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Abstract
During 2018, the ATRAP collaboration demonstrated the production of 5 � 2 trapped

antihydrogen per trial. Improved positron accumulation increased reliability and reduced

loading times, making 1.5 million positrons available for antihydrogen production every 15

seconds. This led to a better understanding the positron plasma within the ATRAP nested

Penning-Io�e trap. More recent progress on a CW Lyman-alpha laser at 121 nm is presented.

The goal of the laser is to produce 1 �W of continuous, coherent Lyman-alpha radiation

by four-wave mixing in mercury. Simulations of a Zeeman slower with nested radial trap

suggest that such a laser can slow hydrogen to increase atom 
ux at 40 m/s by a conservative

factor of 5 to 10.
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Chapter 1

Introduction: antihydrogen and

hydrogen spectroscopy

This review of hydrogen and hydrogen spectroscopy illustrates the substantial improve-

ments o�ered by a decelerated hydrogen beam. The comparison of hydrogen and antihydro-

gen are also discussed. Both provide insight into the Standard Model.

1.1 The Rydberg contant

The Rydberg constant in the International System of Units (SI) is:

R1 =
� 2mec
4� ~

(1.1)

where � is the �ne structure constant, me is the rest mass of the electron,c is the speed

of light, and ~ is the reduced Planck's constant. With the SI de�nitions of~ and c, the

measurement ofR1 is a probe of� 2me. The measured value of Rydberg constant is:

R1 = 1:097 373 156 8159 (21)� 107 [1]: (1.2)

1



This value re
ects recent measurements made of hydrogen [2{4] and muonic hydrogen [5].

The Rydberg constant is one of the highest precision measurements of physics and is a key

to determining the �ne structure constant, � [6,7].

This chapter summarizes the importance of the Rydberg constant. Section 1.2 looks

into the role of � in the standard model to motivate precise measurements of the Rydberg

constant. Section 1.3 dives into the corrections of the hydrogen atom to measure the Ryd-

berg. Section 1.3.2 discusses the complication of the proton charge radius,rp. Section 1.4

discusses how the Rydberg in antimatter can illuminate physics beyond the standard model.

Finally, Section 1.5 motivates improved cooling and interrogation techniques for hydrogen

spectroscopy to measure the Rydberg constant and the proton charge radius.

1.2 The �ne structure constant

The Rydberg constant and the electron mass,me, determine the �ne structure constant.

In practice, however, determining the electron mass,me, complicates the matter. The mass

of other species and the mass ratio of those species to the electron typically have higher

precision than direct measurements ofme. Thus

� (X ) =
�

4�R 1

c
A r (X )
A r (e)

~
m(X )

� 1
2

; (1.3)

where the atomic mass of an atom of massm(X ) is A r (X ) = m(X )=mu, and mu =

m(12C)=12. ThusA r (X )=Ar (e) = m(X )=me. Table 1.1 gives the accepted values forA r (X )

for species of interest measured from trapped ions in a Penning trap.

The largest relative uncertainty comes from measuring the absolute mass,~=m(X ), us-

ing atom interferometry and the recoil velocities of the atoms. A Ramsey scheme with a

well-known narrow line transition can increase the precision of such a measurement. The

absolute mass measurements of rubidium and cesium atoms are signi�cantly less precise

than the other ingredients determining� . Table 1.2 lists the measured values for the abso-

2



Species A r (X ) Ref
e� 0.000 548 579 909 065 (16) [8,9]
1H 1.007 825 032 241 (94) [1,10{12]

87Rb 86.909 180 531 2 (65) [1,11,13,14]
133Cs 132.905 451 961 0 (86) [1,11{14]

Table 1.1: Table of relative atomic masses typically used in calculating the �ne structure
constant.

lute mass of rubidium and cesium determined by photon recoils. These values lead to two

independent determinations of the �ne structure constant. Unfortunately, these values di�er

from one another by 5 standard deviations. The groups making these measurements seek to

understand the discrepancy's source.

Species h=m(X ) (m/s) Ref
87Rb 4.591 359 258 90 (65)� 10� 9 [6]

133Cs 3.002 369 472 1 (12)� 10� 9 [7]

Table 1.2: The absolute atomic masses used to calculate the �ne structure constant.

Species � � 1

87Rb 137.035 999 206 (11)
133Cs 137.035 999 046 (27)

Table 1.3: Table of values inferred for the �ne structure constant.

The �ne structure constant is required for a Standard Model prediction of the electron

magnetic moment:

� s;e = �
ge

2

�
e~

2me

�
= �

ge

2
� B : (1.4)

The Standard Model predicts the electron g-factor,ge, as an expansion of the �ne structure

constant and corrections from weak and hadronic sectors.

ge

2
= 1+ C2

� �
�

�
+ C4

� �
�

� 2
+ C6

� �
�

� 3
+ C8

� �
�

� 4
+ C10

� �
�

� 5
+ :::+ a�;� + ahadron + aweak: (1.5)

The electron g-factor is the highest precision prediction of the Standard Model. Our re-

search group has recently published the highest precision measurement of a property of an

3



elementary particle [15],
ge

2
= 1:001 159 652 180 59 (13); (1.6)

to test this prediction. The di�erence in experimental and theoretical values (inferred from

the � measured with 87Rb) for the factor ge=2 is (3:41 � 1:64) � 10� 13. A more precise

comparison could hint at physics beyond the standard model if the two diverge.

