /4.
At this position the difference in field strength before and after the switch is smaller than
in (a), and this is reflected in the reduced rotation rate, being just over 107 rads~! for
the first 20 ns, and then falling afterwards. The greater initial field strength results in a
greater initial wge, than at ¢ = —n/2. For the first 20 ns the two frequencies are similar,
with w/wgep ~ 0.1. During this period the transition probability is less than at ¢ = —m/2,
but is still significant. Figure 5.20 (c) shows the frequencies calculated at ¢ = 0. In this
case the initial and final electric field strengths are identical, with the total magnitude
changing very little during a switch. This results in a roughly constant field rotation rate
throughout the switch period, as shown in the figure. Throughout, w < wsep and so there
is little transition probability at this position. Figures 5.20 (d) and (e) show the effect of
increasing the phase angle further. For ¢ > 0 the situation is reversed somewhat. In these
cases the electric field magnitude starts off large and ends up relatively small. Figures (d)
and (e) shows that in these cases the rotation rate is initially small, only rising towards
the end of a field switch period (around 1 us) when the field is small. As in figures (a)
and (b) this period of fast field rotation occurs when the field strength is weak and so
the state separation is small. Transitions thus seem likely; however, they are less likely
than in the former cases because by this late on in a switch (roughly two time-constants
from the start of the switch) the fields are changing relatively slowly in time and so w is
always much smaller than in the former cases (figures 5.20 (a) and (b)), peaking at around
0.05wgep around 1 ps at ¢ = /2.

Figure 5.21 shows the time-variation of the My populations after a switch. They have
been calculated by solving numerically equation 5.21 using the calculated values of w(t)
and wsep(t) and a basis set restricted to the V' = 4 states. This restriction is justified by
the above analysis which shows that coupling between states of different N is negligible.
Figure 5.21 (a) shows how the populations evolve at the ¢ = —x/2 position. Figure 5.20

(a) shows that, at this position, immediately after a switch w > wgep, predicting a high
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Figure 5.21: The probability of a molecule, initially in the state |4,0), occupying the
different magnetic sub-levels of the A = 4 state as a function of time, where the origin of
time is the beginning of a switch, with time-constant 500 ns, and the decelerator is charged
to £15 kV. The sub-levels are shown by the following colours: |My| = 0 (red line), |[My| =
1 (orange line), |My| = 2 (green line), |My| = 3 (blue line), |My| = 4 (purple line).
The populations were calculated at the following longitudinal phase positions: (a) —m/2,
(b) =57/12, (c) —m/4, and (d) 0.

transition probability. This is exactly what is found by the numerical simulations, with
figure 5.21 (a) showing considerable dynamics between the states. The molecule is initially
in the state |4,0). As soon as the field switch begins the molecule is rapidly (over about
10 ns) driven into the |4, 1) state, and thenceforth further transitions drive the molecule
through the other states. After about 20 ns the field rotation is slow enough (see figure
5.20 (a)) that the populations begin to settle into a steady state. At this phase position
the molecule is most likely to end up in the strong-field-seeking |4, 3) state after the switch.
This molecule is thus likely to be ejected from the decelerator after only one field switch.
Figure 5.21 (b) shows the population dynamics at ¢ = —57/12. Here the rotation rate
is not as fast and it can be seen that the transfer from |4,0) to |[4,1) occurs more slowly.
Transfer to the higher |My| states is also slower, and the most probable outcome is for the
molecule to end up in the |4, 2) state. This state only ever experiences a weak Stark shift
in the fields applied in the decelerator and therefore is not strongly guided. Figure 5.21
(c) shows the population dynamics at ¢ = 7/4. At this position wge, is always at least
an order of magnitude greater than w, and so transitions are unlikely. This is reflected
in the dynamics where there is only a moderate amount of cycling between the |4,0) and

|4,1) states. The other states are never significantly occupied and after the switch the
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Figure 5.22: The probability of a CaF molecule, initially in the state |4,0), ending up in
another state after one field switch, as a function of longitudinal phase position. For these
calculations the decelerator was charged to £15 kV, and the switching time was 7 = 500

ns.

molecule is most likely to be in its original |4,0) state (with probability around 0.9). At
the position ¢ = 0, w is always considerably greater than wse, and figure 5.21 (d) shows
that the molecule is never driven out of its initial state.

By calculating the population probabilities after a field switch for a range of longi-
tudinal phase-space positions it is possible to derive the total probability of a [4,0) CaF
molecule being driven out of this state during one field switch. The results of these cal-
culations are shown in figure 5.22. It can be seen that the worst position for a molecule
to be at when the fields are switched is ¢ = —m/2, with a probability of being driven out
of |4,0) of 0.84. As the phase position is increased this probability drops, reaching its
half-maximum around ¢ = —1 (= —57°), and zero around ¢ = —0.5 (= —28.5°). It is
important to bear in mind that these probabilities correspond to one field switch. During
one deceleration burst the fields switch 100 times.

Having shown which areas of longitudinal phase space are ‘safe’ and which are ‘dan-
gerous’ for non-adiabatic field-driven transitions it is worth considering the phase-space
positions of the molecules in the time-of-flight profiles in figures 5.18 and 5.19. Consider
the former case: the field switching pattern (with synchronous phase, ¢syn. = 0, and
synchronous speed, vsyn. = 370 ms~!) bunches molecules about the centre of the pulse,
with satellite peaks corresponding to synchronous molecules in adjacent potential wells.
The molecules confined in the effective potential created by the switching fields occupy an

area of phase space bounded by the separatrix shown in figure 5.16 (a). This separatrix
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covers all longitudinal phase positions (modulo 27). Thus the synchronous peak (and the
satellite peaks) contain molecules that can occupy the dangerous areas of longitudinal
phase space and so suffer from modest loss from non-adiabatic transitions to strong-field
seeking states. Thus these peaks are smaller than predicted. However, the phase-stable
molecules move on closed orbits in phase space, and a significant fraction never enter the
dangerous regions throughout the deceleration process. For this reason the loss of phase-
stable molecules is modest. The rest of the molecular pulse corresponds to molecules that
are not phase-stable. These molecules do not oscillate in longitudinal phase space along
the length of the decelerator. Over the length of the decelerator these molecules thus
experience a large range of longitudinal positions over the 100 switches, which provides
significant exposure to the ‘dangerous’ positions. Thus, over the course of the decelera-
tor these molecules all have plenty of opportunities to be driven to strong-field seeking
states and are thus poorly guided. This explains the considerable drop in signal for these
molecules compared with simulations (which do not allow for a molecule to change state).

Figure 5.19 shows the effect of non-adiabatic transitions on the measured time-of-flight
profile when the fields switch with synchronous phase, ¢syn. = 75°, and synchronous speed,

Vsyne = 340 ms L.

The separatrix in this case confines the molecules in the decelerated
peak to a ‘safe’ region of longitudinal space, as illustrated in the phase-space plot of figure
5.16 (c). It should thus be expected that the decelerated peak area should agree well with
the simulation. The experimental peak appears to have approximately 60% the area of
the simulated peak, but for the experimental peak it is difficult to choose the integration
limits because the peak’s shape is not easily distinguished from other features in the time-
of-flight profile. As before the non-synchronous molecules experience large loss as these
molecules are likely to be at ‘dangerous’ positions in the decelerator at a significant number

of the field switches.

5.9 Preventing non-adiabatic transitions

It can be seen from equation 5.32 that in order to reduce molecular loss from non-adiabatic
transitions either wse, should be increased or the rotation rate, w, be reduced. Reduc-
ing the rotation rate is possible only if the mechanical structure of the decelerator were
changed or the field decay time constant, 7, reduced. The former option is of course
not practical, whereas the latter is not desirable as a fast switching time is necessary
for efficient deceleration (7 must be much smaller than the time taken for a molecule to
leave a deceleration stage). The alternative is to increase wgep. This was achieved experi-
mentally by increasing Vio from ground. This non-zero baseline voltage can ensure that
the magnetic sub-levels are always sufficiently separated by the Stark shift to reduce the

probability of driving non-adiabatic transitions.
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Figure 5.23: (a) Experimentally measured time-of-flight profiles with Viy; = 14 kV, ¢gyne =
0 and vsype = 370 ms~'. The deceleration profiles were obtained with V7o = 0 (blue line),
Vo = 0.5 kV (green line) and Vo = 1.45 kV (purple line). Each profile has been scaled
by a factor that gives its associated DC guiding profile a unity amplitude. One of these
DC guiding profiles is also shown (black line). (b) Simulated time-of-flight profiles with
the above switching parameters (blue line) and in DC guiding mode (black line), also
with Vgr = 14 kV. Both profiles have been scaled by a factor that results in the DC
guiding profile having unity amplitude. The simulations do not include the possibility
of non-adiabatic transitions along the decelerator and thus represent the best possible

transmission.
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Figure 5.23 (a) shows the effect of increasing Vo on the measured burst-mode time-
of-flight profile first shown in figure 5.18 (¢gyne = 0, Vgyne = 370 msfl). As Vip is
increased from zero the time-of-flight signal increases as loss from non-adiabatic transitions
is reduced. The profile shown in green was taken with Vo = 0.5 kV, leading to a
minimum electric field of 5.3 kVem™! (increased from 2.7 kVem™! when Vo = 0). This
field increases the Stark splitting between the |4,0) and |4, 1) states to 4.0 x 107 rads~!.
This splitting is not great enough to completely inhibit non-adiabatic transitions (see
figure 5.20'). However, the problem of non-adiabatic losses has been reduced. The purple
profile was recorded with Vo = 1.45 kV, corresponding to a minimum electric field of
12.0 kV ecm ™!, This profile shows much increased signal, with signal from phase-stable and
non-phase-stable molecules much greater than when Vzp = 0. It was found experimentally
that increasing V7o further makes no further difference to the time-of-flight profile. This
is to be expected as the minimum Stark splitting between the |4,0) and |4,1) states is
2.0 x 108 rads~! in this case, greater than the fastest rotation rate experienced during a
switch.

Figure 5.23 (b) shows time-of-flight profiles from the simulations of the data in figure
5.23 (a) (the same simulations as shown in figure 5.18 (b)). There is excellent agree-
ment between the simulated deceleration profile and the experimental deceleration profile
acquired with Vo = 1.45 kV. This suggests that by applying Vro = 1.45 kV the non-
adiabatic loss channel has been turned off.

Figure 5.24 shows similar comparisons for the data taken with ¢gyn. = 75° and vsyne =
350 ms~!. Figure 5.24 (a) shows that increasing V7o from 0 to 1.95 kV significantly
increases the time-of-flight profile signal. The non-synchronous molecular signal increases
dramatically and the decelerated pulse area increases by a factor of 1.46, bringing it back
into good agreement with the simulated peak area (figure 5.24 (b)), indicating again that

the non-adiabatic loss channel has been inhibited.

5.10 Final deceleration data

Figure 5.25 shows deceleration data taken with Vgy = 18 kV and Vo = 1.0 kV. The
high voltage switching pattern was generated for molecules with a synchronous speed
of Veyne = 340 ms~! and phase angles between 0° and 75° in 15° increments. Each
deceleration profile has been scaled by the amplitude of its associated DC guiding profile,
an example of which is shown in the figure (thick black line). Also shown are simulated

time-of-flight profiles, where the simulations have matched the experimental conditions as

'Note that the frequencies in figure 5.20 were calculated with Vi; = 15 kV, whereas the data were taken
with Vigr = 14 kV. However, figure 5.20 still provides a good guide to acceptable Stark shift splittings to

inhibit non-adiabatic transitions.
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Figure 5.24: (a) Measured time-of-flight profiles with Vg7 = 14 kV, vgyn. = 350 ms~! and
Gsyne = 75°. The pale blue profile was acquired with Vo = 0, and the purple profile with
Vio = 1.95 kV. Each of the deceleration profiles has been scaled by the same factor that
normalizes the amplitude of its associated DC guiding profile to unity. One of the DC
guided profiles is shown (black line). (b) Simulated time-of-flight profiles taken with the

same experimental parameters as the data in (a), neglecting non-adiabatic transitions.

closely as possible, except that in the simulation Vo = 0 2. There is good agreement
between the experimental and simulated profiles. The two DC guiding profiles agree very
well, showing that the simulated molecular source matches well the conditions in the source
chamber. The data and simulations both show a decelerated peak that starts off centred
around 2360 ps when ¢y, = 0 and is ultimately delayed to 2730 ps when ¢gyne = 75°.
The simulations show that these peaks correspond to molecules being decelerated from
343 ms~! to 247 ms~!. This is a reduction in the kinetic energy of 140 cm~! (1.4 cm™!
per stage). This corresponds to 48% of the initial kinetic energy being removed from the
decelerated molecules. Figure 5.26 shows the 75° time-of-flight profile in more detail (as
well as the associated DC guiding reference profile). The decelerated peak at 2730 us is
more clearly visible in this figure.

The simulations also show a second decelerated peak, typically detected around 50
us later than the peak discussed above. These correspond to molecules which were one
potential well behind those already discussed. The simulated velocity profiles show that
both these peaks correspond to molecules with the same final speed. Both peaks are
produced by molecules with speeds very close to the synchronous molecule, but in different

potential wells. In the simulations the longitudinal extent of the source is large enough that

2This should lead to the simulated molecules experiencing very slightly greater deceleration than in the

experiment. However, this effect is extremely small — far too small to be observed.
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Figure 5.25: Experimental and simulated deceleration data of CaF radicals in the |4,0)
state (thick and dashed lines respectively). The data were taken with Vy; = 18 kV,
Vo = 1.0 kV. The voltage switching pattern was generated for a synchronous speed of
Vsyne = 340 ms~! and a range of synchronous phase angles. Each experimental time-of-
flight profile has been normalized to the amplitude of its associated DC guiding profile,
an example of which is shown (black line). The deceleration profiles correspond to the
following phase angles: 0° (blue line), 15° (cyan line), 30° (purple line), 45° (green line),
60° (pink line), 75° (red line).



CHAPTER 5. DECELERATING WEAK-FIELD SEEKING CAF MOLECULES 131

10 B

0.8 - b

Signa

04 - B

0.0 - b

bl 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1800 2000 2200 2400 2600 2800
Time of arrival (us)

Figure 5.26: The time-of-flight profile measured with £18 kV applied to the 100-stage
decelerator, operated with a phase angle of 75° (red line). Also shown is the associated
DC guiding reference profile (pale blue line). The decelerated peak at 2730 us, indicated

by the arrow, is more clearly visible in this figure than in figure 5.25.

there is a significant number of molecules of the right velocity in the rear of the pulse that
are in the first deceleration stage when the fields begin to switch. These molecules then
occupy the potential well behind those from the front of the pulse. They are decelerated
the same amount, but leave the decelerator one period (6 mm) behind the front pulse.
These second pulses were not measured experimentally, suggesting that the source is not
as large as used in the simulations.

The size of each experimentally measured decelerated peak agrees well with its asso-
ciated simulated peak except in the case of the ¢gyn. = 75° data. Here the experimental
peak is much smaller than the simulation predicts. This is very unlikely to result from
non-adiabatic transitions as none of the other profiles suffers from this, and molecules
at this relatively high phase angle should be fairly well shielded from such transitions.
There is some uncertainty about exactly when the synchronous molecule reaches the first
deceleration stage, and hence an associated uncertainty about when the switching pattern
should start. Experiments at high phase angle will be more sensitive to any error in this
value, because the phase-space acceptance is small at high phase angle. It is likely that
varying the start time of the pattern will improve the flux in the high phase-angle decel-
eration peaks. The number of molecules that can be trapped in the Stark potential wells

is proportional to the three-dimensional acceptance — that is, the product of the longitu-
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Figure 5.27: The longitudinal acceptance of the decelerator as a function of synchronous
phase calculated with Vg = 18 kV and Vo = 0 (blue line), normalized to its value at
®sync = 0. Also shown is the area of the 18 kV decelerated peak at the phase angles used

in the experiment (red points), also normalized to its value at ¢sync = 0.

dinal acceptance (discussed in section 5.6.2) and the transverse acceptance (a measure of
which are the transverse trapping frequencies discussed in section 5.4). Figure 5.27 shows
the area of the decelerated peak as a function of phase angle (normalized to the value at
¢sync = 0). Also shown is the longitudinal acceptance calculated with Vg; = 18 kV and
Vo = 0 (and normalized in the same way). Despite the fact that this analysis ignores
the effects of the transverse acceptance, there is good agreement between the data and
the longitudinal acceptance. In particular, the ratio of the ¢ = 0 and ¢ = 75° peak areas

is in very good agreement with the associated acceptance ratio.

5.11 Conclusions

A 100-stage decelerator has been constructed and used at £18 kV to decelerate CaF
radicals in the weak-field seeking |4, 0) state from 343 ms™! to 247 ms~!. This corresponds
to a removal of 48% of their initial kinetic energy. It was found that, with the decelerator
switching from high voltage to ground, the decelerator can drive transitions to different
sub-levels of the ' = 4 manifold. These transitions, which can vastly reduce the molecular
flux emitted by the decelerator, can be explained by the rotation of the electric field during
a field switch. The rotation is particuarly efficient at driving transitions when the states
are nearly degenerate, which happens when the field is weak. It was found that applying

a bias voltage, Vo > 0, can inhibit these transitions, and thus increase the measured
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molecular signal.

The decelerator has been used close to its maximum voltage. The high voltage switches
are rated for a maximum potential difference of 20 kV. There is thus some scope for
increasing the deceleration further. The reason for not running higher than 18 kV was
that, when testing the decelerator at greater than this voltage the ground noise associated
with the switching caused much electrical cross-talk with other experimental instruments,
most damagingly the dye laser. The ground noise caused the laser to unlock and thus
the laser-induced fluorescence measured no molecular signal. In addition the resistors
used in the switch boxes were not able to dissipate the electrical power generated during
switching. The ceramic cladding of many of the resistors cracked as they heated, allowing
electrical breakdown on the resistors’ surfaces. This breakdown caused significant RF
radiation which also hampered detection. The next stage for this experiment is to install
new resistors and to improve the experiments’ shielding both from the ground noise and
RF radiation generated by switching the high voltage rapidly. Simulations show that
by increasing the applied voltage to +20 kV, and operating at a phase angle of 75° the

1 a removal of 59% of the initial

molecules will be decelerated from 340 ms™! to 220 ms™
kinetic energy. Operating the decelerator at voltages greater than +20 kV is likely to be
unfeasible, so to bring the CaF molecules to rest a longer decelerator is required. This 100-
stage decelerator has been designed to allow for a second 100-stage unit to be attached to
it without any interruption to the periodicity of the stages. Such a 200-stage decelerator,
run at £20 kV, will be capable to decelerating CaF molecules from 340 ms~! to 53 ms™!

at a synchronous phase angle of 65.7°.



Chapter 6

Guiding ground-state CaF

molecules

6.1 Motivation

The ability to guide and decelerate beams of weak-field-seeking molecules is now well-
researched and highly developed. In this thesis a decelerator has been used to slow CaF
radicals in weak-field-seeking states from 343 ms~! to 247 ms~!. This equates to roughly
half the longitudinal kinetic energy transferred from the molecules to the decelerator. In
order to slow the molecules further two options are available: (i) increase the voltage
applied to the decelerator, and (ii) make the decelerator longer. Increasing the decelerator
voltage is limited both in practice and in principle. Practically, the voltage is restricted
by breakdown between the decelerator field stages and breakdown across the switches.
However, a more fundamental reason limits the applied voltage: in a certain electric field
the Stark shift of a weak-field seeker reaches a maximum, beyond which it decreases with
electric field. The weak-field seeker becomes a strong-field seeker in a strong enough
electric field. A decelerator that generates fields greater than this threshold field no longer
guides weak-field seekers: in fact it diverges the beam.

Molecular beams created by supersonic expansion travel at a speed determined almost
entirely by the carrier gas. Thus a beam of heavy molecules will travel at the same speed
as a beam of lighter molecules. A beam of heavy molecules thus has proportionally more
kinetic energy for a decelerator to remove. Increasing the length of a decelerator seems,
therefore, a necessary option to decelerate heavy molecules. However, this can lead to
unfeasibly long decelerators, which is neither practical nor elegant. An alternative is to
decelerate molecules in strong-field seeking states, particularly the ground state. The Stark
shift of a ground state is always negative and, for a given strong electric field, the ground
state always produces the greatest Stark shift. It makes sense, therefore to decelerate

heavy molecules in their ground state.

134
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The difficulty with this deceleration method is how to keep the beam confined about
the beam-line along the length of the decelerator. The molecules will tend towards the
regions of strong field: at the surface of the electrodes. The molecules will be accelerated
towards the electrodes, crash into them, and nothing will make it out of the decelerator.
There is no static confinement mechanism for strong-field seeking molecules. However,
by creating a guide whose transverse electric field shape varies along the length of the
decelerator it is possible to attain dynamic beam confinement.

As well as being a useful testing ground for investigating dynamic confinement, such a
guide also has practical use in its own right. Sources of cold molecules, such as supersonic
expansion and buffer gas cooling produce molecular beams whose populations are mostly
in the low-lying rotational levels, predominantly the ground state. These methods thus
produce large fluxes of strong-field seekers. A guide for strong-field seekers is thus a useful
tool in transporting a high flux of molecules from a high density source to a much lower-
pressure chamber, where an experiment is located, while maintaining the large phase-space
density of the source.

For this reason, and for the purposes of investigating the confinement mechanisms for
strong-field seekers a 1 m long alternating gradient (AG) guide was built and used to guide

beams of CaF radicals.

6.2 Guiding strong-field seekers

In an applied electric field a strong-field seeking molecule experiences a force field with
non-negative divergence (section 2.6), V-F(7) > 0. In the weak- and strong-field limits this
means that the molecular polarizability, «,,, and effective dipole moment, p,,, respectively
are non-negative. This precludes static confinement of a beam of strong-field seekers along
an axis. Confinement (and, indeed trapping) would be possible in a field with a local
maximum of electric field; however, maxima of electric fields in free space are not allowed
by Maxwell’s equations [73].

However, it is still possible to achieve dynamic beam confinement with a varying trans-
verse electric field. Consider a molecular beam with beam-line parallel to the z-axis. Along
and around the beam-line is some configuration of charged electrodes, the fields from which
are to be used to confine the beam. A field with a minimum along the beam-line would
confine weak-field seekers, but it would diverge a beam of strong-field seekers, causing
the molecules to crash into the electrodes or to leave the beam-line and never return. A
maximum of field along the beam-line would provide the desired confinement, but this is

1

not possible in free space’. The next best thing is a saddle point of electric field, which

LOf course, it is possible to create a maximum of electric field along the beam-line with an array of

conductors arranged on the beam-line. Lainé and Sweeting, for example, used a sequence of crossed,
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achieves the desired maximum in one transverse direction, although provides a minimum
in the other. Such a field distribution can be used to provide dynamic confinement. A
saddle-shaped field acts as a lens on a beam of strong-field seekers: focussing the beam
in one direction (the one which experiences a maximum on the beam-line), while defo-
cussing the beam in the orthogonal direction. Rotating the field by /2 after the beam
has travelled some distance L inside a lens now swaps the forces: the transverse direction
along which the beam was previously focussed now defocusses the beam and vice versa.
Selection of the optimal lens lengths will balance these transverse forces and achieve con-
finement along the beam-line. In fact, it will turn out that, over the length of a guide the
forces do not balance, and a net focussing can be achieved. An analogy in optics is the
use of an alternating sequence of positive and negative lenses to achieve net collimation of

a beam of light.