1.3 The unperturbed energy levels of hydrogen

The Rydberg constant is the fundamental constant that comes from hydrogen spec-

troscopy. In 1888, Johannes Rydberg generalized the Balmer series of hydrogen to include

any hydrogen transition:
1
�

= RH

�
1
n2

1
�

1
n2

2

�
; (1.7)

where RH is a modi�ed Rydberg constant for hydrogen andn1 and n2 are the principal

quantum numbers of the respective hydrogen energy levels. The modi�ed Rydberg constant,

RH , is related to the Rydberg constant,R1 , by:

RH = R1
mp

me + mp
: (1.8)

Higher order quantum e�ects slightly shift the energy levels to [1]:

Enlj = �
2� ~cR1

n2
(1 + � nlj ) : (1.9)

1.3.1 Dirac soultion

In 1928, Paul Dirac used spinors to solve the hydrogen atom. The energy for an in�nitely

massive nucleus is solved exactly as

ED = [ f (n; l; j ) � 1]mec2; (1.10)
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where

f (n; l; j ) =

2

41 +

 
Z�

n � j � j +
p

j� j2 � (Z� )2

! 2
3

5

� 1
2

: (1.11)

The atomic charge,Z , is included because the corrections are typically organized in in-

creasing order of (Z� ), and � is the angular-momentum-parity quantum number de�ned

as:

� (l; j ) = ( � 1)j � l+1 =2(j + 1=2): (1.12)

The total angular momentum quantum number,j , is the magnitude of the sum of the orbital

angular momentum,l, and the electron spin,s. The single electron of hydrogen with two

available spin states implies that each level n has only two degenerate values of� . Table 1.4

lists a few examples, including their complete spectroscopic notation. Including the �nite

mass of the nucleus of a hydrogen atom gives:

Enlj = [ f (n; l; j ) � 1]mr c2 � [f (n; l; j ) � 1]2
m2

r c2

2(me + mN )
+

1 � � l0

� (2l + 1)
(Z� )4m3

r c2

2n3(me + mN )2
+ :::

(1.13)

where the reduced massmr is present,mr = memN =(me + mN ), and mN is the mass of the

nucleus. This breaks the degeneracy of thenS1
2

and nP 1
2

levels.

1.3.2 Proton charge radius

Due to the overlap of the electron wave function with the nucleus, the proton's charge

radius also shifts the energy levels of hydrogen for S levels on the precision of modern

measurement. This e�ect, commonly called the �nite nuclear size, is due to the reduction

in the electric �eld the electron experiences inside the nucleus. For hydrogen, the nuclear

size should directly measure the proton size. Calculations must include higher-order terms

in (Z� ) than those in Equation 1.13. Most of these contributions disparately shift the S

states most sensitive to the proton charge radius. These corrections include the electron

self-energy [16{18], vacuum polarization, and relativistic recoil of the nucleus [1, 19, 20].
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Spectroscopic notation n l s j �
(n2s+1 l j )

12S1
2

1 0 1
2

1
2 -1

22S1
2

2 0 1
2

1
2 -1

22P1
2

2 1 1
2

1
2 1

22P3
2

2 1 1
2

3
2 -2

32S1
2

3 0 1
2

1
2 -1

32P1
2

3 1 1
2

1
2 1

32P3
2

3 1 1
2

3
2 -2

32D 3
2

3 1 1
2

3
2 2

32P5
2

3 1 1
2

5
2 -3

Table 1.4: Table of allowed values for the �rst three principle hydrogen energy levels. For
single electron atoms like hydrogen, the electron spin portion of the spectroscopic notation
is often omitted for brevity.

Calculations of QED up to (Z� )4, the leading order of the proton charge radius, include

corrections up to three photons.

The lowest order shift due to the proton charge radius is:

E (4)
fns =

2
3

mec2 (Z� )4

n3

�
mr

me

� 3 � rN mec
~

� 2
� l0 (1.14)

where rN is the nuclear charge radius. In hydrogen, this is directly the root-mean-squared

charge radius of the proton. Disagreement exists between values measured in muonic hy-

drogen systems [5, 21], in hydrogen spectroscopy [22{24], and in electron scattering sys-

tems [25{27]. Knowing the proton charge radius from another measurement is necessary

to determine the Rydberg constant in hydrogen. The 1S-2S transition measures the Ryd-

berg constant, and another transition, such as 2S-4P, is used to measure the proton charge

radius. Thus, hydrogen measurements report the Rydberg and proton charge radius as

pairs. While the most recent measurement of the proton charge radius in hydrogen has

rp = 0:8335(95) fm [2], a 3.3 sigma deviation remains between the previous measurements

and muonic measurements. Additional spectroscopic precision in this range could aid in a

better understanding of the proton charge radius.
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1.4 Testing CPT invariance