6.3 A review of previous AG guiding experiments

The use of a sequence of field stages with alternating orientations to guide particles was first
published by Courant, Livingston and Snyder in 1952 [81]. The authors proposed using
magnetic fields to focus beams of charged particles in synchrotrons and linear accelerators.
In 1958 Courant and Snyder went on to develop the method of transfer matrices with
periodic elements to describe the motion of particles in an AG guide [77] (see section
6.4.2).

The theory of focussing molecular beams with alternating gradient saddle-shaped elec-
tric fields was first explored by Auerbach, Bromberg and Wharton in 1964 [51]. Amongst
a number of suggested schemes was an AG guide comprising a sequence of alternately ori-
ented two-wire field stages, held at constant voltage, and a four-electrode guide in which
the field is rotated by switching the applied voltage in time. These designs were proposed
as state and dipole selectors.

The first experimental AG guiding was performed by Kakati and Lainé in 1971 [82].
In this experiment a 5 cm long AG guide was constructed with 8 field stages. Each stage
comprised two 1.5 mm diameter brass wires with polished hemispherical ends. The wires
in a stage were positioned end-on, orthogonal to the beam-line with a 3mm separation
between the ends of the two electrodes. The electrodes in a field stage were oppositely
polarized. Successive field stages were alternately oriented in the transverse direction.
Potential differences of up to 30 kV could be applied before breakdown occurred between

the electrodes. Beams of NH3 were launched into the guide through a gas nozzle with

oppositely-charged wires to guide ammonia molecules [74]. Each pair of crossed wires has its crossing on
the beam-line, thus creating a maximum of electric field at this point. Another design uses a cylindrical
capacitor, with the inner electrode lying on the beam-line axis. Strong-field seeking molecules can then

orbit the maximum of field created by the inner electrode [75, 76].
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variable backing pressure. Detection was performed in a resonant cavity which could be
tuned to a variety of microwave transitions in NHs. It was found that with the electrodes
grounded only a small NHj3 signal was detected. However, the signal rose considerably
when voltage was applied, demonstrating AG focussing of molecules for the first time.

The next development in AG guiding came in 1978 with the construction of a 1.2 m-
long four-rod focusser by Liibbert, Rotzoll and Giinther [83]. The focusser consisted of two
field stages. The 8 mm diameter stainless steel rods were aligned parallel to the beam-axis;
in the transverse cross-section they were arranged on the vertices of a square of side 8mm.
The rods on one side of the square were positively charged, and the other pair negatively
charged. Two of the rods (diagonally opposite each other) ran the 1.2m length of the
guide, whereas the other two ran only half the length, after which they were replaced by
two identical rods with their respective polarities switched. This polarity switch rotated
the field through /2. Potentials of up to 60 kV were achieved. The focusser was used on
beams of ICI (created in an oven). By varying the voltage applied to the focusser different
rotational states of ICl were focussed. Detection of the |J, M ;) = |0,0),|1,+1) and |2, £2)
states at different voltages demonstrated the guide’s use as a rotational state selector.

After this there was no development in the field of AG guiding until the advent of the
AG decelerator. These decelerators work in an identical way to weak-field decelerators
(chapter 5) in terms of longitudinal dynamics. The only difference in the deceleration is
that the field is turned on when the strong-field seeking molecules are inside a field stage
and left on as the molecules leave. AG deceleration will be discussed in more detail in
chapter 7.

The first dedicated AG guide in recent years was used as a selector for different isomers
of 3-aminophenol [84]. The guide consisted of four 1 m long electrodes of circular cross-
section and with radius 2 mm. The electrodes were positioned parallel to the beam-line
axis. In transverse cross-section the electrodes were arranged on the vertices of a square
of side 4.9 mm. The different effective dipole of the molecules in a given strong electric
field gave the peak acceptance at different lens lengths for the two isomers. At a given

lens length the guide would favourably transport one isomer and not the other.

6.4 An ‘ideal’ guide

6.4.1 Equations of motion

The desired guide for strong-field seekers has an electric field which is saddle-shaped in
the transverse directions. In an ideal guide the force varies linearly in the transverse
coordinates, {z,y} (corresponding to a harmonically varying Stark potential in z and y).

Let the force constant magnitudes be equal in both x and y directions, k = k, = —k,.
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Therefore V - F(7) = 0 as

OF, __0F, | _OF,

b= or Oy’ 7 0z

=0. (6.1)
. 2 - 2 - 2 2 -

Now, for a constant speed along the beam-line, v,, % = % (%) = %vg, where

i = {z,y}. Defining k? = k/muv? the transverse equations of motion are thus

0z 9 92y 9

@Z‘ZHZL‘:O, @IF/{y:O, (62)
depending on the orientation of the saddle.

The molecule’s trajectory can be described by the time evolution of its position in
{i,4'} phase space, where i = z,y and the prime denotes differentiation with respect to z.
The linearity of the equations of motion allows each of the coordinates {i,i'}, evaluated
at some longitudinal position, zo, to be written as linear functions of the coordinates at
some previous position, z1. Consequently the coordinates at zo can be related to those at

z1 by some matrix, M;(z2]z1):

i(ZQ) Z'(Zl) .
= M, (22]z , 1=2,Y. 6.3
( ¥(2) ) (22]21) ( ¥(2) > y (6.3)

Solving the equations of motion for one of the transverse directions with the positive
force constant results in a focussing trajectory that oscillates about the beam-line, whose

transfer matrix is given by

cos (Kk(z9 — 2 Lgin (k(zg — 2
M(z2|21) = F(22 — 21) = ( ( (z2 1>) " ( (z2 1)) ) : (6.4)

—rsin (k(z2 — 21))  cos (k(z2 — 21))
Solving the equation of motion with the negative force constant renders a defocussing
trajectory, with transfer matrix

(6.5)

cosh (k(zg — 2 Lginh (k(z9 — 2
M<z2|zl>:D<22_Zl>:< b (s(z2 = 21))  ksinh ((z2 1>>>'

K sinh (K,(ZQ — zl)) cosh (K](ZQ — zl))

Consider the motion in one of the transverse directions. A region of field in which the
motion in this direction is described by the transfer matrix F is referred to as a focussing
lens, and if it is described by the matrix D it is a defocussing lens. Motion in a field free

region is described by the drift matrix

M(22|21) = O(z2 — 21) = ( ; (2 I “) > - (6.6)

An alternating gradient (AG) guide comprises a repeating array of focussing and defo-

cussing lenses, each of length L, possibly with field-free drift regions of length S between
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the lenses. The unit cell in such a periodic lens sequence has length l..;; = 2(L + S) and

is described by the compound transfer matrix

M(z 4+ leet]lz) = F(z+Llz) xO(z+ L+ S|z+ L)
xD(z4+2L+ S|z+L+S)xO(z+2(L+S)|z+2L+5S). (6.7)

The transfer matrix for an AG guide comprising N unit cells is thus
M(Z + Nlcell\z) = M(Z + lce”’Z)N. (6.8)

For a molecular trajectory along z to be stable the matrix elements of M(z + lcell\z)N

must be finite as N — oo.

6.4.2 Courant-Snyder parameters

A guide with many field stages, N, is thus described by equations 6.7 and 6.8 in terms
of a matrix whose elements are difficult to deal with analytically and from which little
physical sense can be inferred. However, E.D. Courant and H.S. Snyder developed a
reparameterization of these transfer matrices [77], resulting in matrices that are much
easier to work with analytically and which provide a good physical description of guided
trajectories. This reparameterization is discussed below.

A general unit cell transfer matrix is

M@+@ma=<iz>. (6.9)

Courant and Snyder defined the following parameters:

f(a+d) = cosV¥, (6.10)
(a—d) = 2asinV, (6.11)
b = Bsin¥, (6.12)
¢c = —ysinV. (6.13)

Here «, § and v are functions of z, known as the ‘Courant-Snyder parameters’, and ¥ is

called the phase advance per cell. The unit cell transfer matrix can now be written

cosV¥ + asin ¥ Bsin ¥

—vysin ¥ cos¥U — asin ¥

M(z + leet]z) = ( > =IcosV¥ + JsinV, (6.14)

where I is the identity matrix and

J:<(1 ﬁ). (6.15)
Y
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The determinants of the original transfer matrices (equations 6.4 to 6.6) are unity. The
determinant of a unit cell transfer matrix (equation 6.7) is thus also unity. Applying this

to the matrix in equation 6.14 renders the following relation
By —a?=1. (6.16)

A molecular trajectory from some initial position, zi, to some final position, zo, is
described by the matrix M(z2|z1) = M(z2|21 + §)M(21 + d|21), where § is some arbitrary

distance. It can be seen therefore that:

M(22 + leent|2z1) = M(22 + leen|22)M(22|21)
= Mi(2z2 + leent|21 + lee)) M (21 + leen] 21)
- M(Z2’21)M(zl + lcell’zl) (617)

— M(ZQ + lcell|z2) = M(ZQ’Zl)M(Zl + lcell|21)[M(2’2’Z1)]il. (6.18)

Thus any two matrices with different initial coordinates, but describing a trajectory over
one unit cell, are similar matrices. Consequently they share many properties, such as
the same trace, determinant and eigenvalues. The first of these properties, the trace, can
be seen from equation 6.10 to be 2cos¥. Thus V¥ is the same for two unit cell transfer
matrices with any start position z; and z5. Generally it can be seen that phase acquired
over some number of unit cells, ¥, is independent of the initial position. It can also be
seen that «, 8 and « are periodic, with period I.;.

Noting that J? = —I, it can readily be seen that the product of two transfer matrices
with period, l.., and unit cell phase advance, ¥, can be written in terms of I and J

(equation 6.14):
(IcosW + Jsin W) (Icos W + Jsin W) = Icos (2¥) + Jsin (20). (6.19)
This can be simply generalized to the case of N transfer matrices with period l.qy:
MY =Tcos (NW) + Jsin (NV). (6.20)

Equations 6.10 and 6.20 thus determine the criterion for a molecular trajectory to be
infinitely stable along an AG guide. For a stable trajectory, the elements of M” must
oscillate as NV is increased. This is met if ¥ is real. If W is not real the cosine and sine terms
in equation 6.20 will increase exponentially and the molecule will clearly not be bounded
about the axis defined by the beam-line. Equation 6.10 thus gives the stability criterion in
terms of the elements of the unit cell transfer matrix as |a + d| < 2, or expressed another
way, —1 < $Tr(M) < 1.
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6.4.3 Molecular trajectories
Solutions to Hill’s equation

To find an analytical form for molecular trajectories in an ideal, harmonic AG guide
Courant and Snyder [77] describe the transverse motion by continuous equations of motion.
These are generalizations of equations 6.2. In the case of motion in the z-direction this

equation is
d*x(2)
dz?

K(z) represent the force fields as a function of time as the electric field is switched during

= —K2%(2)z(2). (6.21)

a molecule’s transit of the AG guide. K(z) can be described as a Fourier series (for an
infinitely long guide), in which case equation 6.21 is Hill’s equation [78]. A trial solution

for equation 6.21 is [77]:
x(z) = v/ B(2)ecos (p(2) + ), (6.22)

where ¢(z), 0 and € are determined by initial conditions. 3(z) is a z-dependent amplitude

term. Substitution into equation 6.21 shows that the trial solution is valid when:
2
308 -1 (8) +K(2)?5° =1, (6.23)

and

z 1
gb(z):/o ﬁ(g)z. (6.24)

The phase advance per cell is thus:

leer
W = §leen) = /0 ﬁ(lg)z. (6.25)

The solution in equation 6.22 is a continuous function. By considering the solutions
z(z) and 2'(z) from some arbitrary z to z + Iy it is possible to write z:(z 4 l ;) in terms
of 2(z) and 2/(z). Comparing this expression with the description of z(z + lee;) from the
unit cell transfer matrix (equation 6.14) shows that the above trial solution is consistent

with the transfer matrix as long as the following condition is met:
B(z) = —2a(z). (6.26)

Molecular trajectories

Consider now the form of the trajectory in equation 6.22. The ((z) amplitude term leads
to periodic motion with a period of [.;. This is modulated by a cosinusoidal oscillation
with period 2wl /P. It will turn out that in the optimal operation of an AG guide
U < 2, and so this cosine modulation period is greater than the (3(z) oscillation. The
latter is thus described as the ‘micromotion’; which is modulated by the larger wavelength

‘macromotion’. An example of a typical molecular trajectory is shown in figure 6.1. The
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Figure 6.1: The form of a trajectory in an AG guide. The micromotion occurs on the length
scale of the lenses, and is superimposed on a much larger amplitude, larger wavelength

macromotion. This trajectory was calculated with kL = 1.25 and xS = 0.

micromotion is the result of the succession of focussing and defocussing lenses, and occurs
with the same period as the unit cell. Despite the modulus of the potential gradient being
the same in both focussing and defocussing lenses the force exerted by a defocussing lens
will be smaller than that exerted by the previous focussing lens. This is because the action
of a focussing lens is to accelerate a molecule towards the beam-line. The molecule then
enters the following defocussing lens closer to the beam-line, where the force is less. This
force imbalance leads to a net focussing over the length of a guide, which is manifested
in the trajectory as the macromotion. Varying the length of the lenses in a guide will
change the force imbalance and thus change the respective scales of the micromotion and
macromotion.

By combining the Courant-Snyder expressions in equations 6.16, 6.24 and 6.26 with

the expression 72 + (ax + z')?, it can be shown that
v(2)2* 4 2a(2)x2’ + B(2) (x/)2 =e. (6.27)

This is the equation of an ellipse in z—2' phase space. Consider an ensemble of molecules
entering the guide with the same longitudinal speed and the same ¢, but with a range of
0. At a given position, z, inside the guide the phase-space positions (that is, the positions
in z-v, space) of these molecules will all lie on an ellipse defined by equation 6.27. As the
molecules traverse the guide this ellipse will evolve, rotating and changing the length of
the major and minor axes. However, its area, me, will remain constant. An ensemble of

molecules with a range of relative phases, §, and a range of amplitude terms, 0 < ¢; < €,
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Figure 6.2: The 1D acceptance, Aip, of a harmonic AG guide in units of xd?, where d
is the physical aperture of the guide. The maximum acceptance is obtained by a gapless
guide (kS = 0) with KL = 1.25. The black line is the line of stability obtained from the
criterion that the absolute value of the trace of the unit cell transfer matrix must be less

than 2.

will all lie on ellipses falling inside the ellipse define by those molecules with the maximum
value, € [80].

The physical aperture created by the guide’s electrodes is the principle factor in lim-
iting the range of stable trajectories supported by an AG guide. The electrode geometry
determines the maximum amplitude that a molecular trajectory can have without colliding
into the electrodes. It can be seen from equation 6.22 that the maximum distance from
the beam-line attained by a given trajectory is determined by the value of \/m . The
maximum value of 3, B4z, Occurs in the centre of a focussing lens. (.4 can be found
by equating the elements of the Courant-Snyder unit cell transfer matrix (equation 6.14)
with the explicit unit cell transfer matrix which is the product FODO (equations 6.4, 6.5
and 6.6). Consider a general electrode geometry that leads to a physical aperture with a
square cross-section of side, d. The ‘acceptance’ of such a guide is defined by the area of
phase space occupied by all possible stable trajectories. Such trajectories must meet the
requirement that v/€Bmqa. < d/2. The acceptance is the area of the ellipse in this limiting
case, the value of which is 7d?/(4Bmaz). Note that this acceptance is a measure of only
the z-z’ phase space area and so is referred to as the one-dimensional (1D) acceptance. In
this case the full two-dimensional (2D) acceptance, a measure of the volume of z-z'-y-y’
space, is simply the square of the 1D acceptance.

Figure 6.2 shows the one-dimensional acceptance, A;p in units of xd? as a function
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Figure 6.3: (a) The 1D phase space acceptance in units of xd? as a function of kL for
a gapless guide. Three points on the curve are highlighted and each corresponds to one
of the three trajectories shown in (b), as indicated by the colours. The red trajectory
was calculated with kL = 0.4, the blue trajectory with kL = 1.254 and the green with
kL = 1.85.

of the scaled lens length, kKL and drift space, kS. It can be seen that peak acceptance
occurs when there is no drift space — no gaps between successive lenses. As kS increases
from zero the range of stable kL and the peak acceptance both decrease. Clearly, adding
regions of no electric field has only an adverse effect of the focussing strength. Figure
6.2 also shows the line of stability (black line) which is the boundary between stable and
unstable trajectories. This line was obtained from the criterion that the trace of the unit
cell transfer matrix must be less than 2 for a trajectory to be stable.

Figure 6.3 (a) shows the 1D acceptance as a function of lens length in the case of no
drift space. It can be shown [79] that in the case of a gapless guide the acceptance has

the analytical form

7m\/1 — cos? (kL) cosh? (kL)
cosh (kL) sinh (kL) 4 sinh (kL)

Aip (= A2p) =

Figure 6.3 (b) shows three example trajectories corresponding to three points on the

(6.28)

acceptance curve of a harmonic, gapless guide. The red curve was calculated with kL =
0.4, which corresponds to a guide comprising many very short lenses. This is manifested
in the relatively high frequency micromotion. Because a molecule is only in a lens for a
very short length its transverse position is only slightly altered, and so each successive lens
exerts approximately the same magnitude of force on it. Consequently the macromotion
envelope takes many lenses to build up. In this case the macromotion is a slowly oscillating
large amplitude motion in which the molecule is only weakly focussed towards the beam-
line axis. The large amplitude macromotion restricts the number of trajectories that
can be stably guided without leaving the central region of the guide or crashing into the
electrodes. As the lens length is increased the force imbalance between a focussing lens
and its successive defocussing lens grows, which leads to a more pronounced micromotion,

but modulated by a more rapidly varying, smaller amplitude macromotion as the overall
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focussing is increased and the molecule is more tightly confined about the beam-line axis.
The blue curve in figure 6.3 (b) is a molecular trajectory calculated for KL = 1.254, which
figure 6.3 (a) shows corresponds to the peak acceptance. In this case the increased kL
has resulted in a more tightly confined trajectory. This tighter focussing allows more
stable trajectories to fit into the aperture of the guide, leading to a large acceptance. The
trajectory shown in green was calculated with kL = 1.85. In this regime the molecules are
overfocussed by the individual lenses, resulting in a large amplitude micromotion which
increases the overall trajectory amplitude, thus reducing the acceptance, as shown by the
position of the green point on the acceptance curve in figure 6.3 (a). Increasing kL further
causes the micromotion to destabilise the trajectories: molecules are accelerated out of

the guide by individual lenses, and there is no overall stable macromotion.

6.5 A realistic guide

6.5.1 Non-linear equations of motion

Section 6.4 considered a very specific electric field, designed to produce linear transverse
forces. This is a simplification. The fields produced by realistic guides are more com-
plicated. A typical AG guide consists of a system of electrodes held around and along
the beam-line. The electrodes are positioned such that, when charged to high voltage
the resulting field on the beam-line has a saddle shape in the transverse cross-section.
Guiding can be achieved either by switching the electric field in space or time. In the
former case the AG guide comprises a number of individual field stages (such as pairs of
oppositely polarized electrodes) along the beam-line, with the transverse orientation of
successive stages rotating by /2. In the latter case the guide consists of one long field
stage the length of the guide, with the electrodes’ polarities switching in time to achieve
an alternating gradient field along the beam-line.

In general the electric potential produced by an AG guide can be described by a

multipole expansion [80] of the form

3 2 5 3,2 4

x (w — 3xy ) z° — 102°y” + by
P =0 — + + 6.29
(z,y) 0 (al o as 37% as 57”8 ) ( )

where 7o characterizes the size of the electrode structure and ®y the magnitude of the
applied voltage. a1, as and as are dimensionless expansion coefficients. Changing to
scaled variables, X = z/ro, Y = y/r¢, and assuming that a5 < a3z < a1 an expression can

be found for the corresponding electric field magnitude raised to some power, n:

E(X,Y)]" = Eg(l +azn (X2 = Y2) + (a2n (3 — n) — 6asn) X2Y?

+ (a%n (n—1) /24 asn) (X4 —|—Y4) +) (6.30)
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Ignoring higher order terms this field distribution has the property that raising the field
magnitude to any power, n, makes no difference to the form of the field distribution.
|E(X,Y)|™ has the same form of transverse coordinate dependence; n changes only the
relative amplitudes of the three expansion terms.

It was seen in section 2.6 that in the limit of weak electric field, the Stark shift is
quadratic in F, W, = —%am|E|2, and in the limit of strong field the shift is linear,
Wy = —juim|E|. The force exerted by an electric field on a molecule is F = —VW,. The

equations of motion in one of the electric field lenses of a guide are thus

X"(2Z) = n?(-GX + G*xY?X + G*X?), (6.31)
Y'(Z) = n*(GY + G*xX?Y + G*¢Y?) , (6.32)

where differentiation is with respect to the scaled longitudinal coordinate, Z = z/rg.
G(Z) is a function that alternates between 41 and —1 in successive lenses, and is 0
in any drift space between lenses. 7 is the scaled transverse force constant, defined by
k = n/ro. In the limit of a quadratic Stark shift x = |az| — 6as/|as|, & = |as| + 2as5/|as]
and 1 = aEZ|ag|/3mmqv?; for a linear Stark shift x = 2|as| — 6as/|as|, £ = 2a5/|as| and

n? = wEplas|/ %mmolvg. The three important parameters, az, x and £ are thus related by
X + 3¢ = 2nfas], (6.33)

where n = 1 in the case of a linear Stark shift and n = 2 for a quadratic Stark shift.

In a field in which a5 < a3 < a; the force is predominantly linear in {X,Y}. Ignoring
the anharmonic terms — the coupling terms (X2Y, Y2X) and the cubic terms (X3, Y3) —
equations 6.31 and 6.32 become the harmonic equations of motion discussed in section 6.4.
In the limit of small anharmonic terms it might be tempting to ignore the anharmonic
effects on molecular trajectories. However, the situation is not as simple as this. In a
given transverse direction the linear force changes sign in successive lenses, causing net
focussing as discussed in section 6.4.3. However, the anharmonic terms do not change
sign, they constantly apply in the same direction (the anharmonic terms are multiplied by
G? not G in the equations of motion (equations 6.31 and 6.32)). The anharmonic terms
are constantly exerting a defocussing force away from the beam-line. This divergence
will cause molecules to leave the central field region or crash into the electrodes, thus
reducing the guide’s acceptance. The next step might be to engineer an electric field
which causes the anharmonic terms in the equations of motion to disappear. However,
the above relations for xy and £ show that this is not possible. For example, consider
the case of a quadratic Stark shift. The coupling term will disappear if a5 = %\a3]2, and
the cubic term will disappear if a5 = —%|a3|2. It is not possible to eliminate both terms
simultaneously. The best that can be done is to create an AG guide in which the electrode

dimensions and spacings are such that the net effect of both terms is minimal.



CHAPTER 6. GUIDING GROUND-STATE CAF MOLECULES 147

6.5.2 Effective potential

To describe the effects of the anharmonic terms on molecular motion, Tarbutt and Hinds
[79] change variables in such a way as to generate an effective potential in the equations
of motion. Consider the equations of motion above (equations 6.31 and 6.32). Define now

the new coordinates g and h:

X(Z) (6.34)
B(2)
I N S 9

The definition of g divides out the micromotion and so describes the macromotion. h
is a phase that describes motion along the beam-line in terms of the phase advance per
cell. The X and Y components acquire phase differently as 3(Z) is different in an F' lens
than a D lens. Each component of transverse motion now needs to be described in terms
of its own axial phase. Thus the motion of one transverse direction is described by the
coordinates g1 and hy, with (1, while the other is described by g2, hs and [s.

Applying the coordinate transformations to the full equations of motion (equations
6.31 and 6.32) in both directions gives

g1+ 9% (g1 — G’ Big} — G*xn* B fagzgn) = O (6.36)
go+ 9 (92 — G*n* B39 — GPx° B3 Brgige) = 0, (6.37)

where the dots now denote differentiation with respect to h.

Having made this transformation, Tarbutt and Hinds [79] assume that the micromotion
is much smaller in amplitude and period than the macromotion. This is indeed the case
in an AG guide with lens lengths chosen to optimize the acceptance. In this regime 3(Z2)
can be assumed to be constant: 5 = f2 = (p. Equation 6.24 then gives By = Leey /¥
and equation 6.35 gives hy = ho = Z/ByV = Z/ L. Because the micromotion period is
much smaller than the macromotion G? oscillates very rapidly. In this approximation G?
is replaced by its mean value?, (G2). Thus, in the limit of small micromotion it can be
seen that the effects of the individual lenses are ‘washed’ out. In this limit the equations
of motion (6.36 and 6.37) become

X+02X -5 X2 —bhY2X = 0 (6.38)
Y + 0%y — b Y3 — b X2Y = 0, (6.39)

where by = (G?)én?L%,, and by = (G*)xn*L2%,,. Note that the transverse variables have

been transformed back to X and Y, but these are still functions of A and differentiation

2For a gapless guide this mean is simply unity. However, for a guide with regions of drift space, G* is

sometimes zero, which will be reflected in the mean value of G2.
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Figure 6.4: The effect of the cubic term on the effective potential along the transverse
direction, X. The blue line shows the harmonic potential when b; = 0 (no cubic term).
The red line shows the potential with b; = 1 and the orange line shows the potential with
by = —1. In all cases ¥ = 1 and the coupling term can be anything as this term is zero

along the X and Y axes.

is with respect to h. It can be seen from these equations that the motion of a molecule in
this limiting, but experimentally relevant case can be modelled in terms of motion in an

effective potential, V. ;s defined by
Verp/Mmor = 302 (X* +Y?) — 20y (X' 4+ Y?) — S0, X°Y2 (6.40)

Equation 6.40 makes it clear how the anharmonic terms can degrade the height of the

confining potential.

Cubic term

Consider firstly the effect of the cubic terms (b1 X 3 and b1Y3) in the equations of motion
(6.38 and 6.39). Figure 6.4 shows how the effective potential along X changes as a result
of the cubic term with both negative and positive values of b;. It can be seen that a cubic
term with a positive coefficient (b1) causes a smaller potential gradient away from X =0
and eventually causes the potential to turn over at some distance, X¢ = ¥//b; from the
beam-line. Molecules whose trajectories take them outside X¢ will not be guided; they will
in fact be repelled from the beam-line along the major axes (X and Y). This decreased
potential will reduce the number of confined trajectories and thus decrease the guide’s
acceptance. Furthermore, if the turnover at X occurs within the physical aperture of the

guide (that is, if X¢ < d/2) then the acceptance will be dramatically reduced. However,
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the orange curve in figure 6.4 (generated with by = —1) shows that a negative cubic term

increases the steepness of the potential well and so can increase the acceptance.

Coupling term

The coupling terms (b2 X?Y and boY?X) are a more complicated matter, whose effects
are less easily explained in terms of analytical models. There are two main effects that a
coupling term has on molecular trajectories, described in great detail numerically in [79].
However, Tarbutt and Hinds [79] have found qualitative explanations which describe the
physical effects of this term.

The first effect is, as the name suggests, that the motions in the X and Y directions
become coupled, resulting in a periodic transfer of energy from motion in one direction to
the other. Consider a trajectory which fits into the guide when there is no coupling. When
the coupling term is introduced energy can be transferred from motion in one transverse
direction to the other such that the trajectory in this latter direction takes the molecule
too far from the beam-line, crashing into an electrode or leaving the guide. In this way
the coupling term can decrease the acceptance, and is found to decrease it regardless of
the sign of by [79]. The other effect can be described by the effective potential. Figure 6.5
(a) shows the effective potential in a guide in which there is a cubic term (b = 1) but
no coupling term (b = 0). Figure 6.5 (b) shows the effect on the effective potential of a
positive coupling term (by = 1.5). The effect of the positive coupling term is to reduce
the potential along the diagonals, in this example so much so that the potential at the
corners turns over and ceases to be confining. This will reduce the acceptance in the same
manner as the cubic term. However, figure 6.5 (¢) shows that a negative coupling term
(b = —1.5 in this case) increases the slope of the potential well, thereby increasing the
number of potentially confined trajectories, and thus the acceptance.

A detailed numerical investigation of the net effects of the coupling term [79] found
that, for a weak coupling interaction, as the modulus of by, was increased from zero the
acceptance dropped, both for negative and positive by. This drop was caused by energy
being transferred between the two transverse motions, an effect which can only decrease
acceptance. In the case of a larger, positive coupling term the acceptance was found to
drop quite rapidly, because of the increasingly unfavourable effective potential. However,
for a negative coupling term it was found that, after a sudden, small drop in acceptance
caused by transverse energy transfer, as bs was decreased further the effective potential
became sufficiently more confining to balance the energy exchange losses. Consequently,

for a negative coupling term the acceptance was found to be very insensitive to bs.
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Figure 6.5: The shape of the effective potential in a guide with a cubic term (b; = 1) and
(a) no coupling term (be = 0); (b) a positive coupling term (bg = 1.5); and (c) a negative

coupling term (b = —1.5). Note the larger scale on the V,¢s/M,,y axis in (c).
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Optimal acceptance

The question of the values of the parameters, as, x, £ in the equations of motion (6.31
and 6.32) that maximize a guide’s acceptance is not a trivial one, and has been treated
in detail in [79]. Equation 6.28 states that, for a harmonic guide Asp o k2. In the
limit of strong electric field k? o |as| (as discussed in section 6.5.1). Therefore, the two-
dimensional acceptance of a purely harmonic guide is proportional to |as|, and so it might
seem that to maximize agz is to optimize the acceptance. However, when anharmonic
terms are considered the matter becomes complicated. It was shown above that the three
parameters are linked by x + 3¢ = 2n|as| (equation 6.33), where n is the power of the
E-field in the Stark shift dependence. It can be seen that a large a3 necessarily leads to a
large sum of the anharmonic terms. Consider the case in which this sum contains a large
value of x. This leads to a large drop in acceptance through the transfer of transverse
motion energies as well as a shallow effective potential well. Decreasing the value of x by
increasing £ gains little as this increases the cubic term, which again leads to a shallow
effective potential.

In [79] the best parameters were investigated by numerical simulations. The conclusion
found is that a good guide should have the parameters ag ~ 0.11, ¢ ~ 0.075, and x ~
—0.005. Note that the optimal acceptance is found to occur when the coupling term is

close to zero.

6.6 Experimental details

In this experiment ground state CaF radicals were transported from the source region
to the detection region by a 1lm long AG guide [85]. Figure 6.6 shows photographs of
the guide while being cleaned, prior to its installation in the vacuum chamber. The
guide comprises four 1m long electrodes — stainless steels rods with circular cross-section,
radius 3mm, and spherically rounded ends (radius 3mm). The electrodes are arranged
parallel to the beam-line axis. In transverse cross-section the electrodes are arranged on
the vertices of a square of side 7.87 mm (the guide was aligned such that the centre of
the square corresponded to the beam-line axis, and so the molecular beam was centred
on the guide’s aperture). A 1 m-long, 3 mm-radius stainless steel rod is quite flexible,
and will bow noticeably when held horizontally at both ends. In order to achieve the
best parallel alignment each electrode was held in place by a much more rigid 1 m-long,
16 mm-diameter steel support rod. The rods were attached at both ends to thick steel
support rings by insulating ceramic stand-offs. The support rods were located at the
vertices of a square with side 33.9 mm and centred on the same square which locates the
electrodes. Each electrode is attached to its support rods by five steel dowels at positions

equally spaced along the electrode (if one end of an electrode is located at z = 0 cm and
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Figure 6.6: Two photographs of the AG guide.

the other at z = 100 cm, the dowels were located at positions z = 10 cm, z = 30 cm,
z =50 cm, z = 70 cm and z = 90 cm). Despite this arrangement, the electrodes were
observed to suffer from a certain amount of ‘bendiness’. The dowels held the electrodes
at fixed positions at the five positions listed above, but in between these positions the
electrodes were observed to bow in and out, each electrode assuming a wave-like shape,
with the wave vertices located at the dowel positions. The nearest separation between
two electrodes was on average 7.87 — 3 — 3 = 1.87 mm as discussed above. However, all
four nearest neighbour spacings were measured with calibrated slip-gauges at 11 positions
along the length of the guide (the five dowel positions, the four positions symmetrically
between two dowel positions and both ends of the guide). It was found that the smallest
gap between electrodes occurred at the centre of the guide, where distances approximately
5% smaller than the mean were measured. The electrodes were observed to splay outwards
at the ends, where the electrode spacings were measured to be around 15% greater than
the mean spacing.

The guide was located in the main chamber, with its front end 55 mm downstream of
the skimmer and its far end 90 mm upstream of the centre of the detection region (that
is, the centre of the probe laser beam). The source-to-detector distance was 1215 mm.
Figure 6.7 shows the experimental set-up in the guiding experiment. The orientation of
the guide determined the coordinate axes: z points along the direction of the molecular
beam; x and y both make an angle of 7/4 with the horizontal.

The molecules were detected by laser-induced fluorescence (LIF), with the probe laser

scanning over the QH(%) transitions from the two ground state hyperfine levels (F = 1
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Figure 6.7: Set-up of the AG guiding experiment. The source-to-detector distance was
1.215 m.

and F' = 0). The probe laser beam was shaped to have a roughly top-hat intensity profile
with circular cross section, diameter 2.8 mm. The beam power was measured to be around
220 uW. The laser beam travels along the horizontal. It is linearly polarized in the vertical
direction (making a /4 radian angle with the z-axis). Located 45 mm upstream of the
detection region was a 5.8 mm-diameter aperture, the purpose of which was to limit the
divergence of the detected beam. The aperture also proved useful in an investigation of
DC-focussing of molecules into the detection region (section 6.9).

Each electrode was connected via high voltage (HV) feedthroughs to the output of a
positive or negative HV power supply. Two diagonally-opposite electrodes were connected
directly to a positive and a negative HV power supply respectively. The other two were
each connected to the output of a HV switch (the same switches as used with the weak-field
decelerator). One side of each switch was connected to a positive HV supply and the other
to a negative supply. The switches were operated such that when one electrode was held
at positive HV the other was held at negative HV. Switching both switches simultaneously
flips the polarity of the two diagonal electrodes. The switches were rated for a maximum
potential difference of 20 kV, limiting the polarity of the electrodes to £10 kV. The guide
was operated in two switch states, shown in figure 6.8. In state 1 the two electrodes
on the left of the figure are polarized to some positive HV (10 kV in this example) and
the right-hand two electrodes are polarized to the same magnitude voltage, but negative.
This results in a saddle-shaped electric field distribution which has a minimum in the
z-direction and a maximum in the y-direction. In state 2 the polarity of two diagonal
electrodes has been flipped, thus rotating the electric field by 7/2. These two states are

the focussing and defocussing lenses. The field was never switched off and so this was a
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Figure 6.8: The electric field inside the the guide, calculated by a finite element analysis for
the guide charged to +10 kV. The square (dashed line) of side x4 defines the acceptance

area for the analytical models described in figure 6.9.

gapless guide (no drift space). The guide was used on Ar-buffered beams of CaF, with a
central speed of 605 m/s. Holding the electrodes in one state for a given time, T', exposed
the molecules to a given lens for that time, corresponding to a lens length of L =T X v,.
The fractional width of the speed distribution, v, in the measured time-of-flight profiles
was sufficiently small that most of the molecules experienced the same lens durations.
However, it was observed that the molecular speed distribution had a small effect on the
experimental data, as discussed in section 6.8.

The probe beam was sufficiently intense that the amplitudes of the FF =1 and F =
0 peaks (see figure 4.5 for an example) are well saturated. The LIF signal was thus
proportional to the number of molecules exiting the guide. The F' = 1 peak amplitude is
considerably larger than that of the F' = 0 peak (by a factor of 4.5 — see section 4.5) and
so the F' = 1 peak amplitude was chosen as the measure of the number of transmitted
molecules. In order to account for signal variation from changes in molecular flux (see
section 4.4.5) the shots in a spectral scan alternated between those in which the AG
guide was operated, and those in which the guide was turned off, and the electrodes
grounded. Over the course of a scan the F' = 1 peak amplitude measured with the guide
turned off served as a reference amplitude. Dividing the ‘AG guided’ amplitude by the
reference amplitude gave a measure of the number of guided molecules, unaffected by
source variation. This number is referred to as the ‘signal ratio’.

In order to characterize the guide the amplitude was measured over a range of lens
durations for a given applied voltage. Three voltages were applied: 5.5 kV, 8 kV and 9.5
kV.
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Figure 6.9: (a) The acceptance and (b) an example trajectory for the constructed AG
guide calculated by four different models. The red curves show the results of the analytical
Courant-Snyder model for a harmonic guide. The green dashed data show the result of
an analytical model including the harmonic and cubic terms. The blue dashed data were
calculated with a numerical model including the harmonic, cubic and coupling terms.
Finally, the purple dot-dashed data show the results of a full numerical model, including

the full electric field distribution and shape and a complete numerical Stark shift.

6.7 Modelling the AG guide

The shape of the electric field generated by the guide was calculated by a finite element
model. Fitting this shape to an electric field function of the form shown in equation 6.30
with n = 1 (neglecting higher order terms not shown in equation 6.30) yields the best fit
values Ey = 4.395V kV /cm, a3 = 0.120 and a5 = 0.0022, where V' is the modulus of the
voltage applied to the electrodes, measured in kV. These numbers lead to values of the
cubic and coupling terms parameters of y = 0.131 and & = 0.0363 respectively. These
values do not lie far from the ‘optimal’ values calculated for a guide operated with kL = 1
(section 6.5.2).

To investigate the effect of the AG guide on molecular trajectories simulations were
performed, including a varying number of the terms in the electric field expansion (equa-
tion 6.30). These simulations were performed with an applied voltage of +8 kV to the
electrodes. In the limit of a harmonic field (ignoring the cubic and coupling terms) this
voltage can be characterized in terms of the scaled harmonic force constant x = 12.9 m™!.
Figure 6.9 shows the simulated effects of the non-linear terms on the guide’s acceptance
and on an example trajectory. The case of the purely harmonic guide has been treated
analytically and the results shown as the red curves in figures 6.9 (a) and (b). Figure 6.9
(a) shows the acceptance calculated for the guide. It has the exactly the form described in
section 6.4. The aperture used to define the acceptance was the box of side x4 bounded
by the electrodes shown in figure 6.8.

It has been shown [79] that when only the harmonic and cubic terms are included an
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analytical expression for the acceptance can be found. This was calculated for the guide
with € = 0.0363, x = 0, and with the same aperture as in the harmonic case. It is shown
as the green dashed curve in figure 6.9 (a). The acceptance has clearly been reduced for
almost all lens durations. This is a result of the shallower effective potential well from
the positive cubic term. The acceptance was most reduced for small lens durations; in
this regime the macromotion focussing is already weak and so the cubic term has a large
effect, knocking out a large proportion of the trajectories. As a result the lens duration
that gives maximum acceptance is increased from that in the purely harmonic case. The
green dashed curve in figure 6.9 (b) shows the effect of the cubic term on the trajectory.
The macromotion amplitude has clearly increased, a result of the weaker effective potential
well.

When the coupling term is included the acceptance must be treated numerically. For
the purposes of comparison with the two previous acceptance curves the acceptance in-
cluding the coupling term was calculated with the same square aperture. The resulting
acceptance and example trajectory are shown by the blue dotted line. The coupling term
reduces the acceptance further, but not by the same amount as the cubic term. The exam-
ple trajectory’s macromotion amplitude is seen to have increased, a result of the further
weakened effective potential well and the coupling of transverse energies. Note that in
the numerical ‘cubic-and—coupling’ model (blue dotted line) the acceptance was found to
have increased in the short and long lens duration limits compared with the analytical
cubic model. This is because the two analytical models were calculated for an infinitely
long guide, whereas the numerical model realistically assumes a 1m long guide. In this
latter case there are trajectories that are not ‘infinitely’ stable, but are able to survive for
1 m. These effects are most obvious in the limits of short and long lenses because in these
regimes there are proportionally many more ‘disallowed’ trajectories than for intermediate
lens durations.

Finally the purple dot-dashed curves in figure 6.9 show the results of full numerical
simulations. The full area of the field was considered (not just that area within the square
of side x 4) and the Stark shift was calculated numerically, not assumed to be purely linear
as in the above simulations. The electric field was considered exactly, thus including the
higher order terms neglected so far (equation 6.30). Again, the guide was taken to be 1 m
long. The resulting acceptance and example trajectory are very similar to those derived
from the numerical cubic—and—coupling model, thus showing the relative insignificance
of the higher order terms. Nevertheless these terms do decrease the effective potential
well depth slightly, and so are seen to reduce the acceptance slightly and increase the

macromotion amplitude of the example trajectory.
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6.8 AG results

Figure 6.10 shows the measured signal ratio as a function of lens duration, 7, for the three
voltages applied to the guide. Each point corresponds to the weighted mean of many F' = 1
amplitude signal ratios. The error bars originate in the error on the individual peak fits
which are then combined in the weighted mean to give a standard error. Qualitatively the
shape of the signal flux data match well the shape of the simulated acceptance plots shown
in figure 6.9. It was shown in section 6.4.3 that in the harmonic approximation the peak
acceptance occurs for a given value of kL. Since the speed along the guide, v,, is constant,
it is possible to use the equivalent parameter, Q7 (= kL), where 2 = kv, is the harmonic
trapping frequency. 7 is the time that the molecules spend insdide each lens, known as the
lens duration. € is proportional to \/Eq and so increasing the applied voltage will increase
) and thus decrease the optimal lens duration. The data confirm this, showing that as
the voltage was increased the optimal lens duration decreased, maintaining the maximum
acceptance at around Q7 ~ 1.5. This is greater than the value predicted for a harmonic
guide (27 = 1.254) as a result of the anharmonic terms, as discussed in section 6.7. It
can also be seen that the maximum signal ratio increases with increasing voltage. There
is no analytical expression for how the peak acceptance depends on voltage for a realistic
(anharmonic) guide, however, it was stated in equation 6.28 that the two-dimensional
acceptance of a gapless harmonic guide is proportional to x? and thus is proportional to
2. The harmonic frequency for the three voltages was calculated to be 6120 rads~! at
5.5 kV, 7776 rads~! at 8.0 kV, and 8640 rads~! at 9.5 kV. Thus, when increasing the
voltage from 5.5 kV to 8.0 kV there would be an expected increase in peak acceptance
of (7776/6120)? ~ 1.6. The increase in peak signal ratio from the 5.5 kV dataset to the
8.0 kV dataset is observed to be 1.6, in good agreement with the harmonic model. Further
increasing the voltage from 8.0 kV to 9.5 kV it would be expected that the acceptance
should increase by a factor of (8640/7776)? ~ 1.2. However, the data show no observed
increase in peak signal ratio between these two datasets.

The signal ratio data were simulated as follows. The molecular source at the valve
nozzle was modelled by a large ensemble of ground-state molecules with gaussian posi-
tion and speed distributions along the transverse directions. The transverse position and
speed distributions had their respective centres on the beam-line and had full-width half-

maxima (FWHM) of 4.7 mm and 38 ms™!.

These widths are a source of uncertainty in
the simulations as relatively little is known about the molecular source, especially in the
transverse directions. However, these numbers can be estimated from what is known of
the supersonic expansion and the Doppler width of the spectral peaks in the LIF signal.
It was found that changing these parameters within the range of reasonable values made

little difference to the simulation results. The molecules were assumed to start at the same
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Figure 6.10: Experimental data (blue points) showing measured signal ratio versus lens
duration. (a), (b) and (c) show the data for 5.5 kV, 8.0 kV and 9.5 kV respectively.
The results of full numerical simulations are also shown (red dashed curve) as well as

simulations including a 2 mm misalignment of the laser probe beam (blue curve).
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longitudinal position, z = 0 and speed, v, = 605ms~!.

The molecules were then propa-
gated forwards to the skimmer. The beam of molecules that made it through the skimmer
were then propagated up to and through the guide. Those molecules whose trajectories
took them out of the guide, never to return, or that crashed into the electrodes were then
discounted. The successful molecules that traversed the guide were then propagated to
the aperture, and those that made it through were propagated to the detection region
where their interaction with the probe beam was modelled in the same way as in the sat-
uration of LIF experiment (chapter 4), and using the molecular parameters found in that
experiment. The molecular state population rate equations were simplified by considering
the molecules to be only three-level systems.

The effect of the bendiness of the guide was crudely accounted for in the simulations.
It would be extremely time-consuming to account for the changing electric field shape as
the electrode spacing varied. Consequently a much faster method was employed in which
the entire geometry of the electrodes and the subsequent field was scaled along the length
of the guide by the same scaling factor that was measured for the guide. The simulations
shown in figure 6.10 include this variable scaling factor to account for the type of bendiness
measured in the guide.

The electric fields produced at the ends of the electrodes are clearly of different shape
to that inside the guide. Indeed, the electric field varies along z at the ends, and so in
these regions the molecules will experience a slight acceleration when they enter the guide
and an identical deceleration on leaving the guide. These effects were considered to be
negligible. Simulations were performed which both accounted for and ignored the end-
fields respectively and negligible difference was found in the results. For completeness the
simulations shown here do include the end-fields.