Comparing measurements in the Rydberg constant in hydrogen and antihydrogen tests

the fundamental CPT invariance of the Standard Model. Charge conjugation (C), parity

inversion (P), and time reversal (T) characterize the CPT transformation. CPT invariance

says mirrored antimatter going backward in time is the same physics as ordinary matter

going forward in time. The CPT theorem is intrinsic to the Standard Model as any \local,

Lorentz covariant �eld theories of point particles" possesses this symmetry [28, 29]. The

Standard model relies on locality, Lorentz covariant �elds, and fundamental point particles

to predict the electron g-factor and corrections to the hydrogen energy levels. Figure 1.1

summarizes the fractional precision of the ongoing matter-antimatter symmetry tests. CPT

symmetry is remarkable because the Standard Model is not invariant under C, P, and T

symmetries. For example, P and CP were violated by the weak interaction [30] and neutral

kaon systems [31], respectively.

Figure 1.1: Fractional precision of matter-matter tests taken from [32, 33]. The color in-
dicates the system: leptons (blue), baryons (green), mesons (gray), bosons (orange), and
lepton-baryon bound state (red).

Despite the consistency of predictions made by the Standard Model on the quantum scale,

the Standard Model is lacking. The Standard Model does not include a form for gravity.

7



Additionally, astronomers use dark matter and dark energy to account for inconsistencies

in orbital speeds and in
ation. The Standard Model has yet to have an obvious candidate

for either. The most compelling need for additional physics, however, is that the current

amount of CP violation in the Standard Model is insu�cient to describe the current matter-

antimatter balance of the universe. The \Sakharov conditions" describe that baryon number

violation, additional C and CP violation, and thermal nonequilibrium [34] are necessary to

explain the prevalence of matter. However, only a baryon number violation is needed when

a CPT violation occurs [35].

1.5 Narrowing and correcting observed lineshapes in

hydrogen and antihydrogen

High-precision measurements of transitions in hydrogen and antihydrogen necessitate un-

derstanding the lineshape model and systematic corrections that can modify a transition's

resonance. For antihydrogen, magnetic �elds trap atoms (further discussed in Section 2.2).

For hydrogen, measurements are carried out with a cryogenic beam. In both cases, the

atoms are nearly in thermal equilibrium before the laser �eld's interrogation. For antihy-

drogen, the magnetic trap depth restricts the kinetic energy of atoms. In a hydrogen beam,

the temperature of a cold contact surface thermalizes the atoms. Even nozzles with a single

guaranteed surface contact can thermalize hydrogen beams to the nozzle temperature [36].

Any velocity-dependent e�ects must be averaged over the thermal distribution. Careful

consideration of the Voigt pro�le must be made when working with a thermal beam. For

instance, the observed linewidth of the 1S-2S transition in hydrogen is nearly three orders

of magnitude greater than its natural linewidth [4]. The same measurement in antihydro-

gen is nearly four and a half orders of magnitude greater than the natural linewidth [33].

Reduced observed linewidths would lead directly to improved hydrogen and antihydrogen

spectroscopy.
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1.5.1 Transit time broadening

The time the atom traverses a laser �eld determines a Fourier transform limited energy

width related to the Heisenberg Uncertainty Principle,

� E � t �
~
2

: (1.15)

The time window leads to a blurring of the energy width of the line. This e�ect simpli�es

to give broadening of the line:

� � transit =
1
T

=
v
d

; (1.16)

where T is the time the atom sees the laser �eld,v is the velocity of the individual atom,

and d is the distance the atom travels in the laser �eld. Cooling the trapped atoms reduces

transit time broadening by reducing the fraction of their trapped orbit outside the laser �eld.

Slowing down an atom in a beam reduces transit time directly. Increasing the interrogation

time is a viable solution for trapped and beam atoms. However, when populating the 2S

state, ionization causes population loss. Atoms moving at di�erent speeds have their lines

blurred by di�erent amounts, so knowing atoms' �nal velocity distribution and trajectories

in the laser �eld improves lineshape models in both cases. On a per-atom basis, however, a

�fty percent reduction in velocity is a �fty percent reduction in the transit time broadening.

So slower atoms are preferred.

1.5.2 First-order Doppler shift

Atoms moving causes a shift in the resonant frequency. The lowest-order shift for a single

photon is

� (1)
Doppler = �

~k � ~v
2�

; (1.17)

where ~k = (2 �=� )k̂ is the wavevector for a transition with vacuum wavelength� . For a

thermal population of temperatureT, this is a broadening mechanism by convolution with
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the velocity distribution. The resulting Doppler width for a 3D gas is

� � (1)
Doppler = f 0

s
8kbT ln (2)

matom c2
: (1.18)

While the exact Doppler width of atoms will depend on how those velocities are distributed,

again, on a per-atom basis, the shift scales linearly with the atom velocity motivating slower

atoms.

1.5.3 Second-order Doppler shift

The 1S-2S transition can be excited by two 243 nm photons from counter-propagating

directions. Canceling wavevectors makes the 1S-2S transition insensitive to the �rst-order

Doppler shift. However, the 1.3 Hz natural linewidth of the 1S-2S transition can be increased

by the second-order Doppler shift. The speed of the hydrogen atom visibly slows its \internal

clock." The second-order Doppler shift is

� (2)
Doppler = � f

v2

2c2
: (1.19)

The broadening however is determined by a convolution of the thermal velocity distribution.

Slower beams limit the shift and broadening. However, the uncertainty from the second-

order Doppler shift also bene�ts from having a narrower velocity distribution. Regardless,

the takeaway again is that slower atoms will produce a better measurement.

1.5.4 Magnetic �elds

Magnetic �elds additionally perturb the energy levels described due to the interaction

of �ne structure, hyper�ne structure, and Zeeman shifts. The shift from the centroid of the
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levels for the �ne structure is

� E = �
(Z� )2

n3

�
1

j + 1=2
�

3
4n

�
: (1.20)

The lamb shift and proton size corrections also contribute to the energy change but only

a�ect S states.

The Hamiltonian describing the hyper�ne structure is

Hhfs = Ahfs

~I � ~J
~2

+ Bhfs
(3=~2)( ~I � ~J ) + (3 =2~)(~I � ~J ) � I (I + 1) J (J + 1)

2I (2I � 1)J (2J � 1)
: (1.21)

Only the magnetic dipole interaction applies to hydrogen,jI j = 1=2. The electric quadrupole

is important for deuterium, jI j = 1. The Zeeman e�ect on levels with de�ned spin and

angular momentum quantum numbers is described by the Hamiltonian:

HB =
� B

~
(geSz + gL L z)Bz; (1.22)

where gL is the angular momentum g-factor, (gL � 1 � me=mN ). Figure 1.2 shows the

combination of all these e�ects on energy eigenvalues. Each line adiabatically follows the

mixing of eigenstates. As an atom travels in a nonuniform magnetic �eld, the resonance

shifts. So lengthy interrogations in nonuniform magnetic �elds must consider the sampled

�eld. In a magnetic trap, an atom samples the nonuniform magnetic �eld from the trapping

gradients. This can signi�cantly broaden an observed linewidth. Even when hydrogen

atoms are cooled to their recoil limit, it takes nearly 1 mT to con�ne the atom in a magnetic

trap. The smallest residual scaling on the 1S-2S transition is� 360 Hz/mT depending on

the hyper�ne states used. This system can also be challenging to model without assuming

the trapped trajectories that are populated. Cooling the atoms in a magnetic trap can

signi�cantly reduce this e�ect. Cooler atoms do not have the kinetic energy to move into

regions of higher magnetic �elds and spend more time near the lowest magnetic �eld in
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Figure 1.2: Briet-Rabi diagram of hydrogen Zeeman splitting.

the potential. Making the magnetic �eld uniform over the beam's interrogation length is

possible. So while less of a concern for a beam, a magnetically trapped population bene�ts

from cooled atoms

1.6 Thesis contents

This thesis details e�orts to produce antihydrogen to measure the 1S-2S transition as the

�rst step to determining the Rydberg constant in antihydrogen. The leading systematics

in hydrogen measurements motivate the deceleration of a hydrogen beam. As such, a CW

Lyman-alpha laser is developed with simulations that show promising results to cool the

hydrogen in a guided Zeeman slower.

This thesis covers the various topics of my graduate studies. When I initially joined

the ATRAP collaboration, I worked to build the optical side port 
anges for the Io�e trap.

When we discovered a cold leak in the helium vacuum space of the Io�e trap, I organized
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replacements for the leaky components. Afterward, my focus shifted toward the design of the

1S-2S build-up cavity. Following my arrival at CERN, the building and testing of the cavity

was concurrent with work on the positron line, where I reduced the steering burden and

optimized the loading rate. The ELENA upgrade at the AD loomed, and degrader options

needed to be considered so that prototypes could be constructed. Shortly after, ATRAP

stopped participating at the Antiproton Decelerator. Plans were already underway for a

CW Lyman-alpha system. I then designed, built, and tested the mercury vapor apparatus.

During this time, the fundamental lasers for the four-wave mixing scheme took turns needing

to be repaired. Regardless, signi�cant progress towards the CW Lyman-alpha laser was able

to occur.
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Chapter 2

ATRAP apparatus

The ATRAP apparatus is a combination of cryogenic vacuum spaces and particle traps.

The apparatus is designed to capture antiprotons with positrons in order to form antihy-

drogen. This chapter focuses on the theory and unique features of these traps used for

antihydrogen production from 2017-2018.