The simulations were designed to match as closely as possible the experimental pro-
cedure. For a given voltage and lens duration the number of photons scattered by the
molecules that successfully made it to the detection region was calculated over a range
of frequencies, thus building up a spectral scan over the same frequency range as in the
experimental data. This scan was then fitted to a double Lorentzian lineshape. The pro-
cedure was then performed for a simulation with a grounded AG guide. The quotient of
the F' = 1 peak amplitudes for these two simulations was the signal ratio, calculated in the
same way as in the experimental data. The resulting simulated signal ratio data are shown
in figure 6.10 along with the experimental data. It can be seen that, for each voltage, the
shape of the simulated data is similar to that of the experimental data. In particular,
the experiments and simulations agree well on the optimal lens durations. However, the
simulations predict much greater signal ratios than were measured. Reasons for these
discrepancies include uncertainties in the simulated beam source, electrode misalignment,

the bendiness of the guide, and misalignment of the probe laser. It was found that reduc-
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ing the divergence of the simulated molecular beam reduced the measured signal ratios.
This makes sense as the ratio is the quotient of guided molecules to non-guided molecules.
With the guide turned off, reducing the divergence of the beam will clearly increase the
flux of molecules able to traverse the guide. This reduces the signal ratio. However, it
was found that reducing the beam divergence changed the shape of the simulated signal
ratio data. It was found that, for a given voltage, to make the peak simulated signal ratio
match that in the experimental data required a source with far too small a divergence
to be reasonable, and caused the signal ratio data shape to differ substantially from that
measured. It was concluded that the source distribution parameters described above gave
the best agreement with the shape of the measured data and the position of the peak
signal ratio.

The possibility of a misalignment between the probe laser beam and the guide orienta-
tion was investigated and found to be a likely cause of the disparity in the size of simulated
and measured signal ratios. The laser beam enters the vacuum chamber through a Brew-
ster window on the end of a 250 mm-long tube. Having traversed the detection region
the laser beam then leaves the vacuum chamber through an identical Brewster window
on the other side of the vacuum chamber. Inside the tubes are baffles designed to reduce
the background scatter from room lights. The vertical distance through which the probe
laser beam can be moved is thus severely limited before scattering off the baffles causes
a huge rise in the LIF background signal. The AG guide was aligned when it was placed
in the chamber. This process was performed at room pressure with the source chamber
removed. Cross-hairs were used to mark the transverse centre of the beginning and end of
the main chamber?. A theodolite was aligned with both sets of cross-hairs. By viewing the
image formed by the telescope while varying its focus it was possible to view the alignment
of the electrodes down the entire length of the guide. Both ends of the guide could be
moved vertically and horizontally by fine-adjustment screws on which the cradle holding
the guide was resting. This procedure should align both ends of the guide to within 1mm.
However, introducing a vertical misalignment between the guide and the probe beam of 2
mm was found to bring the simulated signal ratios into much better agreement with the
measured data. The simulated results including a 2 mm probe misalignment are shown
by the blue lines in figure 6.10. The signal ratio shape and peak value agree much better
with the measured values when this misalignment is included.

However, the threshold lens duration in the limit of long 7 was still found to be
greater in the simulations. The trajectories in this limit are very sensitive to electrode
misalignments as they are dominated by the micromotion caused by the individual lenses.

Any change in field strength between successive lenses will lead to an imbalance in the

3A window in the far end of the main chamber was marked with cross-hairs and light shone through to

illuminate these cross-hairs, as well as those at the upstream end of the main chamber.
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Figure 6.11: The F = 1 peak amplitude (blue data) and area (purple data) signal ratios
measured with the guide operated at 8.0 kV. The data-points are joined to guide the eye.
Three points in the area data are highlighted by red circles. These data-points will be

discussed in greater detail.

lens forces and can easily destabilise a trajectory. Simulating the signal ratio data without
including the guide’s bendiness causes the predicted threshold lens duration to increase
further, implying that the discrepancy shown in figure 6.10 results from the bendiness of

the guide’s electrodes.

Phase effects

Close inspection of the experimental data in figure 6.10 shows a slight modulation of peak
amplitude signal ratios on top of the expected variation in lens duration. Figure 6.11
shows the F' = 1 peak amplitude signal ratio data taken at 8.0 kV. Also shown are the
F =1 area ratios (the ratio of the area under the F' = 1 peak with the guide on to the area
with the guide off). The area data are more strongly modulated than the amplitude data.
The error bars on the area data are larger than those on the amplitude data because of
the non-linearity of the laser scan. This leads to a large error in the width that increases
the error on the area measurement. Modulation in the amplitude data would result from
a modulation in the number of molecules being transported into the detection region.
The more pronounced modulation evident in the area signal ratio data suggests that the
Doppler broadening of the spectral line is modulated, reflecting a modulation in the beam
divergence at the detector. This happens because the AG guide focusses molecules into
the detection region. The square wave high voltage pattern used to switch the guide

always started at the same time, and continued until after the molecular packet had left
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the guide. The observed signal modulation is due to the phase of the square wave at the
time when the molecules enter and leave the guide. This phase depends on the switching
frequency. The ellipses that describe the acceptance of the guide in {z,v,} and {y,v,}
phase space depend on this phase. The overlap between the phase space volume occupied
by the incoming molecules and the acceptance of the guide determines the number of
molecules that can be guided. Of the molecules that survive to the end of the guide, only
those that are focussed through the aperture and into the probe beam can be detected.
The degree of focussing depends on the phase of the square wave at the moment when the
molecules leave the guide. The effect of this last lens will be more important in a guide
with long lens durations, where the molecules are strongly focussed and defocussed by the
individual lenses.

To investigate the cause of the signal ratio modulation consider the phase of the HV
switching pattern at the time that the molecules enter and exit the guide. The molecular
beam is not mono-energetic along z: the Ar-buffered beam in the guide experiments
typically has a mean speed of 605 ms~! and a FWHM of 40 ms~!. Figure 6.12 shows the
HV guiding pattern for three lens durations from the 8.0 kV dataset. The lens durations
are 193 ps, 200 pus and 208 ps, which correspond to a peak, a trough and a peak in the
signal modulation respectively. These three points are identified in the area data on figure
6.11 by red circles. The blue line in figure 6.12 (a) shows the switching HV pattern sent
to the guide with the lens duration set to 193 us. The pattern alternates between states
1 and 2. The red line represents the time that molecules with a speed of 605 ms~! spend
in the guide: the line goes high when they are in the guide. The green and orange lines
show the same, but for the 625 ms™' and 585 ms™! velocity groups respectively. Note
that the start of the guide is close enough to the source that these three characteristic
velocity groups enter the guide at approximately the same time (between 203 us and 217
ps), but by the time they leave they are spread out, with the 625 ms™! group leaving
the guide at 1803 us and the 585 ms~! leaving at 1926 us. Figure 6.12 (a) and (c) both
correspond to HV patterns that give maxima in the signal modulation. In both of these
cases the molecules entered the guide at the start of a lens. Figure 6.12 (b) corresponds
to a HV pattern that leads to a minimum in the signal modulation. It shows that the
molecules entered in the middle of a lens. Similar analysis of the timing sequences for the
rest of the 8.0 kV data indicate that this is the dominant effect in the modulation pattern:
if the molecules entered the guide at the start of a lens it is likely that there will be a
maximum in the modulation. This indicates that the overlap of the guide’s acceptance
and the phase space distribution of the incoming molecules is important in transporting
high fluxes of molecules using an AG guide. The phase of the molecules in the HV pattern
when leaving the guide is found to have a weaker effect on the modulation. This is due, at

least partly, to the spread of the molecules when leaving the guide: some velocity groups
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Figure 6.12: The HV switching pattern (blue line) for three different lens durations: (a)
193 ps; (b) 200 ws; (c) 208 ps. The pattern shows how the AG guide switches between
states “1” and “2” for these lens durations. The green, red and orange lines show the
position of the velocity groups 585 ms~!, 605 ms~! and 625 ms~! respectively. When the
lines are high the molecules are inside the guide. Note that the three velocity groups enter

the guide at roughly the same time, but their exit times are spread over 123 us.
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will be in a beneficial position in a lens to be focussed into the detection region, whereas
other velocity groups will not be. The effect of the end of the guide is thus ‘washed out’
by the spread of the molecules.

6.9 DC results

Despite the large effects that the non-linear terms have on the acceptance curve (figure
6.9) the shape of the curve is always the same: for very short lenses the acceptance is
small; as the lenses get longer the acceptance increases, eventually reaching a maximum
after which it rapidly falls to zero. For values of Q7 greater than the cut-off there are
no stable trajectories. The full numerical simulation shown in figure 6.9 gives a cut-off
of Qr = 2.33. If the guide is kept in one state for the whole duration that the molecules
are inside it the guide acts as a single lens, focussing in one direction and defocussing
in the other. In order for any molecules to make it out of the guide the voltage must
be very low, as the molecules are going to be constantly defocussed out of the guide in
one direction over its entire length. In other words, for a lens duration long enough such
that all the molecules see one lens, the value of € (and thus the applied voltage) must
be small for there to be stable trajectories. The linear acceptance curve for a very long
guide comprising 1 m-long lenses gives this critical voltage to be 0.74 kV, beyond which no
molecules are guided successfully. To investigate this the AG guide was operated in ‘DC’
mode: the guide was held in one state at high voltage for the entire duration from the
Q-switch until after the detection had occurred. This was performed at variable voltage.
The data were taken and analysed in the same way as above: the laser was scanned over
the F' = 1 and F = 0 peaks; the resulting spectrum was fitted to a double-Lorentzian
from which the F' = 1 peak amplitude was found and used as a measure of the number of
guided molecules. The ratio of the amplitude with the guide turned on at some constant
voltage and with it grounded defines the signal ratio. Figure 6.13 shows the measured
signal ratio as a function of applied voltage. As the voltage is increased from zero the
signal ratio drops, as might be expected. However, it drops very much more slowly than
the linear model predicts. The signal ratio drops to a minimum of 0.23 at 2.5 kV and then
starts to rise again, reaching a maximum of 0.64 at 5.5 kV, before finally dropping again.
This is a surprising results.

To understand it, the experiment was modelled numerically in exactly the same way
as the AG guiding experiment in section 6.8, except the model here ignored the end-fields
and the bendiness of the guide. The results are shown by the red dashed curve in figure
6.13. The simulation agrees well with the experimental data between 0 V and 2.5 kV.
After this point, as the applied voltage is increased, the simulated signal ratio rises more

rapidly, peaking around 1 at 4.25 kV, before dropping again to zero. For applied voltages
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Figure 6.13: The signal ratio with the AG guide used in ‘DC’ mode, in which it acts as a
single 1 m-long lens. The purple points show the experimental data. The red dashed line
shows the results of full numerical simulations, exactly the same in form as those for the
above guiding data (figure 6.10), except now the ends of the electrodes and the guide’s
‘bendiness’ are not accounted for. The blue solid line shows the results of simulations with

the probe laser beam misaligned vertically by 2 mm, again exactly as above.

greater than 5.5 kV the simulations agree better with the experimental data, although they
predict slightly smaller signal ratios in this region. As well as predicting a greater peak
signal ratio the shape of the simulated signal ratio data is different from the experimental
data. Repeating the simulations, but with the probe beam misaligned by 2 mm vertically
(exactly as before) brings the simulation results into much better agreement with the data
(blue solid line in figure 6.13).

The explanation for this behaviour comes from literally thinking outside the box. The
acceptance calculated by the linear, cubic, and ‘cubic-and-coupling’ models (figure 6.9)
is defined by the square of side x, bounded by the electrodes, and covering most of the
inside of the guide (figure 6.8). Any molecule that leaves this square is considered to have
left the guide, never to return. The full numerical simulations of both the switching AG
guide and the DC guide include the full electric field inside and around the guide. This
field map is shown in figure 6.14 (a), calculated with the electrodes charged to £10 kV.
It can be seen that along the z-axis there is a maximum of electric field in the centre of
the guide exactly as expected. Along the y-axis there is a minimum of electric field in the
centre of the guide, with the field strength reaching a maximum in the region between the
oppositely-polarized electrodes. However, travelling further from the centre of the guide

the field strength decreases again.
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Figure 6.14: (a) The electric field produced by the guide charged to £10 kV. The field
was calculated by a finite element model that included the full structure of the guide
(electrodes shown in grey), including its grounded support rods (shown in grey and just
visible in the corners of the field-map). Also shown is an example trajectory (black line)
made by a molecule with initial transverse speeds v, = 1 ms~! and vy = 13 ms~ !, and
when a static voltage of +6 kV is applied to the electrodes. (b) The Stark shift experienced

by ground-state CaF along the lines y = 0 (red line) and x = 0 (blue dashed line) with
+8 kV applied to the electrodes.
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The resulting Stark shifts experienced by ground-state CaF along the z- and y-axes are
shown in figure 6.14 (b) for applied voltages of 8 kV. Along the z-axis CaF molecules
experience a minimum of Stark shift in the centre of the guide and are thus focussed
towards the beam-axis in this direction. Along the y-axis there is a maximum of Stark shift
on the beam line, surrounded by minima between the two oppositely polarized electrodes.
There are some quasi-stable trajectories, such as the one shown in figure 6.14 (a), where
the molecules can oscillate in the vertical direction without crashing into the electrodes.
The molecule shown in figure 6.14 (a) survives for 3.7 ms which is much longer than a
600 ms~—! molecule takes to travel the length of the guide. This duration was chosen to
illustrate the form of the motion exhibited by the DC-guided molecules. Simulations show
that many similar trajectories can survive for hundreds of milliseconds. The molecule
shown has a very small transverse speed along z (1 ms™!) — if it didn’t it would quickly
be accelerated onto the surface of an electrode, or permanently out of the guide. The speed
along y (13 ms™!) is about half the maximum transverse speed in the simulated source
distribution. The molecule’s motion along the y—direction can be explained with reference
to the double-well potential shown in figure 6.14 (b). The molecule enters the guide on the
beam-line axis. It is then accelerated towards the minimum of one of the Stark potential
wells. It overshoots this minimum, decelerates, and is then accelerated back towards the
centre of the same potential well. Overshooting again the molecule is then accelerated
towards the centre of the other potential well. The same behaviour of overshooting and
decelerating is then repeated, bringing the molecule back to the beam-line axis.

Only a limited volume of initial phase space can supply molecules for these DC-guided
trajectories. v, must be small to allow for motion predominantly along the y-direction. v,
cannot be too small, because in this case the molecule will spend too long in between the
two oppositely polarized electrodes, increasing the chance of crashing into one them. If v,
is too large the molecule simply escapes from the guide. Figure 6.14 (b) shows that, with
the guide charged to £8.0 kV, the maximum value of the on-axis Stark shift along y is -26
GHz. Thus a molecule entering the guide on the axis must have a kinetic energy along y
of at least 26 GHz to be able to escape. For Cal' this corresponds to v, = 19 ms~ L.

Figure 6.15 shows the effect of increasing the applied voltage on an example trajectory.
The molecule enters the guide on-axis with v, = 0, v, = 12.5 ms~! and v, = 600 ms™".
For low voltage the potential wells in y are shallow and the molecule is accelerated out and
does not return. As the voltage is increased the molecule is increasingly accelerated back
towards the beam-line axis. An applied voltage of 6 kV is seen to return the molecule to
the beam-axis by the end of the guide. Increasing the voltage further causes more rapid
focussing towards the beam-line axis, until, by 12 kV, one complete period fits into the
guide. The peak in the signal ratio data around 5.5 kV corresponds to molecules being

focussed through the aperture and into the detection region. It was found from simulations
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Figure 6.15: Simulated trajectories along the guide for a molecule travelling at 600 ms™!

with initial coordinates {z,v,} = {0,0}, {y,v,} = {0,12.5 ms~'}. Trajectories are shown
in the y-direction for voltages in the range 2 kV — 12 kV, as indicated. Note that the
trajectory at 6 kV (green line) shows the molecule being focussed back towards the beam-

line axis just after the end of the guide.

that the focussing period was not strongly affected by the oscillation amplitude and so
at this voltage a large portion of the initial molecular phase-space area, {y,v,} can be
focussed into the probe beam. The simulations show the peak signal ratio lies closer to 4
kV - in this case the molecules were found to be tightly focussed into the detection region
and so the signal at this voltage is very sensitive to the probe beam position. For this
reason a vertical misalignment of the probe beam of 2mm was found to decrease the signal
ratio dramatically around 4 kV and bring the simulations into much better agreement
with the experimental data.

It might be expected that as the voltage is increased further the signal ratio should
increase again, peaking in the region of 11 kV, corresponding to molecules making almost
one complete period of oscillation in y along the guide and then being focussed into the
detection region. However, increasing the voltage beyond that value does not increase
the peak amplitude, rather it broadens the spectral line considerably. The DC guiding
described here requires fairly large transverse speeds along y. This leads to a Doppler
broadening in the spectral lines. As the voltage is increased the double-well potential
becomes very deep and favours molecules with large values of |v,|, thus increasing the
Doppler broadening. For voltages greater than 8 kV the F' = 1 line was observed to have
split into two components, corresponding to molecules with the positive and negative
optimal transverse speeds, £v,. The amplitudes were not observed to increase as the

signal was spread over a large Doppler-broadened frequency range.
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6.10 Conclusions

A 1 m-long AG guide was built and was used to transport ground-state CaF molecules
travelling at 605 ms~! from the supersonic source to the detection region, 1.215 m down-
stream of the source. The properties of the guide were tested over a range of lens lengths
for three applied voltages, £5.5, 8.0 kV and £9.5 kV. It was found that the optimal
acceptance was achieved with a scaled lens duration of Q27 = 1.5. This is slightly greater
than the optimal duration predicted for a purely harmonic AG guide (7 = 1.254), a con-
sequence of the non-linear terms in the transverse equations of motion. The experimental
data were modelled by numerical simulations. Good agreement was found in terms of
the shape of the data, with the simulations agreeing well with the experimental data on
the position of the optimal lens duration for the three voltages. However, the simulations
predict that greater molecular fluxes should be detected out of the guide. The disagree-
ment was found to be well-explained by a 2 mm vertical misalignment of the laser probe
beam with respect to the AG guide. Accounting for this misalignment in the simulations
brings the simulated results into very good agreement with the experimental data. The
simulations still predict a larger value for the maximum stable lens duration, which is
considered to be most likely the result of the ‘bendiness’ of the electrodes.

The AG guide was also operated with a static electric field, so that it acts as a single 1
m-long lens, focussing in one direction and defocussing in the other. It was not expected
that this set-up should guide any molecules at all for voltages greater than about 740 V.
However, it was found that the 1 m-long lens was able to transport molecules with applied
voltages much greater than this. Simulations of this experiment show that the DC-guided
molecules are those that make large amplitude oscillations in one transverse direction,
taking the molecule out of the guide and back, and very small amplitude oscillations in
the other transverse direction. This is because, when considering the total field created
by the AG guide, and not just the field inside the guide, the Stark shift maximum that
occurs in one transverse direction is actually surrounded by a minimum on either side of
it. Molecules within a range of speeds in this transverse direction can oscillate between
these two minima. The maximum signal out of the DC-operated guide was found to
occur with an applied voltage of 5.5 kV, which corresponds to molecules that, along the
length of the guide, make one half-oscillation in this transverse direction, and are focussed
into the detection region. Initial simulations found quite good agreement with the DC-
guiding data, but predicted greater detected molecular fluxes. Including the same 2 mm
misalignment as in the previous data brought the simulations into much better agreement
with the experimental data, adding weight to the theory that the AG guide was slightly
misaligned relative to the probe beam.

With the AG guide operated in ‘switching mode’ signal ratios of up to around 2 were



CHAPTER 6. GUIDING GROUND-STATE CAF MOLECULES 170

measured, meaning that the guide was transporting around twice the number of molecules
into the detection region than would be there if the guide were turned off. The simulations
indicate that, if properly aligned with the probe laser beam, signal ratios of up to around 6
would be measured. This is an encouraging result, but it must be noted that the definition
of the signal ratio is slightly arbitrary. The signal ratio is defined as the signal strength with
the guide on, compared with the signal from the divergent beam were the guide turned off.
The molecular flux density of the unguided beam drops with 1/L?, where L is the distance
between the source and the detection region. If a 2 m-long guide had been built the
signal ratios would have been 4 times as great as measured above. The same effect would
happen if the source-to-detector distance were kept constant, but the molecular beam
speed were halved. Put simply, the AG guide becomes more useful when transporting a
slow, divergent beam over a long distance. An obvious application of the AG guide is
transporting slow molecules from a buffer-gas cell. An example of this is discussed in [85],
where a buffer-gas cell of CaF radicals is considered. An aperture in one side of the cell
allows the molecules to effuse out with a mean beam speed of 80 ms™'. Simulations were
performed with an AG guide operating at +8 kV and with a lens duration of 200 us, and
positioned such that the upstream-end of the guide is located 8 mm from the buffer-gas cell
aperture. With an ablation source of CaF in the buffer-gas cell it is reasonable to expect
around 10'2 molecules in the effusive beam per pulse [85]. Simulations of this source show
that around 0.5% of these molecules will be guided, resulting in around 10'° molecules
transported away from the source per pulse. This is an extremely encouraging prediction.
The combination of a buffer-gas cell and an AG guide offers the prospect of transporting
a large numbers of molecules from a high pressure region to a much lowerr pressure region
an arbitrary distance away, while maintaining the high phase-space density of the source.
For comparison, a source using supersonic expansion and laser ablation produces beams
with around 10° ground-state molecules per steradian per pulse [38]. In the beam machine
described in this thesis there is a 1 mm-radius skimmer located 70 mm downstream of the
valve nozzle, which results in a beam of around 10% molecules per pulse passing through
the skimmer. Even if all of these were to be transported by the guide, an experiment with
a buffer-gas source would be capable of transporting around 10* more molecules per pulse.

Finally, it is worth discussing the potential use of the observed DC guiding. The sim-
ulations show that, if properly aligned, the guide is capable of achieving a signal ratio of
around 1. Could this be increased by increasing the length of the guide (as it is in conven-
tional AG guiding discussed above)? The answer relies on the stability of the trajectories.
In AG guiding, in which the field lenses of optimal length are used, the trajectories are
stable along an infinitely long guide. However, simulations of DC guiding found that these
trajectories are not stable. The molecules oscillate between the electrodes in one direc-

tion, and have some small velocity in the other transverse direction. Eventually motion in
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this other transverse direction will destabilise the trajectory, causing the molecule to hit
an electrode. In the current experiment the molecules take 1.7 ms to traverse the length
of the guide. Simulations found that with the source used in this experiment, molecules
could survive in a DC guide for up to 500 ms, but that after 9 ms the molecular flux has
dropped by a factor of 10, and that by 50 ms it has dropped by a factor of 50. Despite
offering a much simpler method of guiding strong-field seeking molecules (as there are no
switching fields), DC guiding is not stable over long distances and, even over 1 m, doesn’t

offer the signal ratios achieved by switching the fields in an optimal AG timing sequence.