2.1 Charged anti-particle con�nement

2.1.1 Single particle in an ideal Penning trap

ATRAP produces antihydrogen by mixing trapped antiprotons and positrons (antielec-

trons). So a prerequisite must be to con�ne and hold the antiprotons and positrons sepa-

rately. One of the most straightforward schemes for con�ning a charged particle is a Penning

trap [37]. The mechanics of multiple charged particles are an extension of the single-particle

theory. The single particle mechanics will be covered �rst.

A charged particle in a magnetic �eld travels in an orbit around a �eld line, free to

translate along the �eld line. A Penning trap then superimposes an electric �eld to con�ne

the charged particle in the axial direction to an electrostatic minimum. If the magnetic �eld

can be considered uniform,~B = Bzẑ, then the lowest order electrostatic potential needed to
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con�ne the charged particle is as follows:

� =
V0

2d2

�
z2 �

1
2

� 2

�
; (2.1)

d2 =
1
2

�
z2

0 +
1
2

� 2
0

�
: (2.2)

d is the characteristic length of the trap based on the distance from the center endcap

electrodes,z0, and the distance from the center to a ring electrode.V0 is the voltage di�erence

between the endcaps and the ring. Figure 2.1 shows the most straightforward realization of

this con�guration using hyperbolic electrodes.

Figure 2.1: Diagram of a hyperbolic Penning trap used in charged particle trapping. This
con�guration gives an ideal quadratic potential. Taken from [37].

Single particle dynamics

The Lorentz force exerted by the ideal �elds yields the following equations of motion:

•x =
qV

2md2
x +

qB0

m
_y; (2.3)

•y =
qV

2md2
y �

qB0

m
_x; (2.4)
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•z = �
qV
md2

z: (2.5)

The quantity qB0=m is the cyclotron frequency,! c of the charged particle of chargeq and

massm. ! 2
z = qV=md2 describes an axial oscillation along the direction of the �eld or

the axial frequency,! z. The radial motion can be combined into a single equation for a

coordinateu = x + iy .

•u = i! c _u �
! 2

z

2
u = 0 (2.6)

The linear combination of oscillations at two frequencies! � solves this motion :

! � = �
! c �

p
! 2

c � 2! 2
z

2
: (2.7)

Positive frequencies are right-handed and negative frequencies are left-handed with respect to

ẑ. ! + is often called the modi�ed cyclotron frequency and! � is often called the magnetron

frequency. These frequencies naturally fall into a hierarchy when subject to the 1 Tesla

magnetic �elds of ATRAP and 100 V/cm electric �elds from the electrodes:

j! + j > j! zj > j! � j: (2.8)

Plasma dynamics

In the ATRAP apparatus, the goal of con�ning multiple antiatoms coupled with the

losses associated with mixing positrons and antiprotons motivates using plasmas of 104

to 108 charged particles. Theory and observation suggest the plasma is a nearly uniform

density ellipsoid [38,39]. Each individual charged particle experiences a modi�cation to its

electrostatic potential due to its neighbors, and the plasma rotates collectively at frequency

! r . The potential of this uniformly dense plasma is characterized by the following:

� (�; z ) =
m
2q

! r (! r + ! c)� 2: (2.9)
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� is the distance from the center of the cloud in the radial direction. Using this to solve

Poisson's equation, the density of the cloud is:

n = �
2� 0m

q2
! r (! r + ! c): (2.10)

From this relation it is seen that ! 2
p = � 2! r (! r + ! c), where ! p is the plasma frequency.! r

and ! c are in opposite directions. In the case wherej! r j << j! cj such as in the ATRAP

Penning trap, the ! 2
r term can be dropped:

! r = �
nq2

2m� 0! c
= �

! 2
p

2! c
= �

nq
2� 0B

: (2.11)

Faster spinning plasmas are denser in the same magnetic �eld.

2.1.2 Cylindrical Penning trap

The ideal Penning trap described above is complicated to load with antimatter which will

annihilate by collision with the endcap. The superimposed potentials of several cylindrical

electrodes closely approximate the ideal potential while now being straightforward to load

[40]. A single electrode, when all other electrodes are set to zero, can be represented as a

solution to Laplace's equation:

r 2� = 0 : (2.12)

In cylindrical coordinates, this yields three di�erential equations to solve for the separable

� = R(� )Z (z)Q(� ).
d2

d� 2
Q(� )) + v2Q(� ) = 0 (2.13)

d2

dz2
Z(z) � k2Z(z) = 0 (2.14)

d2

d� 2
R(� ) +

1
�

d
d�

R(� ) +
�

k2 +
v2

� 2

�
R(� ) = 0 (2.15)
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For the case of a single electrode with extending fromz = � c=2 to z = c=2 with radius

� = a inside a grounded cylindrical tube also of radiusa but extending past the electrode

from z = � L=2 to z = L=2 has the solution of [41]:

�( �; z; � ) =
1X

m=0

1X

n=1

Amn cos (m� ) cos (n�z=L )I jmj(n��=L ): (2.16)

Here I jmj is a Bessel function of the �rst kind of real order. If the electrode is biased in a

way that is separable inz and � , V(z; � ) = V0f (z)g(� ),:

Amn = (2 � � m0)V0

� Rc=2
� c=2 dzcos (n�z=L )f (z)

� � R2�
0 d� cos (m� )g(� )

�

2�LI jmj(n�a=L )
: (2.17)

The cylindrical electrode hasf (z) = g(� ) = 1. The full e�ect of a rotating wall electrode

is a sum of a biased cylindrical electrode and the rotating wall drive. From this, desired

potential wells can be constructed from the potentials from a set of electrodes.