Chapter 7

Decelerating ground-state CaF

molecules

7.1 Motivation and general physical principles

As discussed in chapter 6, ground-state molecules always experience the greatest Stark shift
in a given electric field, and are thus the best candidates for efficient Stark deceleration.
However, the Stark shift of a ground-state molecule is always negative, and so the molecule
is always a strong-field seeker. Thus, any electrode geometry to slow the molecules must
also be designed to achieve alternating gradient (AG) guiding. The structure of such an
AG decelerator is thus a combination of the weak-field decelerator discussed in chapter 5,
and the AG guide discussed in chapter 6.

An AG decelerator consists of a sequence of deceleration stages which produce a Stark
potential well in the longitudinal direction (along the beam-line), and a saddle-shaped
field in the transverse direction. Typical AG decelerators use two-electrode stages. Figure
7.1 shows a typical AG deceleration stage: a pair of parallel, rod-like, oppositely-polarized
electrodes. The electrodes are parallel to the z-axis (the direction of the molecular beam).
The electric field inside the stage has a minimum on the z-axis along the z-direction,
and a maximum along the y-axis. This transverse field will focus strong-field seeking
molecules towards the z-axis in the y-direction (shown by the green cross in figure 7.1)
and defocus them away from the z-axis in the z-direction (blue arrows). A sequence of
these deceleration stages, in which each successive stage is rotated by 7/2 about the z-axis
can be used to achieve AG guiding. For a given applied electric field, the length of the
field stages, and of the drift space between successive stages will determine the stability
of guided trajectories, and thus the acceptance of the decelerator. At the end of a stage
the field decreases along z, and as a strong-field seeking molecule leaves the field stage it

will experience a retarding force (red arrow in figure 7.1) which decelerates it.
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Figure 7.1: A typical deceleration stage in an AG decelerator. The stage comprises a pair

of oppositely-polarized electrodes, parallel to the beam-line axis (z). The electrodes create
a saddle-shaped electric field in the z-y plane, which focusses strong-field seekers in one
transverse direction (y in this figure), and defocusses them along the other (x). The fringe
fields around the end of the electrodes decrease in strength along z, and can be used to

decelerate the molecules.

7.2 A brief review of previous research

The first proposal of using electric fields in an alternating gradient device was made in
1966 by Auerbach, Bromberg and Wharton [51]. In fact the proposed device was to be
used as a linear accelerator for neutral molecules. Further descriptions of this device are
given in [87] and [88].

The first Stark deceleration of a strong-field seeker was in fact on an atom, not a
molecule. In 1999 Maddi et al. [89] used a single 2.2 cm-long field stage to bunch and
decelerate a beam of Cs atoms. The atoms were launched vertically from a magneto-
optical trap, with an initial speed of 2 ms™!. The 1.7 cm-wide electrodes were separated
between 6 mm and 8 mm apart, and were used to create electric fields of up to 50 kV/cm.
The pulsed Cs beam was measured before and after the field stage using laser absorption.
The field stage was used to reduce the temporal width of the Cs pulse at the downstream
laser probe from 16 ms (with the field off) to 3 ms, and to reduce the pulse’s central speed
from 2 ms™! to 1.2 ms™ 1.

The first deceleration of strong-field seeking molecules was reported by Bethlem et al.
[90] in 2002. In this experiment a pulsed beam of metastable CO molecules was decelerated
from 275 ms~! to 260 ms~! (and also accelerated from 275 ms™! to 289 ms~!) using a 12-
stage AG decelerator. The deceleration stages were arranged in a sequence of alternating
focussing and defocussing “lenses”, with each subsequent lens being rotated through /2
with respect to the previous stage. As discussed in chapter 6 the effect of a focussing
lens can be described by a matrix, F', that of a defocussing lens by a matrix, D, and free
space by a drift matrix, O. The alternating sequence of lenses in the AG decelerator is
thus described as a FODO sequence. Each stage consisted of two 2 mm-thick electrodes,

facing each other end-on. The sides of the electrodes facing each other were rounded off
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with a 1 mm radius of curvature. A separation of 2 mm between the electrodes allowed
for fields of up to 90 kV/cm to be applied on the beam-line axis. The decelerator worked
much as predicted, however, simulations of the resulting time-of-flight profiles predicted
molecular signals 20 times greater than found experimentally. It was found that applying
a random misalignment of £0.2 mm to the simulated electrodes caused this discrepancy
to disappear, indicating that mechanical misalignments in the decelerator were the cause
of the reduced measured signals.

The next AG deceleration was reported by Tarbutt et al. in 2004 [91]. In this experi-
ment a pulsed beam of ground-state YbF was decelerated by a 12-stage AG decelerator.
Each stage comprised a pair of parallel rod-like electrodes, 20 mm long, 6 mm in diameter,
and with hemispherical ends. With a separation of 2 mm between the two electrodes, a
stage charged to +10 kV was able to produce an axial field of almost 100 kV/cm. The
stages were arranged with a (FO)?(DO)? unit cell. This sequence of three focussing stages
followed by three defocussing stages effectively increases the lens lengths by a factor of
three, while achieving three times as much deceleration per lens than in a more usual
FODO sequence. It was also reported that this sequence is less sensitive to electrode
misalignments [90]. The decelerator was used to decelerate YbF molecules from an initial
speed of 298 ms~! to 287 ms~!, removing 7% of the molecules’ initial longitudinal kinetic
energy.

The most recent published AG deceleration of strong-field seeking molecules was re-
ported in 2008 by Wohlfart et al. [92]. In this experiment a 553 mm-long AG decel-
erator was constructed, with 27 field stages arranged in a (FO)3(DO)? pattern. The
field stages consisted of a pair of 13 mm-long rod-like electrodes, with 6 mm diameter
and hemispherically-rounded ends. The spacing between the two electrodes was 2 mm.
When charged to £15 kV the electrodes produced a field on the beam-line axis of 143
kV/cm. The decelerator was used on a pulsed beam of benzonitrile (C7HsN), and deceler-

1

ated ground-state molecules from 320 ms~! to 289 ms—!, removing 18% of the molecules’

initial kinetic energy.

7.3 Experimental set-up

A 21-stage alternating gradient (AG) decelerator was constructed. Each stage consists of
a pair of rod-like stainless steel electrodes parallel to the beam-line. The electrodes are 14
mm long and 6 mm in diameter, with hemispherically-rounded ends of radius 3 mm. The
two electrodes are separated by 2 mm from surface to surface. When the electrodes in a
stage are oppositely polarized to some high voltage there is a saddle-shaped field between
the electrodes, with the electric field reaching a maximum in one direction and a minimum

in the other. This field will focus a molecule in one transverse direction and defocus it
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Figure 7.2: A diagram of the AG decelerator.

in the other. Successive deceleration stages are rotated through 7/2, which rotates the
field and allows for AG guiding in exactly the same way as is achieved by the AG guide
described in chapter 6, except in the decelerator the transverse field switches in space, not
time. There is a drift space of 10 mm between successive deceleration stages. It was shown
in chapter 6 that, in the harmonic approximation, the acceptance of a guide is maximal
when there is no drift space. However, this device was designed to decelerate strong-field
seekers, and so it is necessary for there to be a zero-field drift space after a stage so that
the molecules climb up a steep potential hill.

Each electrode was attached by two dowels to one of four 16 mm-diameter support rods.
Each support rod was attached by insulating macor stand-offs to two stainless steel support
rings (one at either end of the decelerator). These support rings were then mounted
in a cradle inside the vacuum chamber. Figures 7.2 and 7.3 illustrate the decelerator:
the former is a diagram of the AG decelerator, and the latter is a photograph of three
deceleration stages.

The decelerator’s total length is 504 mm. The decelerator was placed in the vacuum
chamber such that its front end was 122 mm downstream of the source, and the detection
region was 184 mm downstream of the end of the decelerator. The total distance from
the source to the detector was thus 810 mm. The AG decelerator was used with beams of
CaF carried by either Kr or Xe.

High voltage was applied to the decelerator’s electrodes in the same way as for the
100-stage weak-field seeker decelerator (section 5.3.2), except with the AG decelerator
Vio = 0 throughout.

7.4 The axial electric field

Figure 7.4 shows the electric field produced along the axis of the decelerator when +15

kV is applied. Beneath the electric field profile are shown the associated deceleration
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Figure 7.3: A photograph of three deceleration stages in the AG decelerator. The elec-

trodes can be seen to be attached to the support rods by dowels.

stages. The stages can be seen to alternate between being horizontal (the left-most stage
shown) and vertical. As with the 100-stage decelerator there are two high-voltage states
that the AG decelerator can occupy: in state 1 (blue line) all the vertical stages are
charged to +Vpy, while all the horizontal stages are grounded. In state 2 the situation
is reversed (red line). It can be seen that the shape of the axial field profile is much
more ‘rectangular’ than in the 100-stage decelerator: in a given state the electric field
alternates between long regions of zero field and flat peaks of strong field, with a relatively
steep slope between these regions. The lower part of figure 7.4 shows the axial Stark shifts
experienced by a CaF radical in the [N = 0, My = 0) state in the fields shown in the upper
part of the figure. It can be seen that, for a given applied voltage, the axial electric fields
created inside the AG decelerator are of roughly the same strength as in the 100-stage
decelerator. However, the |0,0) state experiences considerably greater Stark shifts, by a
factor of around 5 in the case of Vg = 15 kV. The axial Stark shift profiles associated with
states 1 and 2 have very similar shapes to the field profiles, narrow and almost ‘top-hat’ in
shape. As a consequence of this ‘top-hat’ shape, unlike the 100-stage decelerator, the AG
decelerator was not switched simultaneously from field state 1 to state 2; each time the
decelerator switched from one state to the next there was a period between the two states
in which the entire decelerator was grounded. Simultaneous switching between the two
field states worked in the 100-stage decelerator because in this case when a molecule was
near the top of a Stark potential hill inside one stage it was possible to switch to the other
electric field state and for the molecule to be near the bottom of the next potential well.
The molecule might travel ‘down’ a small bit of potential hill, but would always end up

travelling up much more, and thus gaining a net deceleration. However, the relatively steep
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Figure 7.4: Upper part: The axial electric field profile of the two states of the AG deceler-
ator when Vi = £15 kV. State 1 (blue line) corresponds to the vertical stages polarized
and the horizontal stages grounded. State 2 (red line) corresponds to the opposite ar-
rangement. Lower part: the Stark shifts associated with the above profiles experienced by
a CaF radical in the [N = 0, My = 0) state in the two electric field states (same colour
scheme as above). Also shown are the positions of the synchronous molecule when the
field is turned on (2on) and off (zf¢) for two successive deceleration stages. Middle part:
A diagram of the deceleration stages associated with the profiles in the upper and lower

parts.



CHAPTER 7. DECELERATING GROUND-STATE CAF MOLECULES 178

and narrow potential wells of the AG decelerator prevent this from happening. Consider
the example shown in the lower part of figure 7.4. A molecule travels up the potential
hill inside the vertical field stage, with the decelerator in state 1. It is decelerated. The
fields are switched off at position z,r; when the molecule is some way up the potential
hill. Were the decelerator to switch immediately to state 2, the dashed line shows that
the molecule would find itself in a region of approximately zero Stark shift outside the
next field stage. Upon entering the next field stage it would then ‘roll down’ the potential
well, accelerating towards the centre of this stage. Having ‘rolled down’ all the way to the
bottom of the potential well there is now no way of achieving a net deceleration. Instead,
after the decelerator is switched out of state 1 (that is, the vertical stages are grounded),
the entire decelerator remains grounded until the synchronous molecule is inside the next

stage. Only then is the decelerator switched into state 2.

7.5 Dynamics inside the AG decelerator

7.5.1 Longitudinal dynamics

The field switching pattern employed in the AG decelerator is constructed such that a
chosen synchronous molecule is at the same position in each field stage each time the
field switches on or off. The synchronous molecule is at z,, when the fields are turned
on, and is at z,;s when they are turned off. As described in section 5.6.1, the effect of
the decelerator can be described in terms of a continuously-acting force, F(z), averaged
over the stage-to-stage distance, D. The longitudinal dynamics of the non-synchronous
molecules relative to the synchronous molecule are described by the same equations of
motion as in section 5.6.1, except now both the ‘on’ and ‘off’ positions are included. The
synchronous positions are defined only at the moments of switching the fields on or off;
however, in this continuous analysis the synchronous molecule’s positions is described by
the continuous variable, zsyn.. The axial position of a non-synchronous molecule relative
to the synchronous molecule is Az = z — z4nc. By definition, the synchronous molecule
travels a distance D between one switch-on and the next. It is approximated that non-
synchronous molecules that are close in phase space to the synchronous molecule also travel
this same distance, D, during this time interval. It is also assumed that the longitudinal
offset of a non-synchronous molecule, Az, changes only negligibly between z,, and 2.
With these approximations the equation of motion of a non-synchronous molecule relative

to a synchronous molecule is

_ d>Az 1
F(az) =M= 55 = — [Ws(zon + AZ) = Wilzon) — Walzops + A2) + Ws(zoff)]. (7.1)

Az dAv
a2 = Avgag

where Aw is the non-synchronous molecule’s speed relative to the synchronous molecule.

By the same analysis shown in equation 5.12, it can be shown that
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Figure 7.5: (a) The Stark shift along the axis of the AG decelerator for CaF radicals in
the |N = 0, My = 0) state, when the electrodes are charged to +20 kV. (b) The effective
longitudinal potential experienced inside the AG decelerator (charged to £20 kV) by
CaF radicals in the |0,0) state, calculated by equation 7.3, with z,, = 0 and z,fy = 6
mm (blue line). Also shown is the potential well calculated with the same parameters,
except Vygr = 15 kV, allowing for a comparison with the effective potential calculated
at this voltage for the 100-stage decelerator described in chapter 5 (dashed red line). (c)
Phase-space trajectories calculated with the AG decelerator operating at +£20 kV and with

Zon = 0 mm and 2,7y = 6 mm. The black line is the separatrix.

Equation 7.1 can thus be integrated to give:
SMAV? 4+ Uepp(Az) = W, (7.2)

where Wy is the total longitudinal translational energy of the non-synchronous molecule
relative to the synchronous molecule, and U.¢s(Az) is an effective longitudinal potential
energy associated with the effective force:

Az
Uesr(Az) = — ; F(AZ)dAY . (7.3)

Equation 7.2 shows how a non-synchronous molecule can be bound by a longitudinal po-
tential well, centred on the synchronous molecule. Figure 7.5 shows two effective potential
wells calculated from equation 7.3 for Vyy = 15 kV and 20 kV respectively. The poten-
tials have the same form as those calculated for the 100-stage decelerator. The potential
depths of the 15 kV and 20 kV longitudinal wells are found to be 11.7 GHz and 16.6
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Figure 7.6: Electric field magnitude on the z = 0 plane (a plane that cuts the electrodes in
half) with +20 kV applied to the AG decelerator. The electrodes are shown in grey. The
arrows show the direction of the force exerted on a strong-field seeking molecule travelling

near the beam-line.

GHz respectively. These are of the same scale as the potential depths created inside the
100-stage decelerator with similar deceleration patterns.

Figure 7.5 (c) shows examples of phase-space trajectories of phase-stable molecules
about the phase-synchronous molecule. The trajectories were calculated by integrating
equation 7.1, with the AG decelerator operated at +20 kV, and with z,, = 0 mm and
Zor¢ = 6 mm. Each trajectory corresponds to a molecule oscillating about the synchronous
molecule with a constant total energy relative to the synchronous molecule. As a molecule
travels along a trajectory its total relative energy is divided between kinetic energy and
effective potential energy as it moves in the effective potential well (figure 7.5 (b)). The
black line is the separatrix, which is the trajectory of a molecule whose total relative
energy is equal to the depth of the effective potential well. It bounds the area of phase

space that contains all the phase-stable trajectories.

7.5.2 Transverse dynamics

Figure 7.6 shows the shape of the transverse electric field in the centre of a deceleration
stage charged to £20 kV. Around the origin the electric field is saddle-shaped. At the
origin the field is a maximum along x, and a minimum along y. A strong-field seeking
molecule will thus be focussed towards the centre of the stage along x, and defocussed away
from the centre along y. The alternating orientation of successive deceleration stages can
thus achieve dynamic confinement and focussing of the molecular beam by rotating these

transverse axes. As was discussed in chapter 6, the ideal shape of the transverse Stark



CHAPTER 7. DECELERATING GROUND-STATE CAF MOLECULES 181

60 L 4
: P9 ]
50 - B
—~ |
zZ L
8 40r 1
(@] L
—
~
D L
O 30r
S [ _Fy(y)
LL
20l ]
100 ]
oL I . . . I . . . I . . . I . . . I . . . 1]
0.0 0.2 0.4 0.6 0.8 1.0

Transverse distance (mm)

Figure 7.7: The transverse forces, F,(x) (blue line) and —F,(y) (red line), exerted on a
CaF radical in the |4, 0) state as a function of transverse coordinate inside the centre of a
stage charged to +20 kV. It can be seen that near the beam-line the forces vary linearly
with the transverse coordinates, because the Stark potential is harmonic in this region.
Further from the beam-line (> 0.2 mm) the forces diverge, a result of the anharmonic

terms in the electric field.

potential for maximal acceptance is harmonic. The AG decelerator was operated with
strong electric fields (around 190 kV/cm in the centre of a deceleration stage charged to
420 kV). In this limit the Stark shifts induced in the ground-state molecules are well into
the linear limit, Wy = —u|E|. The transverse forces are thus proportional to the first

derivative of the electric field distribution:
F=—VW, = uV|E| (7.4)

Figure 7.7 shows the transverse forces, F,(xz) and —F,(y) as a function of transverse
coordinate inside a stage charged to £20 kV. It can be seen that near the centre of the
stage (< 0.2 mm from the beam-line) the forces are linear and equal-and-opposite. Further
from the axis the forces diverge from linear and are no longer equal-and-opposite. This
results from the anharmonic terms in the transverse electric field.

To analyse these forces in more detail the transverse electric field map (figure 7.6) was

fitted to the function E(x,y) given in equation 6.30:
|E(X, V)" = Eg(l +agn (X? = Y?) + (ajn (3 — n) — 6azn) X?Y?
+ (a3n(n—1) /2 + asn) (X4—|—Y4)+...). (6.30)

The fit matches the shape of the field very well, with parameters ag = 0.146 and a5 = 0.021.

This is exactly what is expected for the decelerator’s geometry. For an electric field created
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by a pair of rod-like electrodes the parameters ag and as are found analytically [79] to be
as = (ro/R)/(2 +ro/R) and a5 = (a3)?, where R is the radius of the rod, and 2rq is the
gap between the rods. The values for the AG decelerator (R = 3 mm and rp = 1 mm) give
a3z = 0.143 and as = 0.020. These parameters agree well with the fit parameters, showing
that the finite element analysis and fit are both good.

The transverse dynamics inside an AG guide were discussed in chapter 6. In the ap-
proximation that the field inside a stage varies quadratically in the transverse coordinates,
the motion of a molecule along a transverse direction, for example x, is described by the
following equation:

0%z

@ + K}QQ? = 07 (62)

depending on whether the molecule is in a focussing or defocussing lens. x is a force

constant (in units of m~1!). In the limit of a linear Stark shift this force constant is given

by k = %\/ wEplas|/ %mmolvg, where my,; is the mass of the molecule. For a typical
beam speed of 430 ms~! (typical of a Kr-carried beam which was used in all experiments
reported in this chapter) and an applied voltage of +20 kV x is 0.056 mm~!. The 1D
acceptance of a harmonic AG guide is shown in figure 6.2. This plots the acceptance in
units of kd?, where d is the aperture of the guide. In the discussion of this decelerator,
d = 2ryp. The maximum acceptance is found to occur in a gapless guide, and has the
value 0.74 kr¢ (0.186 xd? in figure 6.2). This maximum occurs at the scaled lens length,
kL = 1.25. The AG decelerator, however, necessarily has gaps. These are of length
S = 10 mm, giving kS = 0.56 with the decelerator operating at £20 kV. For this value of
kS the 1D acceptance now reaches a maximum of 0.66 m"g, occurring at a lens length of
kL = 0.89. The actual length of the decelerator’s lenses is 14 mm, giving kL = 0.78. This
is slightly smaller than the optimal length for the given drift space, with a 1D acceptance
of 0.65 m“(z). In more useful units this is 15.8 mmms™! for a ground state CaF molecule
travelling at 430 ms~!. The corresponding 2D transverse acceptance is simply the square
of the 1D acceptance: 249.5 mm? (ms~—1)?

The electric field does not, however, vary purely quadratically in the transverse coordi-
nates. This results in non-linear terms in the equations of motion, as discussed in chapter
6. These non-linearities require a numerical analysis. Extensive numerical simulations
were performed in [79] for a ‘typical’ AG decelerator with a two-rod decelerator stage of
scaled length, k. = 0.7, and scaled drift space length, xS = 0.7. These are similar to
the parameters of the AG decelerator when operated at £20 kV with ground state CakF.
The acceptance of the ‘typical’ decelerator was calculated as a function of the parameter,

2 is achieved

as. It was found that the maximal 2D transverse acceptance, 55 mm?(ms~1)
with ag &~ 0.08. This corresponds to a rod separation—to-radius ratio of 5.7, larger than

the ratio of 3 found in the AG decelerator used in this experiment. The value of a3 in the



CHAPTER 7. DECELERATING GROUND-STATE CAF MOLECULES 183

0 —
§ 0| (3) (%
e =
£ -100 g
2 w0 g
B 00 5 :
20 -10 0 10 20 20 10 0 10 20

Longitudinal distance (mm)

Figure 7.8: (a) The Stark potential inside a deceleration stage of the AG decelerator,
charged to +20 kV. Also shown are the on-position (green line) of z,, = 0 mm (corre-
sponding to the centre of a deceleration stage) and three off-positions: z,s = 6 mm (blue
line), zo¢r = 8 mm (purple line), and z,¢s = 10 mm (red line). (b) The effective potential
wells created inside the AG decelerator with the on- and off-positions shown in (a) (and

with the same colour scheme).

AG decelerator leads to an acceptance of approximately 40 mm?(ms~!)2, around 70% of

the maximal value.