2.1.3 ATRAP Penning Trap

The ATRAP Penning Trap is constructed from the superposition of cylindrical electrodes

with a magnetic �eld. A persistent superconducting solenoid, energized with 41.363 A,

generates a magnetic �eld of 1:0653 Tesla at the windings' center. The center is uniform to

1:5 parts in 10� 4. This uniform region is 50 cm long and has a radius of 5 cm. The magnet

is capable of up to 2.7 Tesla. A �eld of that magnitude a�ects the critical current and the

trap depth of the Io�e trap in Section 2.2, so the lower value is used. The magnet is cooled

with liquid helium to 4.2 K to keep it superconducting. A liquid nitrogen shield prevents the

bulk of the room-temperature black body radiation from reaching the liquid helium space

of the magnet. Both the liquid helium and liquid nitrogen must be topped up once every

week.

The electrodes in ATRAP di�er in the upper and lower stacks. The ten 18 mm radius
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Figure 2.2: Diagram ATRAP electrode stack to catch and mix antiprotons with positrons
to form antihydrogen. Taken from [42].

lower electrodes capture and spin up antiprotons. The capture method is described more

in Section 3.4. The upper twenty-one 34.1 mm radius electrodes are connected via a cone

electrode. The cone helps smooth the transition from the lower to the upper electrodes. The

upper electrodes have a much larger inner diameter to accommodate the magnetic trapping

potentials used for antihydrogen. Some electrodes in the upper stack also include laser access

holes for laser cooling and 1S-2S spectroscopy.
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2.2 Neutral antiparticle con�nement in a Io�e trap

The electric �elds of the Penning trap do not con�ne neutral antihydrogen atoms. We

thus superimpose a magnetic �eld gradient called an Io�e trap to con�ne the antihydrogen as

it forms. Antihydrogen and hydrogen have identical splittings as far as has been measured.

Figure 1.2 shows the Zeeman splitting of the 1S levels. Two of the four hyper�ne levels

increase in energy as a function of the magnetic �eld. A magnetic �eld gradient traps these

\low �eld seeking" states. Near 1 Tesla, the slope of the Zeeman splitting of both hyper�ne

levels is roughly 14 GHz/T.

Figure 2.3: The magnetic minimum forms at the center of the con�guration. (A) A
quadrupole trap has four current bars of alternating current directions. (B) An octopole
trap has eight current bars. The mathematical description of an Io�e trap uses n, which is
half the number of current bars. Taken from [43].

An Io�e trap produces a magnetic �eld minimum that can trap antihydrogen. The ideal

Io�e trap consists of alternating current bars in pinch coils. Examples are shown in Figure

2.3. The �rst nonzero term from the generated magnetic �eld of an ideal Io�e trap is:

~B(�; � ) = B0

�
�
� 0

� n� 1 h
cos(n� )�̂ + sin( n� )�̂

i
: (2.18)

Without the addition of other �elds (such as the 1 Tesla solenoid used for the Penning Trap),

this magnetic �eld scales as (�=� 0)n� 1 for a quadrupole trap (n=2) and an octopole trap

(n=4). Both con�gurations have their advantages and drawbacks. A quadrupole trap at

the same (�=� 0) with the same B0 can achieve more trapping potential. An octopole trap

will have a smaller �eld gradient at the center, which helps reduce Zeeman broadening while
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performing spectroscopy.

Figure 2.4: Cross-section of the ATRAP Io�e trap. The ATRAP Io�e magnet consists of
four NbTi superconducting coils embedded in a G10 block. Taken from [43].

2.2.1 ATRAP Io�e trap

In the presence of a signi�cant bias �eldBz, such as the 1 T solenoid, the magnitude of

the magnetic �eld is not as in the ideal Io�e trap.

j ~B j =

s

B 2
z + B0

�
�
� 0

� 2(n� 1)

(2.19)

The bias �eld has three crucial e�ects on the trap. The bias �eld 
attens the center �eld

gradient, reduces the trap depth, and suppresses Majorana spin 
ips, switching the anti-

hydrogen to a \high �eld seeking state." The reduction of the e�ective trap depth of the

Io�e trap is unattractive when catching as much antihydrogen as possible. The ATRAP

Io�e magnet also includes a bucking coil to cancel the �eld from the pinch coil in the trap's
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center, increasing the trap depth. The combined potential can be seen in Figure 2.5.