7.6 Experimental procedure

For much of the data presented in this chapter the AG decelerator was operated at +20
kV, and with 2z,, = 0 mm and z,;y = 6 mm (z = 0 is defined to be the centre of a
deceleration stage). These on- and off-positions ensure that the synchronous molecule
travels up approximately half the Stark potential, while maintaining phase-stability. This
on-position ensures that the synchronous molecule is at the bottom of the Stark potential
when the fields are applied. It might be considered that the off-position should be chosen
to maximize the amount of deceleration experienced per stage. However, large values of
the off-position reduce the longitudinal phase-space acceptance because there is little room
ahead of the synchronous molecule for non-synchronous molecules to be decelerated back
towards the synchronous molecule. Figure 7.8 (a) shows three on-/off-positions on the
Stark potential well created inside a stage charged to £20 kV. In all cases z,, = 0, the
centre of the stage. The three off-positions are z,5; = 6, 8,10 mm respectively. Figure 7.8
(b) shows the effective potential well (calculated from equation 7.3) for each of these three
cases. It can be seen that with z,;s = 6 mm, there is plenty of room for non-synchronous
molecules to be ahead of the synchronous molecule, and to experience a relative force back
towards the latter. The resulting effective potential well (blue line) has a depth of 16.6
GHz. As z,y is increased to 8 mm, there is now very little potential well ahead of the
synchronous molecule at the turn-off position, and this is reflected in the effective potential

well (purple line), whose depth is reduced to 2.8 GHz. Finally, an off-position of z,fs = 10
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mm occurs at almost the top of the Stark potential well, and switching the fields with
this pattern creates an extremely shallow effective potential well (red line), with a depth
of only 0.16 GHz.

All the data presented in this chapter were taken with ground-state CakF radicals in

Kr-carried beams, with mean longitudinal speeds around 430 ms™!.

7.7 Results

7.7.1 Deceleration with z,, = 0 mm and z,;; = 6 mm

Figure 7.9 (a) shows experimental time-of-flight profiles acquired with the AG decelera-
tor operating at 20 kV, and with z,, = 0 mm and 2,y = 6 mm. These parameters
correspond to an on-axis kinetic energy reduction for the synchronous molecule of 3.65
cm~! per stage. These data shall be referred to as the “0/6” data. The profiles were
taken with a varying number of deceleration stages used, starting with the far end of the
decelerator: the high-voltage switching pattern was calculated such that it started when
the molecules were n stages from the end of the decelerator, and then continued until
the molecules reached the end of the decelerator. Data were taken with n taking all odd
values between 1 and 21. The reason for using the last n stages was that, if only the
first few stages were used, the molecules would hit the remaining electrodes and would
not be transmitted. By using the last stages, the molecules could always be focussed into
the detection region. For the sake of clarity only a selection of the profiles are shown in
figure 7.9: those with n = 3,5,9,13,17,19 and 21. Each profile is the average of several
hundred shots with the probe laser on-resonance with the Qll(%) transition. In order to
normalize out fluctuations in the source flux and laser intensity, reference profiles were
recorded with the decelerator turned off. The bottom profile (black points) shows the
average of all the reference profiles taken with the “0/6” data. It has been fitted to a
Gaussian function (black line), which fits well and finds the central time-of-arrival to be
1870.5 ps and the width to correspond to a longitudinal translational temperature of 2.6
K. Each deceleration profile was normalized by dividing by the amplitude of the Gaussian
fit of its associated reference profile. The experiment was alternated between ‘deceleration
mode’ and ‘reference mode’ on a shot-to-shot basis, and so the deceleration profiles were
normalized to near-simultaneous reference profiles.

The deceleration time-of-flight profiles have been fitted to a triple-Gaussian function,
G(t), which is the sum of three Gaussians with independent parameters, except for a
shared offset:

G(t) = G1(t) — Ga(t) + Gs(1). (7.5)

The rationale for this choice of fitting function is as follows. Gj(t) is a broad function

representing the shape that the profile would have if the decelerator were off. It represents
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Figure 7.9: (a) Deceleration data (points) taken with the AG decelerator operating at +20
kV, and with 2,, = 0 mm and z,¢s = 6 mm. The plot shows time-of-flight profiles taken
with a variable number of stages, with the bottom profile (black points) corresponding to
the profile measured when the decelerator is off. The profiles are labelled by the number
of stages used. For the sake of clarity the profiles have been offset vertically from one
another. Also shown are fits to the data of the triple-Gaussian function given in equation
7.5 (lines). The origin of time of each deceleration profile has been shifted to the centre
of its associated reference profile. (b) The results of simulations of all the data in (a).
The simulation profiles (points) have been also been fitted to the triple-Gaussian function

(lines).
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the molecules whose longitudinal speeds are unaffected by the decelerator. Ga(t) is a
narrower and shorter peak which subtracts from G1(t), and represents the distribution of
phase-stable molecules that are removed from the ‘field-free’ profile and bunched into the
travelling effective potential well. These bunched molecules are decelerated and so appear
at a new, later position in the time-of-flight profile, and are then described by Gs(t).
Numerical simulations were performed for all the deceleration data taken. The simula-
tions were of the same form as described for the AG guide and the 100-stage decelerator,
except that these simulations neglect the effect of the laser probe beam. The simulated
profiles shown in figure 7.9 (b) were formed from all the simulated molecules that success-
fully made it out of the decelerator and into the detection region. The simulated profiles
were analysed in exactly the same way as the experimental data, each profile’s signal being
normalized to the amplitude of a reference profile (generated by a simulation in which the

decelerator field is zero), and then fitted to the same triple-Gaussian function.

Delay data

The time-of-flight profiles shown in figure 7.9 show the effect of the decelerator on a beam
of molecules. The deceleration stages bunch molecules about the chosen synchronous
molecule, creating a narrow peak in the profile. As more stages are used these molecules
are decelerated more, and the peak moves to later times. The simulated time-of-flight
profiles generally match the experimentally measured profiles well, especially in terms of
the behaviour of the decelerated peak. However, the simulations predict greater profile
signals for the decelerated peak, indicating that the AG decelerator is more “lossy” than
expected. The time-of-flight profiles fit well to the triple-Gaussian function, indicating that
the physical model of the triple-Gaussian (described above) is a good description. However,
the simulated profiles show some small oscillations in the undecelerated distribution, which
is not accounted for by this model.

The deceleration data were taken with all experimental parameters kept constant ex-
cept the number of stages and the initial speed of the synchronous molecules (vgyne). It
was a mistake to vary this latter parameter. The purpose of varying it was that, over
the course of the data-run, the mean speed of the non-decelerated beam changed by a
few metres per second (due to slow source drifts). In order to maximize the number of
decelerated molecules, the initial speed was varied very slightly for data-runs correspond-
ing to different numbers of stages, such that vsy,. always corresponded to molecules at
the centre of the non-decelerated time-of-flight profile. This corresponded to only a slight
variation in vgyp, from 430 ms~ ! to 437 ms! (although most data were taken within the
much narrower range of 431 ms™! to 433 ms~!). However, this slightly complicates the
interpretation of the data.

The profiles in figure 7.9 show that when very few stages are used the amount of
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Figure 7.10: The delay between the arrival time of the decelerated molecules with a given
initial speed and the arrival time of molecules with that initial speed if the decelerator
were off. The delay is plotted as a function of the number of stages used. The data were
taken with the decelerator operated at +20 kV, and with 2,, = 0 mm and 2,y = 6 mm.
The delays were calculated from the fits to the function, G(¢), for both the experimental
data (red points) and simulations (blue points). The error bars originate from the errors

in the profile fits. The points have been joined to guide the eye.

deceleration is small, and the effect of the decelerator is principally to bunch the phase-
stable molecules about the synchronous molecule. As the number of stages is increased
these molecules are decelerated more and more, and are thus detected at later and later
times. A measure of this deceleration is the ‘delay’, which is the arrival time of the
decelerated bunch relative to the centre of the corresponding reference peak, taken with
the decelerator turned off. The arrival time of the decelerated peak is given by the centre
of G3(t). Figure 7.10 shows the delay of the decelerated molecules as a function of the
number of stages used for the “0/6” experimental data (red points) and simulations (blue
points). The error bars for both data-sets were calculated from the errors on the triple-
Gaussian fits. The errors were smaller for the simulated data because the decelerated
peaks are larger in this set and so can be fitted with greater certainty. There is good
agreement between experiment and simulations for most of the data, with the molecules
moving to later times as they are increasingly decelerated. However, the two sets of delays
diverge for a large number of stages (19 and 21). By 21 stages the simulations predict
that the decelerated molecules should be detected with a delay of 76 £+ 0.5 us, whereas
the experimental data show a delay of 58.1 + 3.6 us. The reason for this disparity is

not understood. If there were an error in the simulation then it ought to be consistently
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Figure 7.11: Simulated longitudinal speed profiles calculated with the AG decelerator
operating at £20 kV, with 2,, = 0 and z,¢y = 6 mm (red data), and with the decelerator
turned off (black data). The simulations were calculated with (a) the last 3 stages used,;
(b) the last 19 stages used; (c) and all 21 stages used. The profile of the decelerated
molecules has been fitted to a Gaussian function (blue, dashed lines) which has been used
to determine the central speed of these molecules to be (a) 432.5 ms™!, (b) 405 ms™!, and
(c) 402.4 ms~1.

obvious in all the simulated profiles, and yet for most of the delay data excellent agreement
is found with the experimental data. However, a small error in the simulation, or in the
prediction of the applied electric fields would lead to an error in the Stark shift induced in
a deceleration stage. This would lead to an error in the energy lost per stage. This energy
error would have a smaller effect on faster molecules and so might not become obvious until
the molecules were significantly decelerated. This would explain the disparity becoming
evident for large amounts of deceleration, however, the relatively small speed differences
achieved (see below) would render this effect quite small. It is possible that there is a
mechanical problem with one of the deceleration stages, possibly a misalignment, which
would affect the applied electric fields and thus the Stark shift. However, close inspection
of the decelerator revealed no such misalignments.

In order to assess the implications of this delay disparity on the final molecular speed,
consider the speed profiles associated with the simulated time-of-flight profiles. Figure
7.11 shows the simulated speed profiles of molecules in the detection region when (a) three
stages, (b) 19 stages, and (c) 21 stages are used. Figure 7.11 (a) shows that the effect
of three stages of the decelerator is to bunch molecules around the synchronous molecule

and decelerate this bunch a small amount. This simulation matches the parameters under
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which the associated experimental data were taken, with an initial synchronous speed
of 435 ms~!'. The peak in the speed profile corresponding to the decelerated molecules
has been fitted to a Gaussian function, which finds the central speed to be 432.5 ms™!,
a deceleration of 2.5 ms™! for the synchronous molecule. The Gaussian fit is not good
enough to give a reliable width to this peak, but a manual analysis finds the full-width
of the decelerated peak to be 11 ms™'. Figure 7.11 (b) shows the effect of using 19
deceleration stages. A Gaussian fit of the decelerated peak shows that the molecules have
been slowed to 405 ms™! (from an initial synchronous speed of 432 ms~! in this case).
Figure 7.11 (c) shows that using all 21 stages slows the molecules to a final speed of 402.4
ms~! (down from 433 ms~!). The delay achieved experimentally with 21 stages is very
similar to that predicted by the simulations for 19 stages (59.0 £ 0.4 us). It is therefore
reasonable to expect that the molecules decelerated with all 21 stages have a final speed
given by the simulation for 19 stages, 405 ms~!. It is possible to estimate the final speed
from the experimentally measured time-of-flight profile by assuming that the decelerator
applies a constant average deceleration along its length. Solving the equations of motion
for a molecule in the centre of the decelerated packet and with 21 stages used (with initial
speed 433 ms~!, traversing the 504 mm-long decelerator and detected 810 mm downstream
of the source at 1947 us) gives the molecule’s final speed to be 402 ms™!. It is difficult
to determine exactly what the final speed of these molecules was, but it seems likely to
be in the range 402 to 405 ms~!, and so the final velocity will be taken to be 403.5 4+ 1.5
ms~!. This final speed corresponds to a deceleration of 29.5 ms~!, with a decrease in
kinetic energy of 60.8 cm™! (2.9 cm™! per stage). The decelerator has removed 13% of

the molecules’ initial kinetic energy.

Signal strength

In addition to the amount of deceleration, the other result of interest in the time-of-flight
profiles shown in figure 7.9 is the molecular flux emerging from the decelerator. In order
to quantify the flux the ‘signal ratio’ is defined, very similarly to how it was defined
in previous chapters. Each of the time-of-flight profiles shown in figure 7.9 has been
normalized to the amplitude of its associated reference profile, taken with the decelerator
turned off. To investigate the behaviour of the decelerated molecular flux as a function
of the number of stages used the ‘decelerated signal ratio’ was calculated by dividing the
area under the decelerated packet of molecules (that is, the area of G3(t)) by the total area
underneath the associated reference profile. The experimental and simulated decelerated
signal ratio data are shown in figure 7.12 (a). When few stages are used the decelerated
peak is small and the fits to G3(t) have large errors. For the simulations with 1 and 5
stages, and the experimental data with 1 and 3 stages the decelerated signal ratios are

not shown because the large fitting errors rendered the results meaningless. Between 5
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Figure 7.12: (a) The signal ratio of the decelerated peak as a function of the number of
stages used, as calculated for the experimental (blue points) and simulated (red points)
time-of-flight profiles. The area of the decelerated peak is that of G3(t). The error bars
originate in the errors in the fitting parameters. (b) The signal ratio of the entire time-
of-flight profile as a function of the number of stages used. Here the areas are calculated

simply by integrating the profile data.

and 15 stages the experimental signal ratio holds steady around 15%. There is a drop
after 15 stages, and when all 21 stages are used the signal ratio has dropped to 3%. It
might be expected that the signal ratio should increase with the number of stages used.
Increasing the number of stages moves the start of the electric field pattern closer to the
source, where there is greater overlap between the molecular phase-space distribution and
the decelerator’s acceptance. However, neither the experimental or simulated results find
such an increase. The simulated and experimental signal ratios agree well in terms of the
dependence of signal ratio on the number of stages used: the signal holds steady until
around 15 stages and then drops off. The experimental data measure consistently smaller
signal ratios than the simulations, by a factor of roughly 2. The shape of the signal ratio
data can be explained in terms of two competing effects. Firstly, as the number of stages
is increased the effective entrance of the decelerator moves closer to the source, meaning
that more molecules can be captured by the decelerator. However, there is also some loss
associated with each stage (see below). The combination of these two effects balances well
for most of the data, until a large number of stages is used. In this case the effect of
moving the effective decelerator entrance closer to the source becomes less significant and
the effect of the loss dominates.

So what is this source of loss? An AG guide comprises electric field ‘lenses’ which exert
equal and opposite forces along two transverse directions, x and y. Inside the stages of
the AG decelerator, this AG focussing and defocussing is indeed achieved. This can be
seen by considering the divergence of the force, F , exerted on a molecule on the beam-line

axis'. It can be shown [80] that, for the potentials created by a two-rod field stage, this

!The divergence of the force away from the axis is much more complicated to analyse and is not described

here.
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divergence is given by:

2
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E (82) (7.6)
where F is the magnitude of the electric field. Inside a deceleration stage %—E = 0 and

8;; =z = (), and so the transverse force constants are equal and opposite:
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(7.7)

Thus, on the axis, the strength of focussing and defocussing forces are equal and AG
guiding can be achieved. However, near the end of a field stage the electric field changes
along 2. This is, of course, required for deceleration and is the region of the field that will
be used in every stage. However, the changing axial component of electric field disturbs
the balance of the transverse forces. Consider the region of the axis where %—E # 0 and
%i; # 0. In the case of a linear Stark shift (W = —u|E|) the first derivative of the force

: 2 .
along z is aai z = — u%—gj. The sum of the two transverse force constants is thus found from

1 (0E\® O°E

In this region the force constants are no longer equal and opposite, and the molecules are

equation 7.6 to be:

either defocussed or overfocussed. This causes molecules to crash into the electrodes or to
leave the decelerator, never to return. The very part of the electric field responsible for
deceleration is also a source of loss.

Figure 7.13 shows k; + &, (in units of cm™!/mm?) along the axis inside a deceleration
stage charged to £20 kV (red line). A positive value for this quantity means that transverse
defocussing is stronger than transverse focussing. Also shown (in arbitrary units) are the
axial electric field profile (black line), the Stark shift of a ground state CaF molecule
(orange line) and a diagram of one of the electrodes. It can be seen that k, + k, rises
rapidly when moving from the cylindrical section to the hemispherical end, peaking shortly
after this transition. Highlighted on the figure are the field on- and off-positions for the
data discussed above (green line and blue line respectively). It can be seen that the region
of the stage used in the above data is exactly that region that is badly affected by the
focussing/defocussing imbalance. Thus in each stage the molecules receive a transverse
‘kick’. This ‘kick’ is the loss mechanism experienced by molecules in every deceleration
stage.

The simulations show the effects of this defocussing loss mechanism extremely clearly.
Figure 7.14 shows results of a simulation of the AG decelerator, with 17 stages used,
and operated at £20 kV, with z,, = 0 mm, z,;y = 6 mm, and a synchronous speed of
Vsyne = 436 ms~'. The simulations start with an initial source of molecules, which are then

propagated through the decelerator and to the detection region. The simulation identifies
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Figure 7.13: The sum of the transverse force constants, k, + k,, along the beam-line axis
inside a deceleration stage charged to +20 kV (red line). Also shown (in arbitrary units)
are the axial electric field (black line) and Stark shift experienced by a CaF molecule in the
|0, 0) state (orange line), and the outline of an electrode. When the electrode changes from
being cylindrical to hemispherical there is a rapid change in electric field along z. This
results in a large peak in k, + k,, where the two force constant are clearly far from equal
and opposite. Also shown are the lines representing on-/off-positions (i) 2o, = 0/20f5 = 6

mm (green and blue lines), and (ii) zon = 6/2,ff = 10 mm (blue and purple lines).
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Figure 7.14: The distribution of molecules at the source that successfully make it through
the decelerator and into the detection region, found by a simulation of the AG decelerator
with 17 stages used, operated at +20 kV, with z,, = 0 mm, 2,7y = 6 mm, and vgy,. = 436
ms~!. (a) The longitudinal velocity distribution of these molecules. (b) The z-v, phase-

space distribution of the successful molecules.
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those molecules which successfully make it through the decelerator and into the detection
region. Having identified these molecules it is possible to extract information about where
in the initial phase-space distribution they originated. Figure 7.14 (a) shows the initial
longitudinal velocity profile in the source of these successful molecules. The effect of the
decelerator on the initial source is clear: some velocity groups are well transmitted, whereas
others are only poorly transmitted. In particular, two velocity groups, centred on 421 ms™—!
and 440 ms~!, are poorly transmitted. Figure 7.14 (b) shows the longitudinal phase-space
distribution (z-v,) of the successful molecules. The molecules occupy a uniform area of
phase-space, but with two lines of constant v, showing strongly depleted populations.
These are the 421 ms~! and 440 ms~! velocity groups. Figure 7.14 (b) shows that these
velocity groups are transmitted poorly, regardless of the position of the molecules in the
source.

The explanation for this behaviour is found by considering the positions that these
molecules occupy in a deceleration stage when the fields are switched. Figure 7.15 (a)
shows the same simulated source velocity distribution as figure 7.14 (a), but with coloured
lines marking out five velocity groups of interest: a cyan line at 421 ms™', a green line

1 an orange line at 440 ms™!, and a purple line at

at 430 ms~!, a yellow line at 436 ms™
447 ms—!. The 421 ms~! and 440 ms~! lines mark the centres of the poorly transmitted
velocity groups. The 430 ms™' and 447 ms™! lines mark the well transmitted velocity
groups. The line at 436 ms~! marks the initial speed of the synchronous molecule in this
simulation. It can be seen that the synchronous molecule lies near the centre of a poorly
transmitted group. Consider now where molecules with these speeds are when the fields
switch. Figures 7.15 (b)—(f) show the positions of these molecules inside the first stage
when the fields are turned on and off 2: these positions are marked by a coloured rectangle
superimposed on top of the Stark shift profile in the first stage (red line). The colour
scheme of the rectangles is the same as in figure 7.15 (a). Also shown is the sum k, + k,
(blue line). It can be seen from figure 7.15 (b) that the synchronous molecule has z,, = 0
mm and z,r¢ = 6 mm (by definition) and experiences almost all of the defocussing peak in
ks + k. Figure 7.15 (c) shows that the 440 ms~! group is 2 mm ahead of the synchronous
molecule when the fields switch. This groups experiences all of the k, + k, peak and
suffers the worst from defocussing loss. Figure 7.15 (d) shows that molecules with 430
ms~! are 3 mm behind the synchronous molecule when the fields switch. These molecules
experience the centre of the field stage, and almost completely avoid the two peaks in
ks + ky. Figure 7.15 (a) shows that this velocity group is well transmitted, representing

1

a peak in transmission. Figure 7.15 (e) shows that molecules with 421 ms™" are 8 mm

behind the synchronous molecule when the fields switch. These molecules experience all

2In this particular simulation only the last 17 stages were used. The ‘first’ stage referred to here is the

first stage to be charged, which is not the same as the first stage in the AG decelerator.
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Figure 7.15: (a) The simulated source velocity profile of those molecule that make it

through the decelerator. This is the same profile as shown in figure 7.14 (a), except with

coloured lines superimposed, marking out five velocity groups of interest: 421 ms~! (cyan

line), 430 ms~! (green line), 436 ms~! (yellow line), 440 ms™

1

(orange line), and 447 ms~!

(purple line). (b)—(f) The part of the decelerator experienced by each of these velocity

groups inside the first stage of the decelerator to be charged, shown by a rectangle with

the same colouring scheme as (a). Also shown in each case are the Stark shift profile and

k; + ky inside the deceleration stage.
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of the peak in k; + k, near the beginning of the stage and are indeed poorly transmitted.
Finally, figure 7.15 (f) shows that those molecules with 447 ms™! are 6 mm ahead of the
synchronous molecules when the fields switch. These molecules experience very little of
the peak in k; + k, at the end of the field stage and are very well transmitted.

This analysis considers only the first deceleration stage, but it is clear that it describes
the mechanism by which molecules are lost from the AG decelerator: those molecules that
experience either peak in k, + &, inside a charged deceleration stage will experience an
overall defocussing kick and are unlikely to be guided to the end of the decelerator.

Figure 7.12 (b) shows the total signal ratio as a function of the number of stages. This
was calculated by integrating under the entire deceleration profile (and normalizing in the
same way as above). Here the difference between experiment and simulation is striking.
The experimental data show an almost linear drop in signal ratio with the number of
stages used, whereas the simulated signal ratio remains roughly constant at around 0.95
until 15 stages, after which it drops off rapidly. Given the relatively good agreement
between simulations and experimental data for the decelerated molecules, this striking
difference must originate in the behaviour of the non-synchronous molecules. This can be
seen in the time-of-flight profiles (figure 7.9): in the experimental data the broad Gaussian,
upon which the decelerated peak sits can be seen to decrease in amplitude steadily with
the number of stages used, whereas in the simulations it remains roughly constant for
most of the profiles. The reason for this discrepancy is not understood. Given the good
agreement with so many other data, it seems very likely that the simulations are working
well, but are missing some information about the experiment, possibly a misalignment of

the decelerator.