Trap Trap Quadrupole Octopole Pinch Bucking
con�guration Depth Coil Coil Coil Coil

(mK) (A) (A) (A) (A)
Quadrupole 526 0 470 310 -264

Octopole 405 680 0 210 -179

Table 2.1: Currents for generating particular Io�e trap con�gurations.

Figure 2.5: The �eld magnitude and corresponding trap depth of the ATRAP Io�e trap
with coils energized for the con�gurations in Table 2.1. Colors indicate the quadrupole trap
(green), octupole trap (blue), and the penning trap electrodes (red). Dashed lines indicate
the ideal Io�e trap without the 1 Tesla bias. Taken from [43].

The coil windings of the octopole trap, seen in Figure 2.7, must jog slightly to make room

for the laser access ports. This excursion distorts the octopole trap to the potential shown

in Figure 2.5. This distortion moves the trap minimum o�-center and makes it toroidal.
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Figure 2.6: Illustration of the equipotential lines of the magnetic trapping potential in
mK. The laser access holes near the electrodes UV1, UV2, and CS necessitate jogs in the
octopole coil. The jog in the octopole coil shifts the octopole trap (a) minimum from that
of the quadrupole trap (b). Taken from [43].

2.3 Summary

The theory behind and distinct characteristics of the ATRAP antihydrogen apparatus

are discussed. A cylindrical Penning trap manipulates charged plasmas. The �eld gradient

of an Io�e trap con�nes neutral antihydrogen. The Io�e trap is capable of both octopole and

quadrupole potentials. The inclusion of laser access ports distorts the octopole potential.
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Figure 2.7: The (green) quadrupole and (blue) octupole coils are shown from two perspec-
tives. (a) A cross-section at the magnets midpoint in the middle of the laser access ports.
(b) The unraveled view shows the extent of jogs in the octupole windings. Taken from [43].
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Chapter 3

Antihydrogen Procedures and Results

The manipulation of plasmas in the traps can be quite challenging. This chapter sum-

marizes the additional procedures developed in our ATRAP collaboration for preparing and

measuring quantities of the plasmas. The preparation, taken together with the mixing,

formed the basis of procedures used for antihydrogen production in 2018. Results of trap-

ping are also reported.

3.1 Plasma diagnostics

3.1.1 Particle counting

Following Equation 2.11, plasma dynamics are governed by its density. The density

can be inferred if the number of particles in the plasma and the rotation frequency are

determined. The rotation frequency is discussed in Section 3.3.2.

The �rst method of counting particles is to look at annihilation products. Antimatter

annihilates against the walls of the trap. Positrons annihilate with electrons, releasing

gamma rays. Antiprotons annihilate with protons to produce pions. Several scintillating

�bers and paddles surround the ATRAP apparatus to count annihilation products. The

trap partially shields the annihilation products from the detectors, so this method is cross-
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Figure 3.1: Cross section of the inner ATRAP apparatus.

checked with the second method. While counting particles this way, an electrode with

trapped particles decreases voltage and eventually inverts. The plasma spills out along the

�eld lines. A high-speed digital-to-analog converter (HSADC) and a multi-channel scaler

(MCS) record the voltage of the electrode and the scintillation counts from the �bers and

paddles, respectively. From these counts, the number of antiparticles can be inferred.

The second method for counting particles relies on their charge. When the charge is de-

posited on a surface, charge-sensitive preampli�ers (Amptek A250) can count the deposited

charge. While any metal surface can count the charges, the degrader at the bottom of the

lower stack is the standard target surface. The charge pulse couples out via a bias tee into

the charge-sensitive preampli�er. The degrader is also held at a slightly positive voltage to

suppress the release of secondary electrons. The electrodes from the trapping electrode to

the degrader are biased to form a gradient to guide all charged particles to the degrader.
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Figure 3.2: ATRAP detectors. Taken from [42].

Like the annihilation method, the electrode is then ramped down in 75 ns increments by 5

V steps and eventually inverted.

The annihilation detectors were typically used for smaller numbers of particles or as a

consistency check for the charge counting on the degrader. Charge counting on the degrader

is consistent for plasmas of more than 10 million particles and becomes noisy at 105 particles

given our ampli�er gain choices.

3.1.2 Mode measurement

A non-destructive way to access the geometry of the charged plasma is to look at its

axial modes. Equation 2.11 describes the rotation. The lowest order of the axial modes is

characterized by! z from Equation 2.5. Plasma's higher-order axial modes have frequencies

that di�er from ! z. Only very 
at plasmas along the magnetic �eld direction have identical

mode frequencies at! z. With a spherical plasma, aspect ratio (z=� = 1), the quadrupole

axial mode is� 1:3! z.
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To measure the axial modes, a harmonic well is used. A harmonic well creates the

mathematically easiest to understand axial mode structure. Forming the harmonic well

requires 3-6 electrodes for the lower and upper stack, respectively. A frequency synthesizer

produces a drive at a frequency of interest. The particles are typically driven by the electrode

just above or below the center of the well for 1� s. The excited motion typically rings down

for a few � s decaying by synchrotron radiation. The most reliable measurements are 3� s

after the drive ends.