7.7.2 Deceleration with z,, = 6 mm and z,;y = 10 mm
Delay data

It can be seen from figure 7.13 that there is a region in a deceleration stage towards the end
of the electrodes where k; +k, is close to zero, and where there is sufficient Stark potential
depth to achieve deceleration. The figure shows an on-position at z = 6 mm (blue line)
and off-position at z = 10 mm (purple line). The Stark potential difference between these
on- and off-positions is 100 GHz, almost as great as the 109 GHz with the previous on- and
off-positions. Thus these new positions offer almost the same amount of deceleration, but
with the advantage of avoiding the defocussing ‘kick’ from the transverse force imbalance.
Deceleration data were thus taken at £20 kV with z,, = 6 mm and 2z, = 10 mm. As in
the previous data-set, these data were taken with the number of stages, n, varying from
n = 3 to n = 21. This data-set shall henceforth be referred to as the “6/10” data.

Figure 7.16 (a) shows experimental time-of-flight profiles measured with n = 3, 5,
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Figure 7.16: (a) Experimental time-of-flight profiles measured with the decelerator charged
to £20 kV, and used with z,,/2,r¢ = 6/10 mm. Each profile has been normalized by the
same factor that gives its associated reference profile a unity amplitude. The time origin
of each profile is the central time of the associated reference profile. The profiles are
labelled by the number of stages used. For clarity, not all of the profiles are shown here.
The profiles have been fitted to the triple-Gaussian function, G3(t). The bottom profile
(black) is the average of all the reference profiles. (b) Simulated profiles corresponding to
the experimental profiles shown in (a), and with the same colour scheme. The simulated

data (points) have also been fitted to the triple-Gaussian function (lines).

9, 13, 17, 19 and 21. Other profiles have not been shown for the sake of clarity. The
profiles have been fitted to the same triple-Gaussian function as above. Figure 7.16 (b)
shows the results of simulations. It can be seen immediately that there is good agreement
between the two data-sets in terms of the delay of the decelerated packet, and much
better agreement in terms of the signal ratios than in the previous data-set, particularly
with respect to the undecelerated molecules. The experimental and simulated decelerated
peaks look very similar to each other, both in terms of their delay and amplitude. This
good agreement lasts for all the data except those data taken with 19 and 21 stages;
in these cases the amplitude of the experimental decelerated peak is smaller than that
predicted by simulations. The position of the experimental and simulated decelerated

peak appears to match well for all the data. As well as the decelerated peak, the behaviour
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Figure 7.17: The delay between the time-of-arrival of the decelerated peak, with a given
initial speed, and the time at which molecules with that initial speed would be detected
were the decelerator off. The data were recorded with the decelerator operating at 420
kV, and with zon/2,f = 6/10 mm. The delay is shown versus the number of stages used
for experimental (green points) and simulated (purple) time-of-flight profiles. The delay
is calculated from the triple-Gaussian fit, and the error bars are calculated from the errors

in the fit parameters. The points have been joined to guide the eye.

of the undecelerated molecules agrees well in both experimental and simulated data-sets.
Unlike the “0/6” data, the amplitude of the undecelerated signal is well matched in both
simulations and experimental data, with G () maintaining a noticeably greater amplitude
as the number of stages is increased (unlike the “0/6” data where the undecelerated
amplitude decreases rapidly as the number of stages is increased.)

Figure 7.17 shows the delay between the time-of-arrival of the decelerated packet,
with a given initial speed, and the time when molecules with that initial speed would
have arrived were the decelerator off. There is good agreement between the experimental
data (shown in green) and the simulation results (shown in purple). The error bars
are calculated from the errors in the triple-Gaussian fit parameters. There is a slight
discrepancy between experimental data and simulations when all 21 stages are used (with
the simulations predicting a delay of 80.3 us, and the experimental data measuring a
delay of 76 pus), but this is not very large, and is smaller than the discrepancy in the
“6/10” data. The delays measured in this data-set are very similar to those measured
with 2,,/2,,f = 0/6 mm, despite the slightly smaller potential hill presented by each
deceleration stage. This might indicate that the amount of deceleration is comparable.

However, it is clear from figure 7.17 that as the number of stages tends to zero, there is
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still some non-zero delay. This cannot result from deceleration as there is no deceleration
when no stages are used. The experimental and simulated delays taken with 3 stages are
found to be 23.8 us and 26.0 us respectively. This is too large a delay to result from
only three stages. The speed profiles generated by the simulations for few stages indicate
that the decelerated velocity class has a slightly lower initial speed than the initial speeds
for which the deceleration patterns were generated. These patterns were calculated with

1 (with a mean value of 431.4

initial speeds in the range of 429.7 ms~! to 432.5 ms~
ms~!). Simulations of the data find that for 3 and 21 stages used the final speed of the
decelerated molecules is 425.0 ms~! and 408.9 ms™! respectively. It is simple to calculate
the initial speed of molecules before entering the decelerator that results in these two final
speeds, assuming nothing other than a constant energy loss per stage. This initial speed is
427.6 ms—!, slower than the initial synchronous speeds used to calculate the deceleration
patterns in the simulations (and experiments).

To explain this discrepancy it is instructive to consider the longitudinal effective po-
tential created on the axis by the switching fields. This is shown for z,y, /2, = 6/10 mm
in figure 7.18 (a). The origin of the position axis in this figure represents the position
of the synchronous molecule. It can be seen that the synchronous molecule in the calcu-
lated effective potential for the zon/zofr = 6/10 mm pattern is situated on a maximum
of potential, rather than a minimum. There are thus no phase-stable molecules oscillat-
ing about the synchronous molecule. There is a minimum 3.8 mm behind the maximum.
This minimum traps phase-stable molecules. A molecule whose speed is vgync, and whose
position relative to the synchronous molecule is z = —3.8 mm will be stationary at the
bottom of this well.

The purpose of using the on- and off-positions z,, = 6 mm and 2,7y = 10 mm was
for the synchronous molecule to avoid the ‘dangerous’ region of each deceleration stage.
However, the effective potential created by this switching pattern causes the phase-stable
molecules to lie behind the synchronous molecule, and they in fact still experience this
defocussing end-effect. This explains why the decelerated peak signal ratios are not sig-
nificantly better than in the “0/6” data.

The offset in the delay data can in part be explained by molecules being trapped in the
potential minimum behind the synchronous molecule. The high voltage switching pattern
was generated such that the synchronous molecule was to be taken from the centre of the
molecular packet. The molecular packet entering the decelerator is long enough that there
are enough molecules 3.8 mm behind this centre for there to be a significant number of
molecules that can be trapped and decelerated in the effective potential well. The 3.8 mm
retardation will add an offset to the measured delays of around 10 us. This is significant,
but clearly does not account for the total delay offset on its own.

The remainder of the offset arises because the slower molecules are the ones that
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Figure 7.18: (a) The effective potential well experienced by ground-state CaF molecules,
calculated for zon/20¢f = 6/10 mm, with the AG decelerator charged to £20 kV. (b) The
first derivative of the Stark potential well as a function of z inside a deceleration stage,
charged to £20 kV. Also shown are the on- and off-positions, z,, = 6 mm and z,ry = 10
mm (blue lines). It can be seen that in the region of z bounded by these limits the slope of
the potential well is always decreasing, and there are no phase-stable molecules oscillating
about the synchronous molecule. The dashed blue line shows that z,, = 6 mm occurs at

exactly the position that the potential gradient starts to decrease.
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tend to arrive later than the synchronous molecule, and thus the average speed of the
molecules trapped in the effective potential well will be slightly less than wvgy,.. The
exact offset created by this effect depends on the overlap of the phase-space acceptance
of the decelerator and the phase-space area occupied by the incoming molecules. If the
acceptance is filled by the molecules then the average speed of the trapped molecules is
Vsyne and there is no offset. If it is not completely filled then the average trapped speed
will be less than vy, and there will be an offset. An average trapped speed of around 428
ms~! (compared with a typical synchronous speed of vsyn. = 431.4 ms™!) adds enough
delay to fully explain the remainder of the observed offset.

Having explained the form of the delay data, it is now possible to analyse the amount
of deceleration. The good agreement between the simulations and experiments indicates
that the simulated speed profiles describe well the experimental speed profiles. These show
that, with all 21 stages used, and the decelerator charged to +20 kV, ground-state CaF
molecules were decelerated with the pattern discussed above from 427.6 ms™! to 408.9
ms~!. This corresponds to a total energy loss of 38.5 cm™!. In this case the decelerator

has removed 8.6% of the molecules’ initial kinetic energy.

Signal ratios

The purpose of decelerating with z,, = 6 mm and 2,y = 10 mm was to escape the
region inside each deceleration stage where k, + k, peaks, and thereby to increase the
molecular flux out of the decelerator. However, these on- and off-positions do not provide
an effective potential well centred on the synchronous molecule. Instead all of the phase-
stable molecules lie behind the synchronous molecule, meaning that they are decelerated
in almost exactly the same ‘dangerous’ region as for the “0/6” data. It might thus be
expected that the signal ratios should be very similar to those measured with z,, = 0 mm
and z,rp = 6 mm.

The signal ratios were analysed for the “6/10” data in the same way as for the “0/6”
data. Figure 7.19 (a) shows the signal ratio of the decelerated peak versus the number
of stages used, calculated from the experimental data (blue points) and simulations (red
points). These signal ratios were calculated from the triple-Gaussian fits to the profiles
and the error bars result from the fit parameter errors. The signal ratio data for small
numbers of stages are not shown as the fits have very large errors in these cases: the
position of the decelerated peak is found well, but its amplitude is much more difficult to
determine as the peak is not well distinguished from the undecelerated molecules. There
is good agreement between the experiments and simulations, with both data-sets having
similar shapes, although the simulated signal ratios are on average 1.7 times greater than
the experimentally measured ratios.

The total profile signal ratio data (figure 7.19 (b)) also show good agreement between
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Figure 7.19: Signal ratio data taken with the AG decelerator operating at +20 kV, and
with zon/20¢f = 6/10 mm. (a) The signal ratio of the decelerated peak as a function of
the number of deceleration stages used. (b) The signal ratio of the entire recorded time-
of-flight profile as a function of the number of stages used. In both cases the experimental

data are shown in blue, and simulations in red.
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Figure 7.20: The experimental signal ratios taken with the AG decelerator operating at
+20 kV, and with zon/2rf = 0/6 mm (purple points) and zon/zoff = 6/10 mm (orange
points). (a) Signal ratio of the decelerated peaks. (b) Total profile signal ratios.

simulations and experiment. In both cases the signal ratio falls steadily from around 0.95,
with three stages used, to between 0.5 and 0.7 with all 21 stages used. The simulations
tend to give greater signal ratios than the experimental data, but the agreement is much
better than in the same anaylsis for the “0/6” data.

Figure 7.20 (a) compares the measured decelerated peak signal ratios in the “0/6” and
“6/10” experimental data-sets. It can be seen that both data-sets agree very well. This
makes sense as in both cases the decelerated molecules experience almost the same region
of each deceleration stage, and so experience the same amount of loss per stage from the
peak in k; + k.

Figure 7.20 (b) compares the total time-of-flight profile signal ratios for both data-
sets. Both data-sets show the same form of behaviour: a steady, almost linear drop as
the number of stages is increased. However, the 6/10 data have a much smaller slope,

experiencing less loss per stage than the 0/6 data. When all 21 stages are used the
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0/6 data-set has a total signal ratio of 0.3, whereas the 6/10 data-set has a much larger
signal ratio, 0.76. The total signal ratios are generally dominated by the behaviour of
the undecelerated molecules. These molecules are not subject to ideal AG guiding as
they do not experience the same lens lengths along the decelerator: each undecelerated
molecule is at a different position in each stage when the fields are switched on and off.
The focussing and defocussing kicks experienced by the undecelerated molecules mostly
average to nothing, but not quite as the defocussing kicks are slightly stronger than the
focussing kicks (as shown in figure 7.13). As more of the decelerator is used there is a
greater chance of an undecelerated molecule experiencing a net defocussing, and so fewer
undecelerated molecules make it through the decelerator. In the “0/6” data the decelerator
was on for 50% longer than in the “6/10” data, and so it is expected that there will be

fewer undecelerated molecules in the “0/6” time-of-flight profiles.

7.8 Conclusions

A 21-stage AG decelerator has been used to decelerate ground-state CaF molecules from
433 ms~! to 403.5 £ 1.5 ms~!. This corresponds to a total loss in kinetic energy of 60.8
em ™! (2.9 ecm ™! per deceleration stage) and the removal of 13% of the initial kinetic energy.

The deceleration pattern used to achieve this was defined by the on- and off-positions,
Zon/Zoff = 0/6 mm for the synchronous molecule. However, it was found that this timing
sequence placed the molecules in a region of the deceleration stages where the transverse
forces were not well-matched, and the decelerator was thus lossy, with the detected molec-
ular fluorescence signal dropping with the number of stages used. In order to avoid this
region data were taken with the later on-/off-positions of z,,/2,¢f = 6/10 mm. Unfortu-
nately, it was found that this pattern does not produce an effective longitudinal potential
well around the synchronous molecule and so does not bunch and decelerate molecules
around it. However, this switching pattern does generate an effective potential well whose
minimum is located 3.8 mm behind the synchronous molecule, and molecules were trapped
in this well and decelerated. The deceleration was not quite as much with this pattern:

slowing from 427.6 ms~! to 408.9 ms~!.

This corresponds to a reduction in the kinetic
energy of 38.5 cm~!, which is 8.6 % of the initial kinetic energy.

Extensive numerical simulations were performed, and generally agreed well with the
experimental data. The amount of deceleration was measured by the delay of the de-
celerated peak, and the simulations agreed well with the measured delays, particularly
for the “6/10” data-set. For this latter data-set, the shape of the simulated and exper-
imental signal ratio data were similar for both the decelerated peak area and the total
time-of-flight profile. The simulations consistently predict slightly greater decelerated sig-

nal ratios than the experimental data by an average factor of 1.7. For the “0/6” data,
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the agreement between experiment and simulation was not as good, with the simulations
predicting decelerated peak signal ratios approximately twice as great on average, and the
simulations predicting a somewhat larger delay with all 21 stages used than observed in
the experiments. A major disagreement between experimental and simulated data was
found in the total profile signal ratios for the “0/6” data, where the simulations find this
area to remain steady around unity when the number of stages is varied between 3 and
15, whereas the experimental data shows a steady decline in this ratio. This discrepancy
has not been understood.

In both the “0/6” and “6/10” data-sets, a scaling factor of around 2 is required to
bring the measured decelerated peak signal strengths into good agreement with the sim-
ulated profiles. This is considerably smaller than the disagreement found in previous AG
deceleration experiments. Analysis of the AG deceleration of CO by a 12-stage decelerator
[90] found that a scaling factor of around 20 was required to bring the experimental signals
into agreement with the simulations. Further simulations indicated that this discrepancy
could be explained by a typical electrode misalignment of £0.2 mm. Deceleration of ben-
zonitrile by a 27-stage AG decelerator [92] found a slightly smaller disagreement factor of
17, which could be explained by a misalignment of 0.1 mm in the electrodes’ positions.
It was known from measurements of the AG decelerator that the electrodes’ positions were
accurate to at least 0.1 mm. Given the large disagreements with simulations found by the
above two experiments, it is very likely that the smaller discrepancies in signal strengths
found in the experiment reported here can be explained by misalignments smaller than
+0.1 mm.



Chapter 8

Conclusions and Outlook

8.1 Measuring molecular parameters

Several important molecular parameters of CaF have been measured by the saturation of
laser-induced fluorescence. The interaction of ground-state molecules with a laser probe
beam has been modelled by rate equations, and this model has been used to reproduce
experimental data relating to the width and amplitude of two spectral lines as a function of
laser intensity. The parameters measured were the natural lifetime and hyperfine interval
of the AQH%(U = 0) state, which were found to be 19.2 £ 0.7 ns and 4.8 + 1.1 MHz, and

the Franck-Condon factor of the A-X (0-0) transition, which was found to be 0.9875013.

The experimental method used for these methods is considerably simpler than is typi-
cally used to make the above measurements in molecules. The A 2Tl (v = 0) state lifetime
measurement is consistent with a theoretically calculated value of 1%.48 ns [59], and more
accurate than the previous experimental measurement of 21.9 + 4 ns [60]. The excited
state hyperfine interval of the A 21l (v = 0) state had not been measured previously, and
the measurement is useful as the hgfperﬁne interval can now be incorporated into future
spectroscopic models of CaF. The value of the measured Franck-Condon factor agrees well
with a theoretical calculation of 0.964 [59].

The Franck-Condon factor is very close to unity, meaning that a CaF molecule excited
to the A 2Tl (v = 0) state is unlikely to decay to vibrationally excited levels in the ground
electronic stQate. This is a very useful result indeed as decay channels to excited vibrational
states are an experimental barrier to laser cooling molecules. In a laser cooling scheme,
if there were no vibrational leak from the excited state then there would need to be only
rotational (and hyperfine) repumping. This vastly reduces the number of laser frequencies
required. The Franck-Condon factor for decay to vibrational states with v > 0 is not
zero, of course. Detailed theoretical analysis of the Franck-Condon factors in BeF, MgF
and CaF has been performed [59]. It can be shown from this analysis that the following

approximation holds well for these molecules: if the Franck-Condon factor of a transition

204
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from a state with v” = 0 to a state with v/ = i is labelled Zy;, then Zyp; = (1 — Zy), and
Zoa = (1 — Zyo)?. Therefore a molecule with Zgg &~ 1 will need only limited vibrational
repumping to make laser cooling a practical possibility. For example, as discussed in
chapter 4, DeMille has reported that with repumping from the ground electronic rotational
levels and the first excited vibrational state, SrF molecules have been measured to scatter
around 105 molecules before entering a dark state [58]. DeMille calculates that adding just
one more vibrational repump frequency will increase this scattering to 10° photons per
molecule, which would allow effective laser cooling. These measurements and calculations
are based on SrF, with Zyy = 0.98 and Zy; = 0.02. The value of the Franck-Condon
factor of CaF reported in this thesis suggests that CaF is a very strong candidate for laser

cooling.

8.2 Guiding ground-state CaF

A 1m-long four-rod alternating gradient (AG) guide has been built and used to transport
ground-state CaF molecules from the supersonic source and focus them into the detector.
The guide is charged to high voltage, which creates a saddle-shaped electric field on the
beam-line axis. This field acts as a ‘lens’, focussing the molecules in one transverse direc-
tion, and defosussing them in the other. By switching the applied voltage in time between
two states it is possible to periodically rotate this saddle-shaped field, and balance the
effects of the focussing and defocussing forces. In fact the guide can be used to achieve
an overall net focussing. By changing the timing of the switching pattern it is possible to
vary the length of the field lenses. The guide was operated at three different voltages, £5.5
kV, £8.0 kV and £+9.5 kV. The applied voltage was limited by the potential difference
for which the high voltage switches were rated. At each voltage the molecular flux was
measured over a range of lens durations. For each voltage an optimal lens duration was
observed, the value of which was found to decrease with increasing applied voltage.

The dynamics of molecules in an AG guide were discussed, in particular the effects of
the shape of the transverse electric field. A harmonically-varying field gives the greatest
acceptance, meaning that the guide can stably transport a large number of molecular
trajectories. However, the presence of anharmonic terms in the transverse field reduces
this acceptance, particularly for short lens lengths, where the overall focussing is weak.

The experimental results were compared with numerical simulations. Good agreement
was found between the experimental and simulated data in terms of the shape of the
molecular flux as a function of lens duration. In particular the simulations agreed well
with the measured lens durations for optimal flux. However, the simulations predicted
larger fluxes than were observed. It was found that introducing a 2 mm misalignment

of the probe laser beam relative to the AG guide brought the simulated data into very
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good agreement with the experimental data. This result was not discovered until after
a considerable number of simulations had been performed. The obvious next step would
be to fix this misalignment and repeat the experiments. Unfortunately, by the time the
misalignment was discovered the AG guide had been removed from the vacuum chamber
in order to make way for the 100-stage decelerator. It would be possible to reinstall
the guide inside the vacuum chamber and then transport molecules after very careful
alignment. However, the properties of the AG guide have been thoroughly investigated
and the purpose of this experiment would be merely to confirm the previous misalignment.
Simulations have shown that the AG guide is capable of transporting a very large flux of
molecules from a buffer-gas source [85]. It seems that a much more profitable future project
would be to transport YbF molecules from the buffer-gas cell that has been constructed
at Imperial College [45].

As well AG guiding with switching fields, it was found that the guide is still capable
of transporting molecules when held at constant high voltage. In this ‘DC’ operation
the guide acts as one long lens, focussing in one direction, but defocussing in the other.
It seems unlikely that any molecules should be able to survive for one metre in such a
lens. However, when the full transverse electric field was considered, including the field
outside the guide, it was found that there are stable trajectories that take a molecule on
large-amplitude oscillations in one transverse direction, but that require the molecule to
have only a very little motion in the other transverse direction. This limits the acceptance
of the DC guide. The technical simplicity of such a device suggests that this might be
a good way of transporting strong-field seeking molecules. Simulations were performed
of the long-term stability of these trajectories. Although some molecules were found to
survive for a long time in such a guide (up to 500 ms), the acceptance is small for long DC
guides, and the trajectories are not completely stable. This reduces the guide’s usefulness
when operated in DC guiding mode, and it is considered that, although a surprising and
unexpected result, DC guiding is not a practical method of transporting large fluxes of

molecules over the distances typically required in the laboratory.

8.3 Decelerating CaF

Two types of Stark decelerator have been built and used to slow beams of CaF. A 100-
stage decelerator has been used to slow CaF molecules in the [N = 4, My = 0) state
from 343 ms~! to 247 ms~!. This is a removal of 48% of the molecules’ initial kinetic
energy. It was found that the switching electric fields inside the decelerator are able to
drive transitions between different states. In particular the rotation of the electric field is
able to drive transitions between different My sub-levels of a given N manifiold. These

transitions drive the molecules into states that are not properly decelerated or guided,
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reducing the detected flux of both decelerated and undecelerated molecules. It was found
that the undecelerated molecules suffered much more from these non-adiabatic transitions,
which resulted in a vastly reduced flux of undecelerated molecules. These transitions are
more likely when the electric fields are weak (and the sub-levels are closely spaced) and
rapidly rotating. Applying a bias voltage to the decelerator induces a baseline Stark shift,
keeping the interval between the sub-levels large enough to suppress these transitions. It
was found that applying a bias voltage can inhibit these transitions, and that when this is
done the number of molecules detected is greatly increased. Simulations were performed,
in which there were no non-adiabatic transitions. Applying bias voltages of around 1 kV
brings the experimental time-of-flight profiles into good agreement with the simulations,
indicating the the non-adibatic loss-channel had indeed been inhibited.