The other electrodes also pick up the image charge oscillations. The image charge signal

is mixed with the drive, low-pass �ltered at 2.5 MHz, collected by a fast 24-bit oscilloscope

(PXI 5922), and then fast Fourier transformed to reveal resonances within the pass band.

This procedure allows the lowest-order dipole and quadrupole axial modes to be detected

and measured. The aspect ratio can then be inferred from the ratio of these modes.

This process is very repeatable. Plasmas prepared the same way have the same quadrupole

and axial frequencies. Either the upper or lower stacks can be used for a mode measure-

ment. The lower stack is sensitive to plasmas of more than 2 million particles, and the upper

stack, due to its increased electrode radius, is sensitive to clouds of more than 10 million

particles. The largest antiproton plasmas used for antihydrogen production are still smaller

than either of these minimums. So dynamics of the antihydrogen in this method need to be

inferred from larger plasmas.

3.1.3 MCP and phosphor imaging

An MCP and phosphor imaging system monitors the antiproton plasma and con�rms

plasma geometries for positrons and electrons. Imaging is a destructive method, unlike the

mode measurement. The imaging system mounts to the XY stage described in Section

3.2. The system has two MCPs (Hamamatsu F1094-01) sandwiched between 3 copper rings.

Each ring can be independently biased to provide two gain stages for viewing small numbered

plasmas. These rings, and thus the successive surfaces of the MCPs, are typically biased
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to 100 V, 1 kV, and 2 kV from the �rst MCP's initial surface to the second MCP's output

surface.

The charge carriers of the MCP are frozen out around the MCP's typical temperature

of 12 K. So after each image, a diode laser heats the assembly to 20 K to replenish charge

carriers. A bias of 3 kV on the phosphor screen (Kimball Physics PHOS-UP22GL) draws in

electrons emitted by the second MCP. The screen emits light around 550 nm with a decay

time of 4 ms. This light images on a camera above the hat.

Figure 3.3: a) Image of roughly 20 million positrons. b) Image of roughly 360 thousand
antiprotons. The plasmas were both compressed. However, this image shows that a better
understanding of the antiproton plasma is needed. Both plasmas are o�-center from the
MCP and phosphor partly because the stepper motors chosen could not provide enough
torque to 
ex the cold XY stage. The impaired movement of the XY stage can only account
for 1.5 mm of disparity. Misalignment in the cryogenic system presumably accounts for the
remaining disparity. Taken from [43].

3.2 XY stage

Many things need access to the center axis of the Io�e and Penning traps while main-

taining the excellent cryogenic vacuum (� 10� 17 torr) space necessary for long antimatter

lifetimes. The XY stage moves various tools to the center axis via G10 rods connected to

stepper motors. The G10 rods turn a pulley system connected to 1/16 inch copper cable to

pull the XY stage back and forth.

While warm, the entire travel of the XY stage has a radius of 0.72 inches. Going further

29




	Title Page
	Copyright
	Abstract
	Publications
	List of Figures
	List of Tables
	Acknowledgements
	Introduction: antihydrogen and hydrogen spectroscopy
	The Rydberg contant
	The fine structure constant
	The unperturbed energy levels of hydrogen
	Testing CPT invariance
	Narrowing and correcting observed lineshapes in hydrogen and antihydrogen
	Thesis contents

	ATRAP apparatus
	Charged anti-particle confinement
	Neutral antiparticle confinement in a Ioffe trap
	Summary

	Antihydrogen Procedures and Results
	Plasma diagnostics
	XY stage
	Plasma preparation
	Antiprotons procedures
	Mixing
	Summary

	Proposed improvements to ATRAP for ELENA antiprotons
	Drift tube
	Stopping power theory
	Barkas effect
	Material choice
	Tilt tuning
	Nitrogen tuning
	Summary

	Improvements to accumulating, steering, and loading positrons for the ATRAP apparatus
	Detectors
	Radioactive Na source
	Positron moderator
	Buffer gas accumulator
	Positron magnetic guide
	Summary

	Progress towards antihydrogen spectroscopy
	1S-2S transition
	972 stabiliation
	Cryogenic 243 nm build-up cavity
	Electron cyclotron measurements
	Summary

	Four-wave mixing theory
	Nonlinear wave equation
	Four-wave mixing

	Progress towards Lyman-alpha generation
	Hg vacuum system
	Hg safety
	Fundamental lasers
	Lyman-alpha detection
	Two-photon resonance
	Collisional excitation
	Proposed improvements
	Summary

	Zeeman slowing simulations
	Comparison of hydrogen to other species
	Optical Bloch equations
	Zeeman slower
	Quantum Monte-Carlo method
	Waiting-time method
	Guided Zeeman slower
	Summary

	Conclusion and discussion
	Bibliography