The decelerator was operated at a maximum voltage of +18 kV. The high voltage
switches are rated for a maximum potential difference of 20 kV. This limits the applied
voltages to 20 kV (or slightly more with a bias voltage applied). However, it was very diffi-
cult to operate the decelerator above 18 kV because this led to significant radio-frequency
radiation emitted by the switches, cables and feedthroughs, as well as considerable ground-
noise, and these interfered with other crucial components of the experiment, most notably
the frequency of the dye laser.

The decelerator was designed such that another, identical 100-stage decelerator can be
attached to it without breaking the periodicity of the field stages. The resulting 200-stage
decelerator will be capable of decelerating CaF molecules to rest. Simulations have been
performed which show that the 200-stage decelerator can decelerate CaF molecules in the
N, My) state from 340 ms~! to 53 ms~! with a phase angle of 65.7°. The result of these
simulations are shown in figure 8.1. Of all the molecules exiting the guide the fraction
decelerated to low velocity is 0.3%. The ratio of the signal due to the slow molecules to
the signal obtained with the decelerator turned off is estimated to be approximately 25%.
It should be noted that these simulations were designed to match the experimental data
presented in this thesis, except with twice as many deceleration stages. The synchronous
molecule in these simulations was chosen from the low-velocity wing of the molecular
speed distribution. This reduces the number of phase-stable molecules. This could have
been easily increased by selecting the synchronous molecule to come from the centre of
the speed distribution. However, this would have increased the initial speed, and thus
the final speed too. A better approach is to cool the initial molecular source, which will
slow the initial beam, as well as reduce the width of the distribution. This can be used to
increase the number of phase-stable molecules. This can be achieved by cooling the valve,
which is a promising subject for future work. Note also that the final speed of 53 ms™!
was chosen to make sure that the molecules do exit the guide. A very small increase in

phase angle would bring them to rest.
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Figure 8.1: (a) Simulated time-of-flight profile for molecules detected 88 mm downstream
of the 200-stage decelerator, operated at £20 kV. The red line shows the profile with the
decelerator switching with a synchronous phase angle of 65.7°. A small decelerated peak
can be seen (indicated by an arrow) at 8225 us. The black line shows the reference profile
generated with the decelerator operated in DC guiding mode, centred on 3916 us. (b)
The corresponding simulated velocity profile, with the same colour scheme as in figure
(a). The red line shows that the decelerated molecules (indicated by an arrow) have been

decelerated to 53 ms~!.
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A 21-stage alternating gradient (AG) decelerator was constructed and used to deceler-
ate ground state ([N = 0, My = 0)) CaF molecules from 433 ms~! to 403.5 ms~!. This is
a removal of 13% of the molecules’ initial kinetic energy. The decelerated molecules were
found to suffer from loss in each deceleration stage. This has been mostly explained by
a net defocussing force experienced by the molecules near the end of each stage, where
the electric field starts to change along the beam-line. This is exactly the part of the field
required for deceleration, but unfortunately is responsible for reducing the molecular flux.
A region of the electric field further away from the end of a stage was identified as giv-
ing the required amount of Stark deceleration, while also avoiding the defocussing force.
Data were taken with the decelerator operated in this region. However, it was found that,
with the decelerator operated with this high voltage switching sequence, the phase-stable
molecules do not oscillate about the synchronous molecule. Rather they are trapped in
an effective potential well several millimetres behind the synchronous molecule, in exactly
the same lossy region that was supposed to be avoided! Nevertheless, the timing sequence
in this case involved the decelerator being charged for less time than in the previous data,
and the measured data suffered from less loss than before. However, the amount of decel-
eration was not as great as before, decelerating the molecules from 427.6 ms~' to 408.9
ms L.

Although the simulations account for this defocussing, the data still show decelerated
signals smaller than predicted, by a factor of around 2. This discrepancy is almost certainly
due to electrode misalignments on a scale smaller than +0.1 mm.

Figure 8.2 shows the one-dimensional acceptance of an AG guide in units of xd?, where
d is a measure of the physical aperture of the guide. The acceptance is shown as a function
of kL and k.S, where L is the lens length, S is the length of drift space between lenses, and
K is a scaled transverse force constant. For a range of kL and kS the guide can support
stable trajectories. Outside this range there are no stable trajectories. The line of stability
dividing these two spaces is shown as a black line in figure 8.2. A green point locates the
position in kL-x.S space of the AG decelerator operated at 20 kV for molecules travelling
at 430 ms~!, {0.78, 0.56}. This is well within the stable region. It can be seen from the
definition of k (section 6.4) that k o< 1/v,. Thus, as the molecules are slowed in the AG
decelerator, k increases. Given that L and S are constant, the position in KL-xS moves
along a line (green line in figure 8.2) towards the stability boundary. The speed at which
the position in kL-kS space lies on the stability boundary dictates the lowest speed that
can possibly be reached by this decelerator. Molecules travelling slower than this cannot
be guided by the decelerator and will not be transmitted. It has been found that, for
this AG decelerator operated at +20 kV this minimum speed is 276 ms~! (shown by the
right-hand green point in figure 8.2). For reference the position in kL-kS space of the

decelerator with molecules travelling at 340 ms~! is shown by the red point. It would be
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Figure 8.2: The 1D acceptance of an AG guide in units of kd?. The green points show
the change in acceptance of the AG decelerator operated at +20 kV as the beam speed
is reduced from 430 ms~! (left-hand green point) to 276 ms™! (right-hand green point).
The red point shows the 1D acceptance of the AG decelerator operated at +20 kV with a
beam speed of 340 ms~".

interesting to use the AG decelerator with a Xe-carried beam, and to decelerate molecules

from 340 ms—!

, as in the experiment with the 100-stage decelerator. If the amount of
deceleration applied to the molecules at 430 ms™! had been applied to molecules at 340
ms~!, then these latter molecules would have been decelerated to 302 ms™!, which is still
within the stability boundary. Experiments using the AG decelerator with Xe-carried
beams were attempted, but the signals were too small to draw any firm conclusions.

A natural question to address in this conclusion is this: which decelerator is better?
The 100-stage decelerator has removed more energy from the molecules than the AG de-
celerator. It has produced much slower molecules, without the complications of transverse
stability. The 100-stage decelerator can be made longer and used to bring CaF molecules
to rest. The AG decelerator is limited by the necessity for it to ensure stable AG guiding
of the strong-field seeking molecules at the same time as decelerating them. In a compar-
ison between the two decelerators described in this thesis the 100-stage decelerator is the
more useful device for producing slow-moving molecules. However, deceleration of heavier
molecules in weak-field seeking states, such as the biomolecules considered in [92, 93],
would require far longer decelerators, and would need molecules to be prepared in even
higher-lying rotationally-excited states. For such heavy molecules, AG deceleration may
be the only feasible option.

It is useful to consider possible improvements to the design of the AG decelerator. The
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design of future AG decelerators has been discussed by Tarbutt et al. in [44]. Firstly, the
problem of the defocussing kick was addressed by proposing electrodes with a different
shape. Instead of a hemispherical end, the suggested design has a semi-ellipsoidal end,
with the electrode tapering off more gently and over a greater length. It is shown that
this design can reduce the peak in k; + ky, at the end of a decelerator and thus reduce
the scale of the defocussing force. As well as suggesting how the transmission of an
AG decelerator can be improved, Tarbutt et al. investigate a method of increasing the
amount of deceleration that can be achieved. The limiting parameter is the length of the
deceleration stages, L. As the molecules slow down x increases and moves the decelerator
closer to the line of stability. In the proposed design the decelerator is made of lenses of
varying length [44]. Each deceleration stage is the same length, but arranged in a sequence
of (FO)™(DO)", with each lens made of n stages. By reducing n along the decelerator it
is possible to account for the increase in k, and to keep the molecules stable for longer,
thus increasing the amount of deceleration possible. Simulations performed for a 139-stage
AG decelerator showed that this decelerator can slow YbF molecules from 340 ms™! to
66 ms~! [44]. However, the technical complexities of decelerating and guiding very slow-
moving strong-field seeking molecules might require the final stages of deceleration to be
accomplished with the molecules in a weak-field seeking state.

CakF is a useful molecule as a control for the measurement of the electron EDM, but
it is not the molecule used for the actual measurement. This is YbF, which is much
heavier. Calculations have shown that optimal deceleration of YbF in a weak-field seeking
state requires a 444-stage decelerator acting on molecules in the [N =5 My = 0) state
[44]. This is capable of decelerating YbF molecules from 340 ms~! to rest. Measuring
5.328 m in length, this is a long decelerator, and it might seem tempting to use the
AG decelerator described above. However, this decelerator is still very long, measuring
4.818 m in length. The relatively small decrease in length is unlikely to overcome the
technical difficulties associated with using an AG decelerator at low speeds, particularly if
a weak-field decelerator has to be used at the low-velocity end to achieve the final stages
of deceleration. Detailed numerical simulations of the deceleration of YbF in these two
proposed decelerators finds the six-dimensional acceptance of the weak-field decelerator
to be 352 mm? (ms~!)3, and of the AG decelerator to be 254 mm? (ms~!)3 [44].

To conclude, an AG decelerator can be designed to give better transmission and decel-
eration than the AG decelerator reported in this thesis, but this decelerator would become
very complicated for decelerating the molecules to rest. Simulations of this improved AG
decelerator, and of a 444-stage weak-field decelerator have found that there is little if any
length advantage to an AG decelerator, and a disadvantage in terms of phase space ac-
ceptance. It seems therefore that decelerating molecules in weak-field seeking states is a

much easier and more practical method of producing these slow-moving molecules.
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8.4 Outlook

An important motivation for the experiments reported in this thesis was the production
of a slow-moving beam of molecules for the measurement of the electron electric dipole
moment (EDM). The sensitivity of this measurement is discussed in section 1.3, and is
proportional to ﬁ, where N is the number of participating molecules, and 7 is the time
that they spend in the experiment. Therefore it is desirable to produce a high density
beam of many slow-moving molecules that spend a long time in the experiment.

CaF molecules in the [N = 4, My = 0) state have been decelerated from 342 ms~! to
247 ms~!, and further deceleration is possible by doubling the length of the decelerator.
These slow molecules ought to spend longer interacting with the fields in the electron EDM
experiment, and thus increase the sensitivity of the measurement. However, it can be
seen from the measured time-of-flight profiles, and the simulated profiles above, that the
number of molecules decelerated is a small fraction of the initial molecular beam. So 7
has been increased, but N has been vastly reduced.

It has been proposed to measure the electron EDM with trapped molecules [44]. An
AC trap for strong-field seeking ground state molecules and a ‘chain-link” DC trap [94] are
considered. The switching electric fields associated with the AC trap make it undesirable
for high precision measurements. The acceptance of such a trap for YbF molecules is
calculated to be about 50 mm? (ms~')3. The chain-link trap has no such problems with
switching fields, and is calculated to have a much greater acceptance of 10* mm? (ms—1)3.
This trap is thus investigated as the basis for a new experimental set-up to measure the
electron EDM. However, it is found in [44] that the motion of the molecules in the spatially-
inhomogeneous electric field in the trap causes rapid spin-decoherence, which limits the
value of 7 to a few milliseconds. This time is of the order of the time the supersonic
beam of molecules spends inside the current experiment, and so does not improve the
sensitivity of the experiment. Tarbutt et al. conclude that an alternative experimental
set-up which allows for a large coherence time would be a molecular fountain. Such an
experiment would make use of Stark decelerated molecules, as suggested by Bethlem et
al. in their design of a molecular fountain for precision measurements [95]. The molecules
exiting a Stark decelerator leave as a divergent beam, which limits their use in a long
experiment. To solve this problem Bethlem et al. propose using a sequence of quadrupole
fields to collimate the beam. By using quadrupole fields to increase the spread of transverse
positions in the molecular distribution, the velocity spread is reduced in order to maintain
a constant phase-space density. This method creates a wide, but collimated molecular
beam. In the experiment proposed in [95] a Stark decelerator slows NH3 molecules from
300 ms~! to 4 ms~!'. This beam is then collimated, with a final width of about 10 mm.

After the quadrupole lenses the molecular fountain travels up approximately 40 cm before
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the molecules turn over and fall.

A slow-moving molecular fountain can be used to provide a long coherence time for
a precision measurement. There is now an experiment beginning at Imperial College to
laser cool CaF molecules formed either by a supersonic or a buffer-gas source. One goal
of this project will be to provide slow molecules for a molecular fountain. This will be
performed either by direct laser cooling, or by a combination of Stark deceleration and
laser cooling. In this latter experimental set-up, transverse laser cooling will be used as
a ‘beam-brightener’ to increase the phase-space density in the initial beam. Longitudinal
cooling can then be used to bunch the molecules around a particular velocity class, vr.
This high phase-space density beam can then be loaded into a Stark decelerator with the
synchronous speed vgy,. = vr. In this way the Stark decelerator is used to decelerate a
large number of molecules which can then be collimated and form the fountain.

The experiments described in this thesis have investigated methods of controlling cold,
heavy, polar molecules. In addition, a spectroscopic study of CaF has confirmed that it is
a good candidate for laser cooling. It is fitting that these methods can now be combined

to provide a new, more sensitive measurement of the electron electric dipole moment.



Appendix A

Branching ratios

Matrix A.1 shows the branching ratios between the N = 0 and N = 2 levels of ground-
state CaF and the AZ2II 1, excited state, corresponding to the transitions shown in figure
4.1. Each row correspondQs to a ground electronic state, labelled by (N, F'; M), and each
column corresponds to an excited state, labelled by (F”’, MJ:). The two ground state N = 2

levels with F' = 2 are distinguished by a ‘+’ sign after the F' value, for the higher energy

level, and a ‘—’ sign for the lower energy level. The numerical values were calculated in
[62].
(0,0) (1,-1) (1,0) (1,1)
(0,0,0) 0 2/9 2/9  2/9
(0,1,-1)] 2/9 2/9 2/9 0
(0,1,0) 2/9 2/9 0 2/9
(0,1,1) 2/9 0 2/9  2/9
(2,2—,-2) 0 1/8 0 0
(2,2—,-1) 0 1/16  1/16 0
(2,2—,0) 0 1/48  1/12  1/48
(2,2—,1) 0 0 1/16  1/16 (A1)
(2,2—,2) 0 0 0 1/8
(2,1,-1) 1/9 1/36  1/36 0
(2,1,0)) 1/9 1/36  1/36 0
(2,1,1)] 1/9 0 1/36  1/36
(2,24, -2) 0 1/24 0 0
(2,24,-1) 0 1/48  1/48 0
(2,24,0) 0 1/144 1/36 1/144
(2,24,1) 0 0 1/48 1/48
(2,24,2) 0 0 0 1/24
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Appendix B

The Optical Bloch Equations and
Rate Equations

The analysis in this section is based, in part, on the derivation of the optical Bloch
equations given in [63].

Consider a two-level system, with states |1) and |2), separated by energy hiwg. Applying
near-resonant laser light of angular frequency wy, to this system mixes the two states, such
that the new state of the system is |a) = C1(t)|1) + Ca(t)|2). Let the radiation be plane-
polarized along the z-direction, with electric field at a given position, E(t) = Ey cos (wrt).
The Hamiltonian associated with the electric dipole interaction is f[dip =d-? Ej cos (wrt),
where d is the electric dipole operator. The matrix element (1|Hyip|2) = Eoz19 cos (wrt),
where z12 = (1|d;|2). The Rabi frequency is defined by ©Q = Eyzi2/h. The states |1)
and |2) are eigenstates of the field-free Hamiltonian, Hy. The time-dependent Schrédinger
equation (TDSE) in the presence of the applied light has total Hamiltonian Hyoy = Hy +
ﬁdip- Taking the field-free parts from both sides of the TDSE leave the equation for the
time-variation of the amplitudes C(t) and Ca(t):

dCy(t)
dt

dCs(t)

Haip [C1()[1) + Ca(8)|2)] = ih | [1) 7

+12)

(B.1)

Dividing by h and premultiplying both sides of equation B.1 by (1] and (2| respectively

gives:
. Cy(t . Co(t) _, : dCy (t
(1|Hgip|1) 1h( ) + (I\Hdip]2)2h()e_’w°t = Qcos (wpt)e ™ICy(t) = i c;t( ),(B.2)
. Ci(t) . Co(t . dCsy(t
mmmn;pwm+@mmm§ngmw%mwwﬁ):i gfma

The 2 x 2 density matrix associated with a two-level system is defined by the elements
pij, where p11(t) = [C1(t)[?, paa(t) = [Ca(t)]%, p12 = pby = C1(t)C5(t). pu1 and pao are
known as the ‘populations’ as they are a normalized measure of the populations of the

states, N1/N and Na/N respectively, where N is the number of systems interacting with
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the light field, N; is the number of systems in state |1) at a given time, and Nj is the
number of systems in state |2) at that time. Equations B.2 and B.3 can be written in

terms of the density matrix elements as

dpaa(t) _  dpn(t)

a dt = —iQcos (wrt) (€™ p1a(t) — e par (1)), (B.4)
Pl;it) _ Pgéit) — iQcos (wit)e ot (p1y(1) — pas(?)). (B.5)

Writing the cosine terms in equations B.4 and B.5 in terms of exponential terms renders
terms in these equations with either (wp+wr,) or (wp—wy,) in the exponent. The exponential
terms with (wp+wr) in the exponent are assumed to be very rapidly varying whose effects
‘wash out’ compared with the effects of the exponential terms with (wy — wy) in the
exponent. Henceforth these former terms are neglected, an approximation known as the
‘rotating wave’ approximation. For the sake of conciseness the remaining exponential
terms will be hidden by defining p12(t) = ei(“’O*wL)tpm(t) and po1(t) = e(WO*“L)tplg(t). So
far the lifetime of state |2) has been ignored. The effects of this lifetime can be included
in the equations for the populations and coherences by including its inverse, the excited

state decay rate, I, in equations B.4 and B.5 [63]. Equations B.4 and B.5 thus become

dpil?(t) _ _dﬁillt(t) = —%iQ (,512(t) - /521(t)> —Tpaa(?), (B.6)
dpi;t(t) _ dpzlt(t) %iQ(pll(t) _ p22(t)) 4 (Z (wo — wr) — F/Q). (B.7)

These are the optical Bloch equations. The state |2) decay rate can be generalized to
decay to many levels, not just state |1). The coherences reach steady state on the time-
scale of the state |2) lifetime. The molecules’ transit time through the laser probe beam
in the detection of CaF is much greater than this time-scale and so in the analysis of

laser-induced fluorescence it can be assumed that dfl% = dz% = 0. Equations B.6 and B.7

thus give:
1-
~ 592 (p11 — p22)
— _7ee) B.
P12 “io—1/2 (B.8)
1-
. —51Q (p11 — p22)
B.9
P21 6 —T/2 ) (B.9)

where 0 = wy, — wy is the laser detuning. Combining equations B.8 and B.9 into equation

B.6 gives the rate equation of the |1) and |2) state populations:

dpaz ro?
% = T2 4452 (p11 — paz) — Tp22 (B.10)
dNs
= W = R(5) (Nl _N2)_FN2a (B'll)
where R(J) = % is the laser excitation rate.



Appendix C

Stark interaction in a rotating

frame

The analysis in this appendix is based on material from [55].

Consider a molecule initially in state |N, My) in field state 1 of the 100-stage decel-
erator (see figure 5.4). During the switch from state 1 to state 2 the electric field changes
magnitude and rotates about the y-axis (the beam-line axis) with a time-varying angular
rotation rate w(t). During this switch the molecule is in the time-varying state |«), the
evolution of which is given by the time-dependent Schrédinger equation:

0

H(t)|a) = ihla).

(C.1)

Transformation of the Schrodinger equation and molecular states from the laboratory-fixed
frame to the rotating frame that follows the electric field is performed by applying the
rotation operator, D= exp (—Nyﬁ(t) / h), where Ny is the angular momentum operator
associated with the rotation about y, and the angular rotation rate is given by w(t) = %Sf).
In this rotating frame the state is given by |a/) = 15|a>, governed by the Schrodinger

equation:

. -0 /-
/ n_+pHY —1| .t
H'(t)]a') = ihD (D |a>), (C.2)
R . A . .. A—1 .. 0D=1 _ iN, 88(t) A—
where H'(t) = DH(t)D~!. Noting that the first derivative of D! is agt = ——ag)D !
gives:
nfa 0 i« OB(t) ~_
/ / o 1Y v 1y .7
H'(t)|o'y = 1ihD {D 8t!o¢>+h]\7y 5 D a)]
_ . a / a /
= dhg o) — Nyz 6(t)|a’)
~ 0B(t) L, 0
/ N —ih o
= <H(t)+Ny o )\a) Zh8t|a> (C.3)
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In the following analysis the terms in the Hamiltonian on the left-hand side of equation
C.3 are written Hyo(t) = H'(t) + w(t)N,. H'(t) satisfies the eigenvalue equation, eval-
uated at time ¢, H'(t)|N, My) = Wy (£)|N, My). Applying the identity operator,
don vy W, M) (N, My| to both sides of equation C.3 and premultiplying by (N, M|

gives:

Sty N Mgl Hior (DN, M) (N, My o)
= ih Y a7 My (IV M)V, Myla))

= B Sy [(W,Mmgw, My) ) (N, Myol)

N M N, M) (GO, MNyo/>)]

! ! 2 . 0 / . 0 ! ! /
= > <N,MN]<Htot(t)—zhat> N My) (N, Myla') = ihis (N, Myla)  (C.4)

NvMN

Now H'(t) = DN My H' (H)|N, MNYN, My| = YNy WN My N M) (N, M|, and so:

%H,() - Z [<§tWNMN( )> N, M YN, M|

N, My

0
+Wnr iy (t) <0t|N’ MN>> (N, M|

FWnr e (8, M) <§t</v, MN|> ] |

= VML W, M) = Waeany (I, MY IN, My)
W (8 (8t<N’,M;Vr> N M), (C5)
The last term in equation C.5 can be rewritten using the following equation!:
(1 A7 ML) IV M) = = V", M 2 N M) (©6)
Equation C.5 thus simplifies to:
N M)W M) = (Wacar (1) = Wiy (0) VMG, M), (©7)

Equation C.7 gives an expression for the second term on the left-hand side of equation

C.4, which now becomes:

Z/\/MNUW N‘(Htot( )
WN J\/INthN" M’ gtH,( )) ’N7 MN><N7 MN‘O/> = Zh%U\[',MJ'V\a’)
(C.8)

YN MIN, M) = (5 NV M) IV, M) + (N, M| 5 IN, M) =0
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Finally, f[tot(t) can be written in terms of its constituent parts, and the H (t) term can
be taken out of the matrix element as it has eigenvalues [N, My). Defining War ar, —

WN’»MI'V = Iwgep:

Wiy (N, My le)
oy W MY | (w(ORy = 25 8 1(0)) N My) (N, Myla) = in G N, Myla').
(C.9)

Equation C.9 describes the evolution of the state |a/) as a result of the electric field rotating

(first term in the matrix element) and changing in magnitude (second term in the matrix

element).
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